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NASA has developed and tested a large parafoil for use in landing the International Space Station crew return
vehicle. A series of tests using low-velocityairdrop pallets and prototype lifting bodies � ights has demonstrated that
the parafoil recovery system is a viable option for safely landing a crewed vehicle. The aerodynamic characteristics
of the parafoil system have been determined through a series of � ight-test maneuvers and subsequently successfully
modeled using an eight-degree-of-freedom simulation program. An introduction to the requirements for the crew
return vehicle, a descriptionof the parafoil system,an overviewof the testing performed includingseveral signi� cant
� ndings, a description of the techniques used to assess the aerodynamic performance of the parafoil system, and a
discussion of the simulation of the parafoil system are presented.

Nomenclature
AR = aspect ratio
b = parafoil span
CL ; CD = lift and drag coef� cients
Cmc=4 = parafoil system pitching moment coef� cient

about c=4
Cnr = yawing moment due to yaw rate
Cn± f = yawing moment due to control line de� ection

difference between left and right � aps
c = parafoil chord
c=4 = quarter chord point on the parafoil keel
HR = velocity vector heading rate
HRwc = wind-correctedheading rate
Nq = dynamic pressure
RA, µr = parafoil rigging angle (Xpf to parafoil keel)
R=b = line length ratio (average suspension line

length divided by span)
S = parafoil reference area
t = time, where t1 is time at � rst data point and t2 time

at second data point
V hwc = wind-correctedhorizontal velocity
Vtot = total velocity
Vw = wind velocity
Vx = east velocity
Vy = north velocity
Vz = vertical velocity
Wpf = weight of the parafoil system, including

rigging, but not payload
Wsys = weight of the parafoil system and payload
W=S = wing loading (payload weight divided

by parafoil area)
X cg; Ycg = distance from the con� uence to the parafoil

system c.g. in parafoil coordinates
XPL = payload body axis parallel to payload’s

bottom surface
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Xpf; Zpf = parafoil coordinate system, Z axis originating at the
con� uence point with Z extending up through c=4

Zc=4 = distance from the con� uence to the c=4
® = parafoil angle of attack relative to keel
®PL = payload angle of attack relative to XPL

° = wind-corrected � ight-path angle (Vwc to horizon)
± f = control line de� ection delta
µ = parafoil pitch angle (Xpf to horizon)
½ = atmospheric density
Áw = direction of the wind measured from the north,

that is, wind is coming from Áw

9&
b = body yaw rate

Introduction

A SSEMBLY of the International Space Station has begun in
earnest with the launch of the � rst element in November of

1998. Early in the planning for the International Space Station, it
was determined that no crew would be placed in residence on the
stationwithoutan autonomousmethodof returningto Earth.Initially
this criterionwill be met temporarilywith RussianSoyuz spacecraft.
Limitations of the Soyuz spacecraftsuch as limited number and size
of crew members and the limited life of reactioncontrol system fuel
dictatea more robustsolutionto the requirement.To meet the longer-
term needs of the station,NASA set out to build an operationalcrew
returnvehicle(CRV). This vehiclewill be capableof returningseven
crew members to Earth when the shuttle is not present at the station.
Typical scenariosfor use of the CRV includecrewmember illnessor
injury,catastropheaboardthe station(such as � re ormicrometeoroid
impact), or the inability to resupply the stationdue to a space shuttle
problem.

In the late 1980s, when the CRV requirement was � rst identi� ed
and a project of� ce to de� ne its cost was established at the NASA
Johnson Space Center, a development cost of $2 billion was pro-
jected. The high cost resulted in a decision to postpone CRV devel-
opment until after the main assembly of the station was under way.
In 1995, a team at NASA Johnson Space Center devised an alter-
nate approach to producea lower cost CRV using prototypevehicles
� own in an unpilotedmode to test the critical technologiesrequired.
This prototype program was subsequentlydenoted the X-38.

The X-38 program calls for a number of different test vehicles,
based on the Air Force X-24A lifting body design, each of increas-
ing technical complexity, aimed at sequentially proving more and
more of the technologies required for the operational CRV.1 The
program to date has extensively utilized the low-cost option of pal-
let drops from C-130 aircraft to develop the requisite parachute
systems. Four speci� c vehicles, V-131, -132, -133, and -201 have
been de� ned to advance the technologies nearer to the operational
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CRV requirements in a stepwise fashion. The 130 series are all at-
mospheric vehicles to be released in-� ight from the NASA B-52,
whereas vehicle 201 is to be placed in orbit by the space shuttle
and returned autonomously to demonstrate the full compliment of
technologiesrequired for the CRV. V-201 is currently manifested to
� y on space shuttle mission STS-107 in February of 2002.

A primary goal of the CRV is to ensure that two prepared dry
land touchdownsites can be guaranteedto be reachedafter no more
than 4.5 h following an anytime departure from the space station.
Whereas choosing the lifting body shape helps assure this goal by
virtue of its cross range ability during reentry, a lifting body at
the wing loading being considered for crew return would require
landing speeds up to 250 kn (129 m/s), a speed that requires very
long runways and intensive pilot training or complex automated
landing systems. Early in the evolution of the X-38 program, a
rectangular ram-air lifting parachute (parafoil) was chosen as the
primary recovery system. This decision was driven by a number of
factors. The parafoil can be steered to penetrate ground winds and
assure within some small error a known orientation for touchdown
allowing for a more achievable design of the crew couches. The
lifting body shape is known to be roll sensitive to crab angle at
touchdown, whereas a round chute would not guarantee a known
orientationat touchdown, it was felt that a parafoil could be used to
minimize crab angle at touchdown. A parafoil can be placed into a
high-lift con� guration and even � ared at touchdown to achieve less
than 20 ft/s (6.1 m/s) rate of descent at touchdown; an equivalent
round chute system was estimated to weigh at least 30% more and
take more volume than a parafoil system.

The 130 vehicle series have been built such that they can inter-
face with the NASA B-52, be transported to altitude, and then be
released.There are currently three atmospheric lifting body test ve-
hicles planned for X-38. V-131 is the original vehicle design (sized
for four humans) with the vehicle aerosurfaces pinned in place.
V-132 is the original vehicle design with articulated control sur-
faces. V-133 is the current design sized for seven humans (120%
size of the original design and a modi� ed outer mold line) with
articulated control surfaces.

This paper is a synthesisof threepaperspresentedat the 15th Con-
federation of European Aerospace Societies/AIAA Aerodynamic
DeceleratorSystems Conference in June 1999.2 4 At the same con-
ference, Smith and Bennett5 presented a more detailed description
of the parachutesfor both the primary and backup system; therefore,
only a general overview of the recovery system will be presented
herein. A brief history of the testing performed follows, and � nally
a discussion of the extraction of the parafoil performance charac-
teristics and their application in a simulation of the parafoil system
will be engaged.

Primary Recovery System Description
For the atmospheric development lifting bodies, the primary re-

coverysystemconsistsof threemain components:a mortardeployed
pilot chute, an initial deceleratordrogue parachute, and the parafoil
itself. The primary recovery system is initiated by the jettison of
the parafoil compartment hatch by vehicle initiated actuators. The
primary mortar is � red 1 s later, and the pilot parachute deployed.
The mortar and pilot parachute are identical to that used on the
space shuttle drag parachute system, with the exception that the pi-
lot parachute has been strengthenedby United Space Booster, Inc.,
at NASA Kennedy Space Center [the nominal initial dynamic pres-
sure for deployment of the main system is 260 lb/ft2 (12.5 Kpa)].
The pilot parachute, built by Irvin Aerospace, extracts and deploys
the drogue parachute, a 60-ft-diam (18.3 m) ringslot, from the aft
storage compartment.The drogue, built by Pioneer Aerospace Cor-
poration, is initially attached by a Y bridle two-point attach system
at the aft end of the vehicle and is reefed to less than 15% of its
full open drag area. Disree� ng is achieved using redundant prede-
termined time delay pencil cutters. Following � rst-stage in� ation,
the drogue is repositionedusing vehicle-mountedpyrotechnicstrap
cutters (which are initiated by the onboard � ight control computer)
to a four-point attach system that straddles the main parafoil com-
partment.Repositionorientsthevehiclesuch that subsequentdisreef
loads are alignedwith the vehicle Z axis. After disree� ng (the main

drogue has three ree� ng stages) to full open and stabilizing the ve-
hicle from the dynamics associated with repositioning, the drogue
is released at 15,000-ft (4,570 m) mean sea level (msl) by vehicle
pyrotechnicstrap cutters (again initiated by the onboard � ight con-
trol computer). A deployment line attached to one of the four legs
of the drogue extracts and deploys the primary parafoil system.

The primary parafoil, built by Pioneer Aerospace Corporation,
consists of a 31 cell rectangular planform canopy with a span of
1211

2
ft (37 m), a chord of 45 ft (13.7 m), and planform area of

5468 ft2 (508 m2 ) using a Clark-Y airfoil section. The parafoil is
reefed in � ve stages by a technique referred to as midspan ree� ng.
In � rst stage, the current parafoil design has only 11 cells exposed
to the freestreem with the remaining interior 20 cells reefed closed
spanwise by a system of ree� ng lines along the lower surface of
the parafoil. The reefed stages are released from the leading edge
back to the trailing edge by redundant predetermined time delay
pencil cutters that are stored in pockets on the suspension lines
and armed when the parafoil is extracted from the deployment bag.
The four disreef times have been balanced achieving various ob-
jectives: controlling the opening loads, allowing for the in� ation of
the additional cells introduced in each new stage of the parafoil,
damping of any dynamics associated with in� ation and stage dis-
ree� ng, and the desire to achieve a full open canopy as quickly as
possible. The parafoil is fully disreefed in less than 25 s from the
time the drogue is released,during which time the vehicle looses ap-
proximately2000 ft (610 m) in altitude.The parafoil is joined to the
vehicle four-pointattach slingsvia a metal con� uence � tting,which
is held closedduringdeploymentand disree� ng, effectivelycreating
a single-point con� uence. The con� uence � tting is released (using
predetermined timed pencil cutters) after the parafoil has disreefed
to full open. Once released, the con� uence � tting separates, and
the four attach slings along with their associated crossover slings
provide an attach system that effectively couples parafoil motion
to the vehicle. Parafoil deployment brakes refer to the de� ection of
the trailing edge used to limit the magnitudeof the surge associated
with the transition of the system from ballistic to forward � ight.
These deployment brakes are released (initiated by predetermined
pencil cutters) following con� uence separation.

The parafoil has a preset differential control surface setting that,
following the pencil cutter initiated release of the parafoil deploy-
mentbrakes,placesthe vehicleintoa slowturn.The navigationguid-
ance and control system (NGCS) releases the builtin turn and begins
to � y the vehicle autonomously followingbrake release. Should the
NGCS fail to function, the footprintof the test article would be lim-
ited to a predetermined radius that would drift with the prevailing
winds. The NGCS, built by Steve Snyder Enterprises, consists of an
onboardcomputersystemwith software thatuses globalpositioning
system (GPS) data, a barometric altimeter, and a compass to control
autonomously and steer the test article to a predetermined target.
With the aide of a laser altimeter, the NGCS is programmed to per-
form a � ared landing.The parafoil is steered like a square personnel
parachute, using winches to de� ect the outer 25% of the trailing
edge to effect turns and alter the lift to drag ratio L/D of the parafoil
system. The NGCS is equippedwith a receiver that allows a ground
station to transmit real-time user input parafoil control surface com-
mands, referred to as manual mode. Manual mode has been used
to perform an extensive series of parafoil maneuvers to extract the
aerodynamic characteristics of the system.3;4 This process and the
results will be discussed in further detail later in this paper. These
maneuvers have included � ap settings, � ares at altitude, and turns
using various combinations of differential control surface settings.

Description of Low-Velocity Air Drop Test Articles
Before being tested on a lifting body con� guration, development

testing of the primary and backup parachute system was conducted
by the X-38 projectat the U.S. Army Yuma Proving Ground (YPG),
Arizona. These low-velocity air drop tests, referred to as phase 2,
were performedusinga C-130 aircraftand a standardcargoplatform
with a weight tub attached and the parachute system rigged to the
top of the weight tub (Fig. 1). The platforms ranged in size from
16 to 24 ft (4.9 to 7.3 m) in length and in weight from 7000 to
22,000 lb (3174 to 9979 kg). The test articles were extracted from
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Fig. 1 Typical pallet test article.

Fig. 2 Doghousetest article: 1)drogueand parafoil forward four-point
attach � tting, 2) drogue and parafoil aft four-point attach � tting, 3)
parafoil compartment, 4) drogue two-point attach � tting, 5) standard
weight tub (Doghouse actually welded to tub), 6) standard C-130 cargo
pallet, 7) deployable ADP housing, and 8) compass for NGCS.

the C-130 aircraft at altitudes ranging from 7000 to 18,000 ft (2134
to 5486 m) msl at 130 kn (67 m/s) indicated airspeed.

As the development testing at YPG proceeded, a 20-ft (6.1 m)
long weight tub (named the Doghouse) was modi� ed to simulate
the various parachute compartments and attach � ttings on V-131
(Fig. 2). Careful attention was taken to simulate accurately various
aspects of V-131 that would affect the parachute system including
the main drogue compartment, the main drogue initial two-point
attach � ttings, the channels used to route the drogue attach slings
from the two-point to four-point attach � ttings, the main parafoil
compartment, the channels used to route the parafoil forward attach
slingsto theparafoilcompartment, thebackupsystemcompartment,
and the primary and backup mortars. This geometric modeling in-
cluded the relative locations of all of the compartmentswith respect
to each other and with respect to the attach � ttings.

Each test article was equipped with a primary and backup se-
quencer, each one completely independent of the other, and either
capable of releasing the drogue and deploying the parafoil. In the
case of the Doghouse, the sequencers were capable of releasing
the stabilization parachute, initiating the mortar, repositioning the
primary drogue, releasing the primary drogue, releasing the main
parafoil, initiating the backup mortar, and releasing the backup
drogue (which would deploy the backup main).

The phase 2 test articles were equipped with a suite of instru-
mentation that changed as the program matured. At present, the
instrumentation system is an entirely onboard data system using
GMH Engineering Data Bricks with low-pass � lters, sampling at
50 Hz to record as many as 27 parameters ranging from deployable
air data probe (alpha, beta, static, and total pressure several feet
ahead of and below the leading edge of the pallet), motion pack
(triaxial accelerometer and rate gyro package mounted inside the
weight tub), parafoil control winches (supply voltage, motor cur-
rent, and control line position and load), pallet inclinometer, and
two discrete signals such as pallet � rst motion and bag motion. Ad-
ditionally an impact recorder was hard mounted to the weight tub.
This self-contained triaxial accelerometerpackage and data system
that recordsdiscreteeventstriggeredwhen any accelerometersenses
an acceleration that exceeds a user-programmed threshold is built
by Instrumented Sensor Technology. The touchdown acceleration
pro� le has been used in a mathematical model that estimates the
physiological effect of landing loads on the human body [referred
to as Brinkley analysis (see Ref. 6)]. Both a 16-mm high-speed� lm
camera and a downlinked video camera were mounted on each test
article with an upward � eld of view to capture the deployment and
in� ation of the parafoil.

To better understand the total and chordwise load distributionas-
sociated with the parafoil deployment and full � ight, a new type
of stand alone instrumentation was developed by NASA Johnson
Space Center and Invocon Inc.7 The riser tensionmeasuring system
units were programmed and clamped onto the dispersion risers be-
fore the parafoil being packed. The units were armed as the risers
were extracted from the deployment bag, recording both opening
loads and full-� ight steady-state loads.8 The riser tension measur-
ing system units have also been used to measure the deployment
line loads during both drogue and parafoil deployment. With the
initial success of the tension measuring system units on the risers
(in particular their ability to survive packing and deployment), they
were modi� ed and implemented to measure the loads in the parafoil
lower surface leading-edge reinforcement tape to assist in resolv-
ing anomalies. A third application of tension measuring system-
type data system being tested is the parafoil inclinometer system.
Through measuring the output of a series of single- and multiaxis
accelerometers sewn to the interior � oor of the center cell of the
canopy during � ight and combining these data with trajectory in-
formation, the X-38 parachute group is attempting to measure the
steady-state trim angle of attack of the parafoil.

Primary Recovery System Testing Overview
This section will discuss the primary accomplishments of the

X-38 parachute testing to date. The � rst four tests of the primary
parafoil system were of limited success. Of the tests where the
parafoilwas deployed,all threesufferedfromverysoftparafoilin� a-
tion and stage disree� ng. A seriesof tow and drop tests of a subscale
750-ft2 (69.7 m2 ) model canopy,almost identical in design to that of
the full-scalecanopies,was conductedat YPG to assess the parafoil
system (Fig. 3). The payload mass used for the subscale tests was
calculated using mass ratio scaling. Iacomini and Madsen discuss
the subscale tests, in particular the rigging angle studies, in detail.9

Several signi� cant shortcomings of the full-scale system were
identi� ed. The upper surface fabric had high porosity (values rang-
ing from 25 to 28 ft3/min (0.71 to 0.79 m3/min) were measured
on the canopies tested), which tended to aggravate other shortcom-
ings of the design. In particular, the high porosity fabric tended to
cause slow pressurization of new cells during disreef and make the
leading edge more prone to � ow separation. The line length ratio
was large (R=b D 1:0), which, although impervious to small canopy
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Fig. 3 Tow testing 750-ft2 parafoil.

to payload perturbations, would not damp out large perturbations
such as the system was experiencing. The aspect ratio was large,
such that during parafoil disreef the canopy was experiencing very
pronounced deformations. The rigging angle for the airfoil shape
and inlet being implemented was too shallow. This resulted in the
canopy trimming at an angle of attack close enough to stall (aided
by the porousupper surface) that perturbationssuch as brake release
could result in the canopy stalling and or collapsing.

Two 3600-ft2 (334.5 m2 ) canopies were prepared with all of the
improvements identi� ed in subscaletesting.The � fth and sixth drop
tests were a direct comparisonof two 3600-ft2 (334.5 m2) canopies.
The � xes implemented on drop 6 included decreasing the aspect
ratio AR of the parafoil from 3.0 to 2.7, increasing the rigging angle
from 10 to 13 deg, reducing the line length ratio R=b from 1.0 to
0.6, and reducing the porosity of the canopy. The fabric porosity
was reduced by applying a B.F. Goodrich urethane to the upper
and lower surface of all cells, from the leading edge aft to the 40%
chord station. All of the � xes implemented on drop 6 were � own
on drop 5, except the line length ratio, which was kept at the orig-
inal 1.0 value. Neither test article was equipped with an NGCS or
winches. The parafoil deployment for drop 5 was typical of the � rst
few tests with large vehicle oscillations with respect to the parafoil
that did not fully damp until after releasing the deployment brakes.
Drop 6 was a major improvementwith dynamicsassociatedwith the
deployment and disree� ng damping quickly. Other improvements
suggestedby the industry experts brought on the parachute test and
development team during the subscale testing could not be reason-
ably implemented without constructing a completely new canopy;
constructionof a new 5500-ft2 (511.0 m2 ) canopy was begun.

The new parafoil design (referred to as generation2) was a 5500-
ft2 (511.0 m2) canopy with zero porosity fabric on both the upper
and lower surface, with shaped panels used in the construction of
all surfaces and implemented construction techniques to minimize
deformationof the airfoil shape (among many otherminorchanges).
The fundamentalairfoil shape used in the parafoilwas not changed;
therefore, the limitations associated with the inlet shape and stag-
nation point could not be eliminated. The � rst � ight of the new
generation 2 design on drop 13 was very successful. Again man-
ual initiated maneuvers were executed to begin to build an aerody-
namic databasefor the new generation2 designfor use in simulation
programs.3;4

Fig. 4 Doghouse test sequence (P2D16).

Drop 16 was the second � ight of the Doghouse, this time de-
ploying a 5500-ft2 (511.0 m2) parafoil canopy (Fig. 4). The Dog-
house was extracted using an extraction parachute, which in turn
deployed a drogue parachute that stabilized the Doghouse. The se-
quencer then released the stabilizationparachute and � red the main
system mortar. The mortar deployed the pilot parachute, which in
turn extracted and deployed the drogue. From this point the drogue
was repositioned to directly above the Doghouse and subsequently
released deploying the parafoil. The parafoil was successfully de-
ployed and, unlike earlier � ights, the guidance system was allowed
to � y autonomous to touchdown.A failure of the barometric altime-
ter preventedthe autosystemfrom acceptinglaser altimeterdata and
performing a � are at touchdown. However, the NGCS did steer the
Doghouse into the wind at landing.

Although the parafoil deploymentswith the generation2 parafoil
were signi� cantly improved over those of the generation1 parafoil,
the initial dynamics were still unpredictable with the parafoil and
payloadgetting into coning dynamics that would not damp out until
well into the third stage of the parafoil deployment. The nine-cell
� rst-stage parafoil has a large line length ratio, R=b D 2:14, a low
aspect ratio, AR D 0:78, and a low arc anhedral, »6.7 deg, all of
these factorscontributingto the inherent instabilityin the � rst stage.
Again, after running several series of subscale drop tests using a
750-ft2 (69.7 m2) canopy, the project decided to pursue a more
benign initial opening by implementing a Rueter wrap around the
suspension lines. This approach effectively attempts to make the
rectangular � rst-stage planform act more like a round parachute.
This initial parafoil deployment stage became know as zero ree� ng
(Fig. 5).

For drop 19, the zero ree� ng line was strengthened, and it held
for the planned � rst 4 s of deployment. When the zero ree� ng line
was cut, the parafoil � attenedout into � rst stage, and the � oor of the
� rst stage failed at the leading edge of the center cell. The resulting
failure raced back to the trailing edge and split the canopy in half.
The test article spiraled to the ground under half a canopy (the other
half had collapsed) and was a loss. Once again, several weeks of
subscale testing using a 750-ft2 (69.7 m2 ) parafoil were performed.
The results of the tests (using primarily riser and leading-edge ten-
sion measuring system units) showed that on releasing the Rueter
wrap the lower surface experiences a momentary large load spike
associated with the change in geometry of the parafoil. Improve-
ments were made by strengthening of the lower surface � rst-stage
material and adding leading-edgereinforcementto improve how the
lower surface leading-edge load is transferred across reefed stages.

Drop 20 was another attempt at zero ree� ng deployment of the
parafoil. The zero ree� ng line held through deployment, and when
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Fig. 5 Zero ree� ng full-scale test (before releasing zero ree� ng line
P2D20).

Fig. 6 V-131 mated to the B-52.

cut, the canopy successfully transitioned from zero to � rst stage.
The ensuing deployment was uneventful with the dynamics being
fairlybenign,but again the con� uence � tting failed to separatewhen
the restraining cut loop was severed. Posttest modi� cations where
made to the con� uence to increase the clearance of the two halves
and the restraining sheer pins.

The next testof theparafoilsystem,phase3 drop1, was conducted
using V-131 at NASA Dryden Flight Research Center. This was the
� rst test usinga parafoilto land a liftingbodyreleasedfrom the wing
of the NASA B-52. V-131 is 24 ft (7.3 m) in length and weighed
15,000 lb (6804 kg) fully equipped (Figs. 6–8).

V-131 had a � ight computer that could deploy the primary
parachute system and activate the NGCS to steer the vehicle just
as in the phase 2 tests at YPG. If commanded to, the � ight computer
could release the primary system and deploy the backup parachute
system. The � rst � ight of V-131 was conducted using the 5500-ft2

(511 m2 ) generation 2 parafoil with zero ree� ng. The vehicle was
released from the wing of the B-52 at 23,000-ft (7010 m) msl. De-
ployment of the primary parachute system was initiated 5 s after
release.The pilot parachute extractionof the drogue and the drogue
reposition took place just as demonstrated during the Doghouse

Fig. 7 Parafoil rigged to V-131.

Fig. 8 Primary drogue rigged to V-131.

tests. The drogue sustained substantial � utter damage to the gores
thatwerenotpartof thepressurizedportionof thecanopyduring� rst
stage; however, the damage did not affect the overall performance
of the drogue. The main was deployed by the drogue and in� ated
in zero stage, but the roof panel of cell 17 (part of fourth stage)
was damaged. The roof panel had sustained burn damage during
extraction from the deployment bag and failed during initial pres-
surization.Whereas the � oor of the stages subsequent to � rst stage
are held reefed by a system of ree� ng lines and so do not experience
� rst-stage dynamic pressure, the inlets are not reefed closed. This
allows subsequent stages to attempt to in� ate despite that they can
not spread due to the ree� ng lines along the � oor. The roof of cell
17 was split from nose to tail. When the zero ree� ng released, the
canopysurgedbackward and continuedto � y backward until disreef
to second stage at which point the canopy transitioned to forward
� ight through a partial collapse of the leading edge. The canopy
recovered in forward � ight and disreefed through third, fourth, and
� fth stages without further incident, and the con� uence separated
as planned. The vehicle was � own in manual mode all of the way
to touchdownwith the failure of the roof panel on cell 17 appearing
to have very little if any effect on the performance of the parafoil
(Figs. 9 and 10).

Onceagain, after severalmonthsof subscaletestingwith a 750-ft2

(69.7 m2 ) canopy, the parachute group produced a new technique
to eliminate the randomness that the rebound following parafoil
line stretch was creating. Subscale testing indicated that attaching
an energy modulator between the drogue and the upper surface of
the center of the parafoil created a repeatable presentation of the
canopy to the airstream (the modulator when fully stroked released
the parafoil).10 Along with promoting the spanwise spreading of
the � rst-stagecanopy, this energy modulator would give other tech-
niques involving the packing of the nose and tail a predictable and
repeatable starting point for presentation to the airstream (Fig. 11).
As the subscale testing progressed, the surge associated with the
� rst stage transitioning from � at plate ballistic � ight to forward
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Fig. 9 Phase 3 drop 1 drogue on two-point attach.

Fig. 10 Phase 3 drop 1 parafoil in full � ight (� aps de� ected) with
vehicle landing gear deployed.

� ight was determined to be too large. The surge would set the pay-
load and parafoil into a two-body motion that would not damp out
until well into parafoil second or third stage. Through subscale test-
ing it was established that the shallower rigging angles tended to
always transition from � at plate to forward � ight with less surge,
but also tended to be less stable in roll. The steeper rigging angles
were more prone to � ying backward momentarily before transi-
tioning to forward � ight (and with a more vigorous surge) than the
shallower rigging angles, yet were more stable in roll. The 10-deg
con� guration was the preferred rigging angle, a compromise be-
tween � rst-stage surge, roll stability, and not trimming too close to
stall angle of attack. Along with investigatingthe effects of rigging
angle on openingdynamics, deploymentbrake settings for the vari-
ous rigging angles where also investigated.9 Work is continuing on
determining how the subscale rigging angle scales up to full scale.

Increasing the aspect ratio of the � rst stage by adding two cells
for a total of 11 cells (R=b D 1:74; AR D 0:95, and arc anhedral
¼8:2 deg) was also investigated.This was prompted by the observa-
tion that the nine-cell � rst-stagecanopyheld from deploymentall of
the way to touchdown did not appear to have strong damping to the
dynamicsassociatedwith � rst-stagein� ationand transitionfrom� at
plate to forward � ight. The second stage parafoil, with a total of 15
cells, R=b D 1:3, and AR D 1:3, was observed to eventually always

Fig. 11 Subscale deployment implementing parafoil upper surface
energy modulator.

Fig. 12 Subscale 11 cell � rst-stage parafoil.

damp out any parafoil to payload oscillations. Another parameter
investigatedwas venting the trailing edge of the deploymentbrakes
by allowing the center three cells of the � rst stage to � y free. This
was achieved by not pulling the entire trailing edge down as part
of the deployment brakes (Fig. 12). This change was found to im-
provedirectionalstabilityof the canopyduring transition to forward
� ight. The potential improvements investigated in subscale testing
were baselined for full-scale testing on drops 22 and 23.

Because moving back to 10-deg rigging angle was not a change
that was approachedwithout caution,drop 22 had a rigging angle of
13 deg and drop 23 had a rigging angle of 10 deg. Both drops imple-
mented all of the other changesdiscussedfrom the subscale testing.
Both drops had greatly improved openings over any prior test. Drop
22 had a very symmetric � rst-stagespreadingand a surge that, while
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Table 1 Summary of X-38 full-scale tests

Touchdown Parafoil canopy deployment
Crewmember

Parafoil Hdot, Impact injury risk ill Overall
Test Date area, ft2 ft/s vertical, g or injured assessment Damage

P2D1 Aug. 95 3600 Poor Minor burns
P2D2 Sept. 95 7350 Poor Minor burns
P2D3 Dec. 95 See/Notec

P2D4a April 96 7350 23 27 High Very poor Minor
P2D5A Oct. 96 3600 Poor Minor
P2D6 Oct. 96 3600 26 51 >High Average Minor
P2D7 Dec. 96 3600 Poor Minor
P2D9 Feb. 97 3600 Poor Many burns
P2D8A Feb. 97 7350 25 40 >High Average Minor
P2D11 March 97 7350 24 31 >High Average Minor
P2D13a May 97 5468 21 18 High Average Minor
P2D14 May 97 7350 27 41 >High Average Minor
P2D15 July 97 5468 21 21 >High Average Minor
P2D16 July 97 5468 n/a 47 >High Average Minor burns
P2D17 Sept. 97 5468 22 51 >High Average Minor burns TE
P2D19 Oct. 97 Parafoil failed immediately following release of zero stage ree� ng
P2D20 Dec. 97 5468 25 46 >High Average/good Minor burns TE
P3D1 March 98 5468 17 9 Low Poor Several cells
P2D21 June 98 5468 21 32 High Poor Stabilizer torn
P2D22b Oct. 98 5468 14 11 Low Good Minor/none
P2D23 Oct. 98 5468 23 25 Moderate Good Minor/none
P2D24b Nov. 98 5468 15 11 Low Good Minor/none
P2D25 Dec. 98 5468 17 16 Low Very good Minor/none
P2D26 Dec. 98 5468 15 13 Low Very good Several cells
P3D2b Feb. 99 5468 18 6 Low Very good None
P3D3b March 99 5468 10 12 Low Very good None

aPartial � are. bFlare landing. cOn P3D3, in an attempt to release the test article from the pallet, the drogue was cut away without deploying the parafoil.

pronounced,stayed in the longitudinalplaneand damped out almost
immediately. The remainder of drop 22 was very successful, with
several maneuvers and landing with an auto� are resulting in a rate
of descent of 14 ft/s (4.3 m/s) at touchdown.

Drop 23 had less of a surge, but for reasons not yet fully under-
stood, the canopy did not stay directly above the pallet during the
initial � rst-stage � at plate spreading. By the time the canopy began
to surge to forward � ight, it was far enough off the vehicle heading
vector (wind line) that the surge became a coning motion. Although
it did damp before disreef to third stage, the coning motion also
swung the payload around in a fashion that was considered unac-
ceptable. Subsequent disreefs took place without incident. When
the NGCS went to release the range safety builtin turn, a short in the
winch command circuit drove one winch to 100% control stroke.
This resulted in stalling that side of the wing. When manual con-
trol became available to the ground team, the system was in a steep
spiral dive. Eventually the stable � ight was recovered by a combi-
nation of trailing-edgecontrol line crows feet failing, commanding
the opposite winch to a deep control stroke setting, and the stalled
portion of the canopy rein� ating. The test article was landed safely,
and no maneuvers or auto� ight were performed.

The program chose to keep the con� guration � own on drop 22
(13-degriggingangle) and repeat the test before � ying a liftingbody
again. On drop 24 during the � rst-stage transition from � at plate
� ight, the canopy � ew backward momentarily before establishing
forward � ight and in� ating the � rst-stagecells of the wing. Second-
stage disreef was very soft with the tip of the parafoil remaining soft
throughoutmost of the third stage.Disreef to fourth stagewith a soft
second stage could have resulted in the loss of an entire half of the
canopy. The canopy established a fully rigid wing late in the third
stage and disreefed to fourth and � fth stages without incident. The
remainder of the � ight went well, landing with another auto� are
and achieving a rate of descent 15 ft/s (4.6 m/s) at touchdown.
Rather than risk having a partial collapse of the canopy late in the
disree� ng sequence, the program decided to run two more tests at
YPG using pallets only; this time the rigging angle was decreased
to 10 deg. The following two pallet tests, P2D25 and P2D26, both
had highly successful parafoil deployments, and the program has
kept the rigging angle of 10 deg for all subsequent full-scale tests.

The most recent tests conductedwere the second free � ight of V-
131 (phase 3 drop 2), and the � rst free � ight of V-132 (phase 3 drop
3). For phase 3 drop 2, the vehicle was in free � ight for 4 s before
the recovery system was initiated. For phase 3 drop 3, the vehicle
was in free � ight for 12 s. For both tests, positioning the drogue
15 ft (4.6 m) farther aft of the vehicle to avoid sustaining � utter
damage proved successful. For both tests, the parafoil deployment
was very successful with no damage noted on the main parafoil on
either test. Three maneuverswere conductedon both tests followed
by auto� ight with the NGCS performingan auto� are at landing.On
P3D2 the � are was triggered early due to loss of the laser altimeter
(frost/condensationhad formedon thelaserwindow), which resulted
in a rate of descent of 18 ft/s (5.5 m/s) at touchdown. However on
P3D3, the � arewas almostperfectwith a rate of descentat landingof
10 1

2
ft/s (3.2 m/s). Table 1 summarizes the X-38 full-scaleparachute

tests thathavebeen conductedat eitherYPG orNASA DrydenFlight
Research Center to date.

Aerodynamic Database and Flight Data Sources
Initially, the X-38 parafoil performance team reviewed sev-

eral aerodynamic data sources including that developed by The
Boeing Company for Pioneer Aerospace Corporation under con-
tract to NASA Marshall Space Flight Center in the advanced
recovery systems (ARS) study. Additional critical sources were
parafoilwind-tunneltest resultsobtainedfrom the ARS2 program,11

NASA LangleyResearchCenter,12 and Nicolaides.13 Early subscale
parafoil tow tests enabled further early modi� cations to the aerody-
namics database, as well as estimates of correlated angles of attack.
This original database created through the compilation of sources
laid the groundwork for trends as a function of angle of attack.
The CL ; CD , and Cmc=4 vs angle-of-attackslopes have all been pre-
served thus far. Recent modi� cations to the aerodynamic database
came from the analysis of full-scale drop test data as a function of
� ap setting and are presented here along with an initial estimate
of associated angles of attack necessary to utilize the database cor-
rectly. The analysis of the parafoil longitudinal characteristics has
been performed while the parafoil system is in trimmed, steady-
state � ight as diagrammed in Fig. 13. For a given rigging angle and
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Fig. 13 Parafoil system in equilibrium glide.

� ap setting, the parafoil equilibriumstate should result in a constant
dynamic pressure and � ight-path angle.

During the development of the aerodynamic database for the
parafoil dynamic simulation (PDS) being developed at NASA
Johnson Space Center,3;4 a number of maneuvers were performed
during the phase 2 tests. These maneuvers were performed by up
linking to the NGCS commands that were designed to achieve
steady-state � ight conditions such that the onboard instrumenta-
tion combined with test article trajectory information could be used
to compare with the predictedperformanceusing PDS. Several data
sources were used to extract longitudinalaerodynamiccoef� cients.
Velocity measurements in the X (east), Y (north), and Z (up) com-
ponentswere taken to compute � ight-pathangle and, combinedwith
measurements of density, to compute dynamic pressure. As avail-
able, dynamic pressure was also measured directly from an air data
probe or � ush air data system. Wind direction and magnitude vs
altitudewere used to correct the velocity data for effects inducedby
winds. Control line position data was recorded to con� rm exactly
what � ap inputs were given to the parafoil.Data used to extract turn
rate trends include vehicle yaw rate data; velocity measurements in
the X (east) and Y (north) componentsto computeheadingand head-
ing rate;windmeasurements,direction,andmagnitudeto correctthe
velocity data for effects induced by winds; and control line position
data to con� rm exactly what turn inputs were given to the parafoil.

For the phase2 drops,velocitydata were collectedby video track-
ing data with an estimated accuracy of §1 ft/s (§0.30 m/s). For the
phase 3 drops, the velocity data were collected by the onboard em-
bedded GPS/inertial navigation sensor (INS) (EGI) system with a
stated accuracy of §0.5 ft/s (§0.15 m/s) in X and Y and §1.0 ft/s
(§0.30 m/s) in Z . Three wind data sourceswere available for apply-
ing wind corrections to the velocity data. Balloons were typically
launched hourly, with the dataset closest to the actual test article
release considered the best source for winds from balloons. Bal-
loons also provided the only source of atmospheric conditions such
as density and temperature vs altitude. Another wind data source
is the parafoil onboard NGCS estimated wind. The NGCS esti-
mate, based on expected performance and GPS trajectory, is better
in straight � ight when the parafoil is not turning. Though some
� ights experienced many turns, the NGCS estimated winds occa-
sionally appeared more reasonable than the balloon measurements.
Therefore,a combinationof balloonand NGCS estimatedwind data
was sometimes used.

System performance is best judged with data seen by the system.
For this reason, it is important to ensure the velocity data used
in performance calculations are the velocities seen by the parafoil
relative to the air mass. The wind corrected velocity Vwc for the
payload was calculated using the velocity components Vx and Vy ,
wind data, and the following equations:

Fig. 14 Example comparison of different dynamic pressure sources
(P2D25).

Vxwc D Vx Vw sin.Áw 180/ (1)

Vywc D Vy Vw cos.Áw 180/ (2)

Vwc D
q

V 2
xwc

C V 2
ywc

C V 2
z (3)

Balloonand NGCS data do not provideverticalwind information.
Therefore, the vertical velocity is not wind corrected.However, be-
cause vertical wind components are believed on average to be very
small compared to the horizontalcomponentof wind, neglectingthe
vertical wind is considered a fair assumption. Calculating longitu-
dinal aerodynamics is heavily dependenton knowledgeof dynamic
pressure.The sourceof dynamicpressurehas been an issue through-
out the X-38 parafoil developmentprogram.One source of dynamic
pressure relies on post� ight calculations based on ground relative
tracking data and wind data collected via balloons launched before
or after the drop test:

Nq D 1
2 ½V 2

wc (4)

Because balloon data are not collected exactly along the path the
vehicle actually travels through the air, there is always some error
present in the wind data and, thus, in the calculatedwind-corrected
dynamic pressure. Another method of obtaining dynamic pressure
is directly through the air data probe (ADP) or � ush air data system
(FADS). In Fig. 14, for a given � ap setting, the ADP consistently
measures approximately 5 psf (239 pa) where the wind-corrected
video tracking data measures as high as 8 to as low as 6 psf (383 to
287 pa). Differences between the two sources are credited to errors
in the balloon wind measurements.

The � aps are de� ned as the outer quarter span of the canopy
with only the trailing-edge line group being pulled down. Positive
de� ection or stroke is a downward movement of the � aps due to
retractingthe controlline using the winches.Control line positionor
de� ection(CLD)dataare notedin either inchesor percentageof stall
stroke(%SS). Stall stroke is de� nedas the amount of CLD necessary
to induce the onset of parafoil stall or collapse. The control stroke
required to induce parafoil collapse9 is a function of the parafoil
rigging angle. Throughout the X-38 parafoil developmentprogram,
the project investigated a range of rigging angles (RA)from 4 to
16 deg, with most of the testing focused on 10 and 13 deg. The
estimate for 100% of stall stroke for the 5468-ft2 (508 m2 ) parafoil
is ¼227 in. (5.8 m) for RA of 10 deg and ¼314 in. (8.0 m) for RA of
13 deg. In this work, differential commands, or turn commands, are
listed with the left control line position � rst, followed by the right.
For example, a 13-deg rigged5468-ft2 (508 m2) parafoilperforming
a left turn with a base, or minimum, stroke of 0 in. and a differential
de� ection of 157 in. (4.0 m) would be listed as L0/R50 %SS.

Parafoil Performance Calculations
This study calculates the overall system coef� cients of lift, CL

and drag, CD , rather than strictly parafoil CL and CD . This is done
because the separate effects of the payload, suspension lines, etc.,
are dif� cult to identify and separate from the collected � ight-test
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data. However, from simulation tests, it has been determined that
the payload drag and lift are small compared to the overall system
characteristicsand do not varyresults signi� cantly.Once again,note
that in calculatingCL andCD this studyonly analyzes� ight-testdata
of steady-state conditions. The equations derived to obtain CL and
CD assume all external forces acting on the system are in equi-
librium and the system is, thus, in equilibrium glide. Additionally,
steady-state turn data are not used in the analysis. The longitudinal
aerodynamicdatabasefor the 5468-ft2 (508 m2 ) parafoil is currently
based on approximately symmetric control surface de� ection ma-
neuvers, or � aps. Although equal � aps are commanded, ensuring
that both control lines de� ect the exact same amount is dif� cult.
Therefore, in analyzing the � ight data, any command with a dif-
ferential de� ection that was less than 4%SS was assumed suitable
for this study. For example, 50%SS � aps implies that both the left
and right control lines are de� ected an average of 50%SS with a
differential de� ection of less than 4%SS. Given these assumptions,
calculating the CL and CD for the system is rather straightforward.
Starting from aerodynamic textbook de� nitions,14

lift D NqCL S (5)

drag D NqCD S (6)

° D a tan.Vz=Vhwc/ (7)

Note that the � ight-path angle is negative for a parafoil because
Vz will be negative. For steady-state � ight, Fig. 13 shows

lift D Wsys cos.° / (8)

drag D Wsys sin.° / (9)

Note the system weight in an equilibrium glide state includes
the weight of the payload and entire parafoil system but excludes
the parafoil’s enclosed air and apparent mass. Thus, combining
Eqs. (5–9), CL and CD for equilibrium � ight can be written as

CL D
Wsys cos.° /

NqS
(10)

CD D
Wsys sin.° /

NqS
(11)

Steady-statemaneuverswithin each drop test were analyzed.Be-
ing independent of altitude, CL and CD should achieve constant
values. In analyzing each maneuver, an average over the maneuver
time is not begun until initial dynamic responsehas settled (Fig. 15).
The averaging time ends before the next maneuver is commanded.
Experience has demonstrated that typical response time to � ap de-
� ection input is on the order of 15 s. The response time of course
� uctuates proportionallyto the maneuver size, after which, the sys-
tem achieves a state resembling equilibrium glide.

Usually dynamic pressure and � ight-path angles are calculated
using trajectory data corrected for winds with balloon data. How-
ever as already stated, to minimize the effects of wind errors, it is

Fig. 15 Typical response to � ap de� ection input (P2D13).

Fig. 16 Wind error effect on CL calculation (P2D15).

preferred to use dynamic pressure directly from the ADP or FADS
if available. The dynamic pressure measurement can also be used
to yield a better wind-corrected� ight-pathangle. First, atmospheric
density from the balloon data is used to back out the wind-corrected
total velocity from the ADP (or FADS) dynamic pressure solving
for Vwc in Eq. (4). Again, neglectingany verticalwinds, the tracking
data Vz can be used in place of V hwc in Eq. (7) to calculate � ight-
path angle.This � ight path is then used in Eqs. (10) and (11) with the
ADP (or FADS) dynamic pressure rather than values derived from
thewind-correctedtrackingdata. In thismethod,errors in CL andCD

calculations due to wind uncertainties are usually reduced because
the wind information is taken from the vehicle’s path through the
atmosphere and not from another locationand time. The bene� ts of
using a direct dynamic pressure source for CL and CD calculations
are exempli� ed in Fig. 16. At the beginning of Fig. 16, one can see
that CL calculations align for either dynamic pressure source. By
mission elapsed time (MET) 340, the balloon derived CL decreases
compared to that derived using the ADP, and the variation in CL

over the time average 355–380 s is larger in the balloon-derived
data.

With the existence of equilibrium glide, the moments about the
con� uence � tting should equal zero. When Fig. 13 is referred to,
and normalizing by dynamic pressure times area,

CmConf D Cmc=4 C .Zc=4=c/[CL sin.® C µr / CD cos.® C µr /]

.Wpf= NqS/[.X cg=c/ cos.µ / C .Zcg=c/ sin.µ/] (12)

µ D ® C µr C ° (13)

Also for equilibrium � ight from Eqs. (10) and (11),

Nq D Wsys

¯
S
p

C 2
L C C2

D (14)

° D a tan.CD=CL / (15)

Note again that the simplifying assumption is CL and CD are de-
rived for the total parafoil system and payload, insteadof taking into
account the separate contributionsof the canopy, lines, etc., as does
Lingard.15 The CL and CD are then used to calculatethe system mo-
ment coef� cient about the quarter chord point, Cmc=4 , as if they are
parafoilpropertiesonly.To solve for Cmc=4, either angleof attackor
pitch angle of the parafoil must be known. However, measuring ei-
ther of thesequantitieson a large-scaleparafoil is extremelydif� cult
and until only recently had not been done. Unlike instrumentation
used on rigid the structureof airplanes,any parafoil instrumentation
has to be small and robust enough to withstand the forces of pres-
sure packing followed by rapid deploymentand in� ation loads. The
results of three separate techniques suggest that the parafoil rigged
at 13 deg trims at an angle of attack of approximately 4 deg. The
techniquepresented by Martin,8 using the in � ight measurement of
the chordwise lift distribution, supports Lingard’s16 assertion that
trim angle of attack does not change as a function of � ap setting.

Yaw rate data were collectedvia either an EGI system with an es-
timated accuracy within §0.04 deg/s or a self-containedgyro pack-
age with an estimated resolution of 0.025 deg/s. However, caution
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Fig. 17 Yaw rate data example (P3D1).

Fig. 18 Typical example of parafoil system response to turn input
(P3D1).

should be exercised when using payload body yaw rate data. The
data are typically more indicative of vehicle motion and not nec-
essarily that of the parafoil. Parafoil turn performance can not be
determined with much con� dence via yaw rate data if the con� u-
ence � ttingdoes not separatebecause this causes the vehicle to have
very lightly damped yaw coupling to the parafoil. As a result, the
vehiclecontinuallyoscillatesunderneaththe parafoil (Fig. 17). With
a properly separated con� uence � tting, the vehicle motion is rela-
tively tightly coupled to that of the parafoil; the yaw rate data are
probably the best indication of turn performance because they are
independentof steadywinds.Yaw ratedata arenoisyand must be � l-
tered or curve � t. In this analysis,fourth-orderpolynomialcurve � ts
were made to yaw rate data turn pro� les to determine steady-state
turn rates.

Turn rate can also be evaluated by observing heading rate of
the velocity vector. Heading rate (HR) is extracted from the wind-
corrected velocity data by determining the system heading with
respect to east and taking the derivative with respect to time:

heading.t1/ D a tan

µ
Vy.t1/

Vx .t1/

¶
(16)

HR.t2/ D
heading.t2/ heading.t1/

.t2 t1/
(17)

Because the difference in atmospheric density at different alti-
tudes, the turn rates are dependent on altitude. Therefore, in the
process of analyzing the � ight turn rate data, the HR should be cor-
rected to sea level values for proper comparison. An average HR
is calculated after the system response has achieved steady state.
Figure 18 is an example of a system response to a turn command
input.Typical responsecan be as little as 10 s for small incrementsin
maneuvers(from L0/R0 to L0/R20 %SS) or as long as 20 s for larger
maneuvers (from L0/R0 to L0/R60 %SS). Even if short in duration,
because the parafoil control stroke slew rate is slow and response
dynamics is minimal, what average can be obtained is usually fairly
accurate. However, there are instances when the steady-statewind-
corrected turn rate does not appear constant. In Fig. 19 the data for

Fig. 19 Example of wind error present during a 360-deg turn (P3D1).

a L50/R70 %SS turn initiating at MET 350 s are plotted. This turn
was held long enough for the parafoil to achieve a 360-deg heading
change. The observed nonconstant HR is attributed to an error in
the wind magnitudeestimatebecausethe maneuver traversesa com-
plete 360-deg turn. The fourth-orderpolynomial curve � t of the HR
data suggests that for this full circle maneuver the wind error can
be averaged out.

Although turn rates are important for � ight planning, it is im-
portant to be able to relate them to lateral-directional coef� cients
for aerodynamic modeling in simulations. Lateral-directional co-
ef� cients are also constant for an airfoil and, thus, independent of
altitude providing an easier medium with which to analyze. The
mechanism for the parafoil turn is unlike that for a conventional
aircraft. Rather than the differential � aps inducing a roll angle and
subsequentbank maneuver as aileronswould on a conventionalair-
craft, the difference in drag between the two � aps dictates a yawing
motion that causes a turn.16 In a parafoil’s turn maneuver, the yaw
moment created by the differential � aps is eventually compensated
by the adverse yaw moment (yaw damping) due to the yaw rate. At
this point, with constant � ap settings achieved, the turn rate reaches
a steady state. For each turn rate data point, the quantity ± f Cn± f

was solved for assuming steady state using the following simpli� ed
equation17:

± f Cn± f D
.turn rate/Cnr b

2Vtot

(18)

Because of limitations in winch performance, the � aps are de-
� ected slowly as compared to similar but smaller personnelparafoil
CLD maneuvers. Therefore, the large parafoil’s response to turn
input is usually nondynamic and remains virtually in steady state
throughout the maneuver. With a lack of fast control input and dy-
namic response, it is inherently dif� cult to estimate both the � ap
derivative and the damping derivative. Because of this, Cnr was
assumed constant with a value of 0.0936 for the results presented.
Based on analysis of a wide spectrum of turn de� ection combina-
tions,± f Cn± f datawere curve� t as third-orderpolynomialfunctions
of delta de� ection for variousbases (minimum de� ected sides). The
curves were then interpolated/extrapolated to complete an approxi-
mate model for the entire database. The results for rigging angle of
13 deg are presented in Fig. 20.

Discussion of Results
System lift and drag coef� cients from several drop tests have

been collected as a function of � ap de� ection and are compiled in
Figs. 21 and 22. All results presented pertain to the X-38 5468-ft2

(508 m2 ) parafoil rigged at 13 deg. The system trim CL and CD

trendsof theparafoilareboth third-orderfunctionsof � apde� ection.
Initial de� ections of the trailing edges provide little change in the
aerodynamic performance due to slight dead band or re� ex in the
control authority.Commanding more � aps tends to increaseCL and
CD , while decreasing lift to drag ratio. As the resulting � ight path
becomes steeper, the centerof pressuremoves aft along the parafoil,
pitchingthe parafoilnose down effectivelymaintainingalphanearly
constant.
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Fig. 20 RA13 ±f Cn±f database.

Fig. 21 System CL � ight data collected from phases 2 and 3 testing of
13-deg rigged parafoils.

Fig. 22 System CD � ight data from phases 2 and 3 testing of 13-deg
rigged parafoils.

The phenomenoncalled re� ex is caused by a chordwise compres-
sion of the in� ated canopy and manifests itself in the entire span
trailing edge de� ecting slightly upward while the CLD remains at
zero (Fig. 23). This upward de� ection of the trailing edge interferes
with the � ow around the canopy airfoil and, thus, increases drag.
A small CLD of the trailing edge � aps removes the re� ex on the
quarter span associated with the control surface and, consequently,
gives the appearance of initially improving canopy performance as
demonstrated in Fig. 24. Re� ex has been observed frequently in
the X-38 large-scaleparafoil developmentprogram and has caused
more of an adverse effect in turn performance.3 For instance, when
a left turn is commanded, initially inputting a left de� ection re-
duces, and eventually removes, the re� ex on the left side. Because
the upward de� ection of the left trailing edge is removed while the
right side re� ex remains, less drag is induced on the left side of
the parafoil than on the right. The result is for the parafoil to turn
right while the intent was to turn left, referred to as an adverse turn.
Eventually, the left side will be de� ected enough to counteract the
effect of the re� ex on the right side. At this point, the canopy will
maintain a constant heading. Further de� ection of the left side will
� nally induce a turn in the left direction; however, the effects of

Fig. 23 Description of re� ex.

Fig. 24 System lift to drag ratio for a 5468-ft2 13-deg rigged parafoil.

Fig. 25 Third-order polynomial � t of RA13-deg sea-level corrected
� ight data for various base turns.

re� ex are still present on the right side and may cause the turn rate
to be lower than predicted.Re� ex can be quanti� ed in the parafoil’s
turn rate model. The negative data points and values of turn rate
(adverse turn rate) seen in the 0 base data curve � t are actually the
results of re� ex. Early in the program, analysts thought these trends
and data points were erroneous and were, thus, thrown out. When
the model failed to reproduce turn rate trends seen in � ight tests, the
validity of the negative values were realized, and an updated turn
model was created.

Plotting the sea-level corrected turn rate data for a 13-deg rigged
canopy as a function of differentialCLD for various bases (Fig. 25)
allows for many trends to be observed. As already noted, turn rate
data are third-order functions of delta de� ection for a given base.
The knowledge of this characteristicof turn rate data provides for a
convenientmethodof interpolationand extrapolationin the absence
of an abundance of data. For a given delta de� ection, increasing
the base of the turn increases the turn rate. Therefore, if a parafoil
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system is � ying at 50%SS � aps and the mission requires a turn for
range, it is not necessary to back down to a low base just to achieve
a big differential to get good turn performance. In actuality, the
system can achieve a better turn rate with a smaller delta de� ection
by further de� ecting one of the sides from the 50% � aps. Again
referring to Fig. 25, a L50/R0 producesonly 3.5 deg/s turn, whereas
a L70/R50 turn produces close to 7 deg/s. The parafoil rigged at
10 deg has demonstrated higher turn performance than the parafoil
riggedat13deg,with similaroveralltrends.In general,the technique
of reducing yaw rate and HR data into aerodynamic coef� cients
assumingsteady-stateturns for such a large system with slow inputs
works well. Analyzing data as a function of CLD delta for constant
base, as well as analyzing data for varying base with constant delta
CLD, works well to � ll in the gaps in the test database.

Past works have warned of lateral instabilities16;18 causing spiral
divergence. Lingard16 speci� cally states that for a parafoil with a
span of 30 m (98 ft), a sustained turn rate should be kept less than
11.5 deg/s. X-38 � ight data fall in line with this estimate. Spiral di-
vergencehas beenobservedon two occasionsduringX-38 full-scale
testing due to differentwinch malfunctions.One such occurrence is
shown in Figs. 26 and 27. The ground track shown in Fig. 26 shows
the severity of the spiral; in particular note the number of com-
plete revolutionscompletedand the radius of these turns. In Fig. 27,
after MET 120, the wind-correctedHR slope steepens marking the
point where the turn rate becomes unstable. This corresponds to a
commandof approximatelyL75/R5 %SS with a wind-correctedHR
between 15 and 18 deg/s. The other � ight, P2D23, exhibited similar
trends. From these data, the parafoil performance team concluded
that spiral divergence for near zero base must occur somewhere
around 70%SS. The X-38 program has demonstrated stable steady
turn rates for values up to 8 deg/s for periods of up to 45 s at a time
(again, see Fig. 19); however, holdinga presumed stabledifferential
CLD for more than 360 deg has not been investigated as of yet.

Turn biases can make the evaluation of the parafoil turn perfor-
mance dif� cult if not properly identi� ed. Examples of turn bias
causes include improper or incomplete in� ation of the parafoil,
hang-ups in suspension lines or trailing edges, or incorrectly set
control lines. In the limited experience of the X-38 program, most
turn biases have been less than a 1 deg/s and constant throughout
the � ight. If any of the aforementionedcauses of turn biases are cor-

Fig. 26 Example of spiral divergence (P2D21).

Fig. 27 Example of turn rate
induced by spiral divergence
(P2D21).

Fig. 28 Example of turn bias (P2D26).

Fig. 29 Applying constant turn bias (P2D26).

rected in the middle of the � ight, this can remove, or even reverse,
the bias and make it even more dif� cult to discover and assess its
effect. Many times the physical cause of a bias is unknown, but its
presence can be discovered and evaluated by analyzing turn rates
occurring during � ap maneuvers as exempli� ed in Fig. 28. In the
case of P2D26, the bias appears to be constant. The success of cor-
recting the data for the bias is demonstrated in Fig. 29. Other times,
what may appear to be a turn bias can actually be the effects of
re� ex.

Parafoil Dynamic Simulator
Understanding both longitudinal and lateral-directional aerody-

namics of a parafoil is critical in supporting development, testing,
and implementation of any parafoil-based system. Knowledge of
the longitudinal performance is especially helpful when designing
test or mission maneuvers. These maneuvers include range safety,
energy management to achieve predesignated targets, and � are for
optimal landingperformance.Knowledgeof the turnperformanceis
especiallyhelpfulwhen designingtest or mission maneuvers.These
maneuvers include hazard avoidance in air or at landing, energy
management to achieve predesignated targets, and turns into the
wind for optimal landing performance. To demonstrate con� dence
in this knowledge and to utilize the model operationally, both the
longitudinal and lateral-directional aerodynamics were tested and
used in simulations both pre- and post� ight.

The parafoil dynamic simulator (PDS) is an eight-degree-of-
freedom (DOF) simulation that has been developed from previous
work underContractNAS8-36631 for NASA MarshallSpace Flight
Center. PDS models two-body dynamics where the parafoil rigid
body is 6-DOF and the payload rigid body may rotate relative to
the parafoil in pitch and yaw. PDS uses the lateral-directionalaero-
dynamic coef� cients, Cnr and Cn± f , to calculate the yawing mo-
ment of the parafoil.3 PDS also includes longitudinalaerodynamics
derived from the X-38 parafoil test program4 and has beenvalidated
by comparison to numerous full-scale drop tests.

Flight Reconstruction: Steady State

Figure 30 provides an example of a PDS trajectory reconstruc-
tion. Balloon data were used to make the wind corrections to the
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Fig. 30 PDS vs wind-corrected video tracking data (P2D17).

video tracking data because the ADP was not available. PDS was
then run without winds for comparison to the wind-corrected � ight
data. The model currently appears to calculate vertical velocitybet-
ter in � ap maneuvers as opposed to turn maneuvers. For instance,
in Fig. 30 during 5%SS � ap maneuvers at MET 125 and 235, PDS
matches � ight data fairly well. However, during turn maneuvers
at MET 180 and MET 275, PDS vertical velocities are too high.
Currently, PDS assumes the CL and CD contributions are aver-
aged between the values for the left and right de� ections. Either
this is not the correct way to account for CL and CD during turn
maneuvers or there is some other aspect of the turn model, lateral-
directionalor longitudinal, that needs to be further investigated. In-
terestingly enough, horizontal velocities do not appear to have this
problem.

There are two other areas of error that are realized in the current
modeling.PDS fails to pick up the oscillatorytrends seen in vertical
velocity that are believed to be of phugoid motion. An example of
this motion is seen during both � ap and turn maneuvers, in Fig. 30
at MET 125 and 180, respectively.After the aerodynamic database
is better de� ned and veri� ed, analyses of the longitudinal modes
will be performed. The other error source shows up more distinctly
in horizontal velocity and is attributed to wind uncertainty. During
a 5%SS � ap maneuver commanded initially around MET 290, PDS
horizontal velocities match quite well to the wind-corrected video
tracking data. At MET 345, there is a disturbance to the horizontal
velocity � ight data. The CLDs have not changed, and analysis of
the video con� rms the canopy is intact. Figure 30 shows a similar
anomaly in the vertical velocity � ight data at about MET 375. At
this time, wind uncertainties, possibly even a vertical gust, are the
only explanation offered for this peculiar behavior.

Flight Reconstruction: Longitudinal Dynamic Response

The longitudinalaerodynamics model appears overall to do well
in matching dynamic response. Figure 30 demonstrates the PDS
model has adequate initial response to � aps inputs. Again, for ver-
tical velocity, the model’s dynamic response is better for � ap de-
� ections as opposed to turn maneuvers. Note that the response time
matches well; however, PDS seems to exhibit slightly lower fre-
quency and higher magnitude in its response. The aerodynamic
model is also considered capable of reasonably predicting highly
dynamic maneuvers such as � are. The � are maneuver, a full � ap
defection at the highest retraction rate possible, is performed to re-
duce quickly vertical and horizontal velocities at touchdown. The
X-38 program has tested the � are maneuver at altitude to study the
parafoil system’s response, and Fig. 31 shows how PDS has been
used to reconstruct successfully the maneuver. Recent � ights have
performed � ares at touchdown with a rigging angle of 10 deg, and
the data are being analyzed and reconstructedusing PDS.

Fig. 31 PDS dynamic reconstruction � are at altitude (P2D13).

Fig. 32 PDS output compared to � ight data for two 0 base turns with
60%SS delta de� ection (P2D11).

The general agreement with the � ight data trends that are noted
in the dynamic response is an indication of the accuracy of the CL ,
CD , and Cm vs alpha slopes. At this time, no modi� cations have
been made to adjust them from the original database, but a method
for doing so based on data from both 10- and 13-deg rigged� ights is
being constructed.Current X-38 drop tests utilize a parafoil rigged
at 10 deg rather than 13 deg. Because of the new rigging angle, the
parafoil trims at a different alpha.9 With the current techniques be-
ing developedto assessalpha throughinstrumentationanddynamics
comparisonas alreadydiscussed, the aerodynamicdatabase’s alpha
slopes will be able to be anchoreddown between at least two points.
These two points are the trim alpha of a 13-deg rigged canopy and
its corresponding � ight derived CL , CD , and Cm and the trim al-
pha of a 10-deg rigged canopy and its corresponding� ight-derived
coef� cients.

Flight Reconstruction: Lateral-Directional Dynamic Response

When the presented lateral-directional aerodynamic models are
used, PDS has been used successfully to reconstruct and predict
many X-38 � ight tests. PDS and the lateral-directionalaerodynamic
model can also be implemented to evaluate the quality of the winds
collected for a drop. Figure 32 shows the ground track for two
zero base turns with delta de� ections of 60%SS during the same
� ight. The � rst would suggest the PDS model to be correct. The
second would suggest PDS to be underperforming. Because PDS
can only produceone turn rate for a given turn setting, the difference
has been attributed to wind error. After reviewing the wind data
and the associated uncertainties for the day, one can usually see
that the misalignment between � ight data and PDS are within these
uncertainties. For the second plot in Fig. 32, PDS was rerun with
a constant 1.8 kn (0.9 m/s) out of the north, and the reconstruction
match to the � ight trajectory is much improved.

Conclusions
The subscale and full-scale phase 2 tests have culminated in

the successful development of the primary parachute system for
the X-38 atmospheric test vehicles. The concept of using a mortar
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deployed decelerator to deploy a parafoil from a lifting body in
free � ight has been successfullydemonstrated.The current parafoil
design has repeatedly demonstrated landings with less than 20-ft/s
(6.1 m/s) rate of descent. According to the Brinkley analysis of the
touchdown loads, these landings have a low probability (less than
0.5% chance) of injuring a deconditioned (due to spending an ex-
tended period of time in a weightlessenvironment) and ill or injured
human. The lessons and � ndings from the phase 2 and phase 3 tests
will be implemented in the developmentof the recovery system for
the operational CRV.

A method for extractingsystem longitudinalaerodatafrom� ight-
test data for a large-scale parafoil system has been presented.
Steady-state maneuvers were analyzed to quantify the parafoil’s
performance in terms of CL and CD as a function of � ap de� ections
by assuming equilibrium glide. Wind corrections to the � ight-test
trajectory data applied by the ADP or FADS usually gave more
consistent results than balloon wind data. It was shown through the
compilation of the results that system lift and drag coef� cients can
both be modeled as third-order functions of � ap de� ection. Re� ex
was shown to degrade the performance near zero � aps, but with
knowledge of its existence can be properly modeled and accounted
for during � ight operations. A longitudinal aerodynamic database
as a function of alpha was developed to facilitate dynamic anal-
yses and simulations. It was created by maintaining CL , CD , and
Cm vs alpha slopes compiled from a history of wind-tunnel tests,
andapplyingthe � ight-derivedtrim CL andCD valuesat an assumed
constant trim angle of attack for each � ap setting. Early tow testing
analysis, chase video of full-scale parafoil drops, lift distribution
analysis, and most recently preliminary parafoil pitch sensor results
all suggest the trim alpha to be around 4 deg for a 13-deg rigging an-
gle parafoil. The Cm curves for each � ap de� ection were anchored
by solving for the Cmc=4 using the constant trim alpha assumption
of 4 deg and the � ight-derived CL and CD . The longitudinal aero-
model presented herein has been applied to an 8-DOF simulator,
which has successfully reconstructed both steady-state and highly
dynamic maneuvers. The reasonable dynamic response match be-
tween the simulation and � ight-test data suggest that the CL , CD ,
and Cm alpha slopes are fairly close. Fortunately, recent testing of
large-scale10-deg rigged parafoilshas providedpreliminary results
capable of de� ning the slopes and will aid in improving the aero-
database in future analyses. Further issues to be resolved include
the simulation’s inadequacy to match vertical velocities during turn
maneuvers. This is attributed to incorrect modeling of the turn ma-
neuvers in either the lateral or longitudinal aerodynamics. Another
ensuingbut minor issue is the simulation’s inabilityto capturean ap-
parent phugoidmotion exhibited in the parafoil’s vertical velocities.
Both are currently being investigated.The end result is an effective
method for extractingparafoil longitudinalperformanceparameters
from � ight-test data. In addition, this work should allow for a better
understanding of large-scale parafoils with a correspondingsource
of performance data available for comparisons.

The extraction of turn performance and lateral-directionalaero-
dynamics from � ight-test data has been successfully demonstrated.
Turn performance of the X-38’s large-scale parafoil has been ef� -
ciently modeled as a third-order function of differential � ap de� ec-
tion for a given base, or minimum de� ection. As the base increases,
trends also indicate turn rates increase for a given differentialCLD.
Finally, increasing the rigging angle from 10 to 13 deg decreased
turn rates for a given turn setting in inches. Turn biases can be dis-
covered and later quanti� ed by including � ap maneuvers in the test
objectives. Other undesired adverse turn rates could be attributed
to re� ex. Techniques for removal of turn biases and modeling of
re� ex have been demonstrated. Winches capable of fast slew rates
are required to estimate the actual yaw-damping coef� cient of a
large-scaleparafoil. However, the X-38 winches, limited to pulling

approximately 1.5 ft/s (0.5 m/s), dictate the need for assuming the
constantvalue of Cnr . Correspondingdatabasesof Cn± f for rigging
angles of 10 and 13 deg have been presented.Spiral divergence has
been observed for both rigging angles of 10 and 13 deg. Subse-
quently,an attempthas been made to identify the boundarybetween
stable and unstable turn response. The resulting recommendation is
to limit near zero base turn maneuvers to a differential de� ection
of less than 60%SS. Further analysis and testing is needed to ad-
dress higher bases, as well as the maintenance of turn rate stability
for maneuvers held over 360 deg. All of the aforementioned trends
and phenomena have been modeled in the 8-DOF parafoil/payload
simulator PDS. Flight reconstructionsdemonstrate the general ca-
pability to reproduce observed � ight characteristics.One resulting
issue that needs to be further investigatedis the PDS turn velocities.
At this time, both longitudinal aerodynamic calculations for turns
and other turn rate parameters are under investigation.Overall, the
reader should � nd this paper to be a valuable source for guidance
or comparison in lateral-directional aerodynamic investigations of
similar large-scale parafoil systems.
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