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ABSTRACT

The type ARU-2B/A Attitude Director Indicator (ADI) system was evalu-
ated as a pilot aid in flying a JC-131B aircraft on a ballistic trajectory to
produce a zero=- or reduced-gravity field. To provide an unburdened display
to the pilot, all information necessary to fly a complete zero-G maneuver was
presented on the ADI, except airspeed. A Parabola Control Panel was designed
to provide six modes of presenting normal acceleration data to the ADI; i.e.,
zero-G, sub-G, super-G, decay, float, and program modes. The modes were
effective, except for the float and program modes which are still experimental.
Pata from 385 maneuvers at various gravity levels from 0 G to 0.75 G revealed
that when flying gravity levels below 0.25G an accuracy of +0.05G could he
maintained. This is generally considered an acceptable parabola. However,
when flving gravity levels greater than 0.25G the errors became greater than
+0.05G. As the desired gravity level is increased, the parabola time is
increased and a high degree of accuracy is more difficult to maintain. In
addition, the system errors were greater at the higher gravity levels. These
two facts account for most of the errors at increased sub-gravity levels, The
ARU-~-2B ADI system proved to be an effective aid in flying various sub-G,
super-G, zero-G, and decay maneuvers.
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A,

SECTION I
INTRODUCTION

Pre-accelerometer Instrumentation

In 1958, the need for various studies of human and equipment
behavior in a zero-gravity environment was realized. At that
time, a method of simulating a zero-gravity field was initl.
ated by flying an airplane on a ballislic trajectory and a
JC-131B type alrplane was used for the iniltial studies. Vari-
ous types of display systems were used to display acceler-
ation information to the pilot for flying the maneuver. One
of the very first Indilcators was the pllot's wallet. The
wallet was placed on the instrument panel glare shield before
starting the maneuver. Upon entering a zero-gravity field,
the wallet would begin to float. In this manner, the
floating wallet served as a zero-gravity indicator.

A second methed employed a golf ball suspended between two
rubber bands. As the golf ball floated to allow the rubber
bands to assume a horizontal position, the aircraft was at
zero gravity., This display was supplemented with a2 me-
chanical G-meter.

Still another method utilized a round cork in a clear plastic
sphere, As the pllot flew the alircraft at zero gravity, the
cork would remaln in the center of the sphere.

Three-Axls Readout

As the program progressed, the need for more accurate display
systems to ald the pilot in producing a more precise and
longer zero-gravity field became apparent. The emphasis was
switched to an accelerometer-based display for zero-gravity
flying. The first such system was a three-axis acceler-
ometer readout system. Basically, the system conslisted of
three B & F Instruments, Inc., Model LF5-20-350 linear straln
gage accelerometers as sensors., The accelerometer signals
were amplified by Doelcam Model ZHMA-2 DC amplifiers and
displayed on Weston Model 699 Microammeters. The meter sensi-
tivity could be switched from + 3G full scale to f 0.3G full
scale to provide a more sensitive display at zero gravity

and still provide information for the 2.5G entry and exit
phases of the maneuver.



C.

As the requlrements for greater accuracy, lncreased duration,
and varlous types of maneuvers other than streight zero
gravity became necessary, a contract was initiated by the
Behavioral Sclences Laboratory of Aerospace Medlcal Research
Laboratorlies at WPAFB to study the problem, and to design
end fabricate a system to provide accuracy within * 0,005G
maximum error. Other requirements were a longer free-float
time, and the capability of sub-G, super-G and decay-type
maneuvers. The contract englneer was supplied by Lear
Siegler Service, Inc.,, and work was started in August 1961,

Integrated Zero-G Display

Emphasis was placed on an unburdened pilots display to
eliminate switching from one indicator to another during
different phases of the zero-gravity maneuver., Therefore,
a standard AF Type ARU-2B/A Attitude Director Indicator
(ADI) was used to display all information to the pilot for
both the vertical end lateral axes during the complete
maneuver. The components used in this integrated display
to drive the indicator are shown in Figure 1.
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Figure 1

ADI SYSTEM COMPONENTS MOUNTED IN JC-131B AIRCRAFT



As an interim means of providing a sub gravity display, a G-
level selector and isolation amplifier was designed and fabri-
cated. This system was installed and used in sircraft C-131B
53-7823. PFigure 2 is a block dlagram of the complete inte-
grated dlsplay, with the accelerometers and G-level selector
in the circuit, as used in the first zero-gravity alrplene,
With the use of this display, the pilot could fly a complete
maneuver and have all information displayed on two instruments,
the Alrspeed Indlicator and the Attitude Director Indicator.

Looking at Figures 3 and 4, a typical parabola is flown in the
following mamner: Durlng level flight prior to starting a
maneuver the ADI appears as shown in Figure 3, except the
horlzontal director needle 1is full scale down lndicating more
than 0,2G, the displacement pointer is down almost half scale,
indicating 1G on e 2,5C full scale displacement, and the
warning flags are out of sight. To start the maneuver, power
1s increased to 42 inches Hg, 2400 RPM, by the co-plilot, and
the aircraft is placed in a 10-degree dive., The pitch atti-
tude change is displayed to the pllot on the sphere of the
ADI. When the alrspeed reaches 250 knots 1ndicated, the pllot
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ATTITUDE DIRECTOR DISPLAY SYSTEM WITH
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controls the airplane into a 2.5G climb, During this phase,
the displacement pointer on the ADI moves down full scale to
indicate 2,5G and the changing plteh attitude is displayed

on the sphere of the ADI. The co-pllot reduces power to

25 inches Hg during the pull-up phase. When the alrcraft
reaches 35 degrees nose up, the pllot pushes the stick forward
and the displacement pointer begins to move up toward center
to indicate the alrcraft is approaching zerc gravity. When
0.2G is reached, the horizontal director needle begins moving
toward center to provide a more sensltive display during the
actual zero-gravity phase of the maneuver. The horizontal
director needle 1s scaled for 0.2G for 2,22 Centimeters (7/8
inch) which is full displacement from center. The pllot con-
trols the pitch axis of the alrplane to maintain zero-G by
keeping the horizontal director needle centered until the
aircraft reaches a 35-degree nose-down attitude at which time
the pullout phase is executed back to level flight. During
the pullout, the displacement polnter displays the 2.5G maxi-
mum for this phase of the maneuver., In addition to the above
Iinformation, roll attitude 1is displayed on the sphere and a
more sensitive roll attitude on the vertical director needle
which 1s sceled for 12 degrees left or right roll for full
needle displacement, A needle and ball display at the bottom
of the indicator provides s turn rate and slip indicator. In
this manner, there is enough information dlsplayed on one indl-
cator (excluding alrspeed) to fly a complete parabola, pro-
viding a nénsensitive display for the entry and pullout phases
and an extremely sensitive display for the zero-gravity phase
of the maneuver. With the addition of the G-level selector,

a reference voltage was established and compared to a * 1G.
accelerometer output to provide an error signsl for the pilot
to fly to maintain a preselected gravity level. This infor-
mation was then displayed on the horizontal director needle

of the ADI during the zero or subgravity phase of the maneuver.
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SECTION II
PARABOLA CONTROL PANEL

General Description (see figs. 5 thru 9)

During the time the previously explained equipment was belng
used, an experimental display system was belng designed and
fabricated under the direction of Aerospace Medlcel Re-
search Laboratories. When the JC-131B 53-7823 aircraft was
retired from zero-gravity flying and the JC-131B 53-7806
alrcraft was modifled for zero-gravity work, a Parabola
Control Panel was 1nstalled along with the integrated flight
display and 3G accelerometer/jerkmeter. The parabola control
panel was deslgned as experimental equlpment to study varlous
modes and methods to present information to the pilot for
zZero-, sub-, and super-gravity flying in the JC-131B alrcraft.

A Donner Model 4305 Accelerometer/Jerkmeter is the sensing
element attached to the alrcraft on & rigid mount in the
center of the float compartment under the floor. The ac-
celerometer will measure 3G maximum and the senslitivity of
the jerkmeter is 1G/second. The basic circult to develop
an error signal 13 in block dlagram form in Figure 8.
Signals from the 3G accelerometer are input to the inverter
amplifier in the parabola control panel at 2.5 volt/G.

The output of the inverter amplifier ls used to drive the
displacement pointer of the Attitude Director Indicator
which is scaled for + 2.5G full deflection., This infor-
mation 1s used during the 2,5G entry and pullout phase of
the maneuver. The output of the inverter amplifier is
also fed to the summing amplifier where 1t 1s summed with
the output of the Jerkmeter and a blas voltage from one

of the various blas generators. The output of the summing
amplifier is an error signal resulting from acceleration,
jerk {acceleration rate) and a bias signal. The signal is
input to the CPU-4/A Flight Director Computer which drives
the horizontal director needle of the Attitude Director
Indicator. The sensitivity is + 0.2C for full scale de-
flection which 1s + 2,22 Centimeters (7/8 inch). This 1is
the sensitive display provided during the zero or sub-G
phase of the maneuver. The bilas voltages input to the
summing amplifier are derlved from the bias generators.
Any mode may be selected as a blas source by turning the
mode selector switch on the front of the parabola control
penel, The modes avallable are Zero-G, Sub-G, Super-G,
Decay, Program, and Float.



Figure 5

FRONT VIEW PARABOLA CONTROL
PANEL MOUNTED IN JC-131B AIRCRAFT
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B. Power Supplies (see figs. 10 thru 13)

Provided with the parabola control panel are two DC power
supplies. + 350 VDC is used as supply voltage in the
amplifiers. A + 10 VDC supply is derived from the 350-
volt supply by inputting + 350 VDC to a voltage divider
circuit with 10-volt zener diodes for regulation. The
10-volt power is used throughout the system as the simu-
lation voltages, bilas voltage and amplifier balance supply.
Due to this, any drift in power supply will be reflected
in the accuracy of the equipment. An analysis of the 350-
volt power supply revealed the following facts:

+ 3850V, D¢
ADJUST:

~3so V. Dc,
ADJusTr

Figure 10
350 VDC POWER SUPPLY
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Regulation of the Power supply 1s marginal up to 300 ma
and is intolerable above a 300-ma load. At 300 ma, regu-
lation of the positive power supply is 0.36% and regu-
lation of the negative supply 1s 0.68%. With a 325-ma
load, regulation of the positive power is 3.2% and regu-
lation of the negative supply is 1%.
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e

lﬁ T
350 349 348 3445

Figure 12
350 VDC vs, LOAD
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A more stable 24 VDC regulated power supply 1s used for
bilas voltages to the programmer and excitation to the
ailrspeed transduser. The 24 volt supply is used only
with the program mode. Both power supplies require a
115-V, 400-cycle power input from the main alrecraft in-
verter. Power input 1s coutrolled by the power switch
on the parabola control panel. Vacuum tube fallures were
the only problems experienced with the power supplies
during 10 months' operation.

+ 350V

15K
2w

+0V

—[— V40I0A

-0V

15K
2w

—350V

Figure 13
+ 10 VDC VOLTAGE DIVIDER CIRCUIT
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Meters

Looking at Figure 5, the reader will see three meters and
the respective switches on the front of the parabola control
panel. The top meter labeled AMP 1s to check amplifier
centering., When the amplifier centering switch is turned
ON, the input to each amplifier is grounded and the ocutput
is fed through the ampliflier centering switch to the AMP
meter selector switch. Using the AMP meter selector switch,
each individual amplifier output cen be read on the AMP
meter and the amplifier centering adjusted. The INPUT
meter is used to check all power supply voltages and simu-
lated input signels, The OUTPUT meter 1s used to monitor
various output voltages such as the output of the lnverter
and summing amplifiers, the programmer output, G-level
selector potentiometer and the vertical gyro pltch center-

ing.

Simulation {see fig. 14)

The capabllity of simulating any input signal to the parabola
control panel is provided for ground testing purposes and
meking "in flight" adjustments. To simulate & signal, it

18 necessary to have the SYST-SIM switch in the SIM position
and the signel simulator selector to the desired signal.
With the INPUT meter selector switch at position 2, the
simulated signal will be displayed on the INPUT meter.

Mode Selector

Each of the six modes may be selected by rotating the mode
selector switch., For every mode except Float, the inverter
and summing ampliflers are operated as voltage amplifiers.
The difference in each mode 1s the method used to develop

8 blas signal to sum with the accelerometer signal into the
sumzeing amplifier. Each method of developing a bias will
be consldered separately along with problems encountered
and solutions to the problems.

18
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+10V
Inverter A Summing
Amp . C Amp,
20K
signal
simulator
-j0V—
Alrspeed
Simulator ——o D Relay Amp
3elector ~ ;Lhc
——D
dccelerometgp— System Pitch
Simulate Relay
Jerkmeter Switch  Amp.” |
Airspeed
Transduce -
Yert. Gyro
Pitch angle

Figure 14
SIMULATOR CIRCUIT

Zero-G Mode (figs. 15, 16, 17)

When the mode selector is placed in zero-G position, the
blas input to the summing amplifier 1s 0 volts., When the
alreraft reaches zero gravity, the accelerometer output is

0 volts which results in a 0 output from the summing ampli-
fier. This drives the horizontal director needle on the
Attltude Director Indicator to center. To maintain zero
gravity, the pillot must make the necessary pltch corrections
tc keep the horizontal director needle centered.

Two major problems have been encountered flying the zero-G
mode: The DC operational amplifiers drift more than can be
tolerated, making 1t necessary to check the amplifier
centering after every two or three maneuvers. If a slight
amount of drift occurs in either the inverter or summing

19
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Figure 16

OPERATIONAL AMPLIFIER
21




amplifier, an erroneous signal is introduced resulting in a
gravity level other than zero when the horizontal director
needle is centered. The Amplifiers are Dynalyzer Operational
Amplifier Model 2, manufactured by Dynamic Analysis Company.
They are stabilized by neon tubes which are not suitable for
this use. To minimize this problem, persomnel responsible
for in-flight operation of the parabola control panel, check
amplifier centering at frequent intervals and make necessary
corrections.

The second problem encountered durlng zero-G mode was instru-
ment parallex error. This error would vary depending on
pllot height and seat position. To eliminate the problem,

a parallax correction adjustment was added to the display
compensation circult., This adjustment will move the hori-
zontal director needle + 0.64 Centimeter (1/4 inch) from
center which has been sufficlent to correct for any perallax
error encountered. Without the parallax adjustment, it
could be possible to have up to a 0.05G error for a 0.64
Centimeter error on the horizontal director needle. The
amplifier drift and parallax error problems are common to
all modes.

[Flight
Directox
Computexn

Summing

EB_ Amp.

Figure 17

DISPLAY COMPENSATION CIRCUIT FOR
HORIZONTAL DIRECTOR NEEDLE
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Select Sub-G Mode

When the mode select switch is placed in the select sub-G
mode, the bias voltage input to the summing amplifier is
selected by adjusting the G-level selector potentiometer.
In order to select a 0.1G maneuver, the G-level selector
would be set for 0.25 volt input to the summing amplifier.
When the aircraft reaches 0.1G, the accelerometer input
to the summing amplifier is + 0.25 volt resulting in 0 volt
output from the summing amplifier which drives the hori-
zontal director needle to center. The 0.1 gravity level
will be maintained as long as the horizontal director
needle is kept centered. Any gravity level from 0-G to
+2G may be selected with the G-level selector. In ad-
dition to the drift and parallax error problems, non-
linearity and scaling of the panel meters present a
problem. The meters are Telectro Industries Corporation,
Model 331 micrcammeter. The mechanical centering ad-
Justment 1s sealed inside the meter making it impractical
to attempt power off centering adjustments. The meters
are scaled to read gravity levels up to + 2G. Between

0 and full scale, there are 20 divisions, each equal to
0.1G. This scaling coupled with the size of the meter
made it very difficult to set an accurate fractional
gravity level into the system. The input meter is non-
linear which introduces an error when the higher sub-
gravity levels are set., This problem has been minimized
by making the meters more sensitive. Each division on
the meter equals 0.05G which makes a more accurate G-
level adjustment possible.

Select Super-G Mode (fig. 18)

In order to maintaln a super gravity level (above 1G),
the airplane is flown in a bank to maintain the desired
gravity level, Thls bank angle is determined by:

_ 1
n cos @
where n =  gravity level
§ = bank angle

When the mode selector ls moved to the select super-G
position, the output of the summing amplifier is switched

23



from the horizontal director needle to the vertical director
needle, because the airplane will be controlled in the roll
axis instead of the plitch axis to maintain the super gravity
level, and the vertical director needle 1s the more normal
display for the roll axis control. The desired gravity
level is set on the G-level selector in the same manner as
for the sub-C mode. In order to aid the pilot to maintain

a G-level requiring up to 60 degrees bank, the E-U4 autopilot
was modified to allow up to a 60 degree bark using the turn
knob on the autopllot flight controller. A switch was ine
stalled to change from normal autopilot to high bank angle
capability,.

turn
knob

! Q Benk —_Ow.;o——‘
20 : Integrator L o—d to roll
VAC r§<: F—HL———*D":Ezi}__;J Servo amp.

oD
l aavnc-—qu/k

conirol
switch

Figure 18
E-4 AUTOPILOT MODIFICATION FOR HIGH BANK ANGLES

Decay Mode (figs. 19, 20)

When the mode selector 1s moved to the decay position, all
bles input signals to the summing amplifier are from the
decay bies generator. The original decay bias generator
provided a constant rate decay from a pre-selected gravity
level to another pre-selected gravity level. This circuit
provided a linear decay presentation, however all the de-
sired features for a decay were not avallable. The two
most desirable were the capability of a selectable decay
rate and to decay in either direction. That 1is from a
lower gravity level to a high one or vice versa. Another
problem encountered with the decay clrcult was the complex
ad Justment and operation procedure. To fly the decay

24
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Figure 19
FIRST DECAY GENERATOR

maneuver using this circuit, it is flrst necessary to set
the desired gravity levels using R-56 and R-48 variable
reslistors. When the initlal gravity level ls reached, the
start button 1ls closed momentarily which starts the motor
M-1 running to drive the 50K pot and to execute the decay
presentation to the pllot by changing the bias input to the
sumeing amplifler, As the pllot keeps the horizontal di-
rector needle centered, the gravity level of the aircraft
changes. The motor continues to run after the start switch
is released, recelving 28 VDC through the contacts of Ki
until the 20-second stop switch opens. At this time, decay
reset 2 closes., After each maneuver, it is necessary to
de-energize K1 by momentarlly opening the program reset
switch, To reset the 50K motor driven pot to its original
position, decay reset 1 1ls held closed menually until L1
goes out indicating decay reset 2 has opened and the 20-
second stop switch has closed. The decay generator 1s

then ready for another maneuver. A new decay circult was
installed which provides an exponential decay, has the
previcusly mentioned desired features, end is more simple

25



to operate. The new decay circuit is an BC delay with the
capability of switching in different value capacitors to
provide a selected rate of decay. When flying the decay
maneuver using this circult, it i1s first necessary to dial
in the desired sub-G level on the G-level selector and the
desired decay rate on the decay rate switch. If the ma-
neuver is to decay from a sub gravity level to zero gravity,
then the sub-zero switch should be in the sub position to
start - and when that gravity level is reached, flip the
switch to zero position and the decay presentation will
begin by changing the input blas to the summing amplifier.
A linear decay could be achieved by using an electronic
integrator circuit, however the exponential decay has
proven satisfactory. To prepare for the next maneuver,

it is necessary only to move the sub-zero switch back to
the original position. If 1t 1ls desired to decay from
zero gravity to a higher gravity level, start the maneuver
with the sub-zero switch in the zero position and move to
the sub position when the aircraft reaches 0-G.

+10V
p sud
20K 250K 250K To Mode
MA—) Select
=10V O Zero Switch
—(O Decay (O—
O Rate

Lo | L
[

I"L
&
I

FPigure 20
NEW DECAY CIRCUIT
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Float Mode (fig. 21)

When the mode selector 1s in the float position, a zero-
gravity blas is input to the summing amplifier, The float
mode is deslgned to be used to free float capsules. When
the zero gravity level 1s reached, the capsule 1s released
to float and a switch is actuated which changes the inverter
and summing amplifiers to integrators.

Inverter
Amp

1M S1%-2 >

LDl

' Y g13-1

Figure 21
INVERTER AND SUMMING AMPLIFIERS AS INTEGRATORS

If the integrate switch 5-13 is switched to the integrate
position at the instant the capsule is released, the in-
verter amplifier integrates the scceleration error which
results in a capsule rate error. The summing amplifier
integrates the rate error which results in a capsule po-
gltion error. This 1s displayed to the pilot on the hori-
zontal director needle. During flight tests of the float
mode, the movement of the horizontal director needle was
much too rapid for the airplane %o follow. A maneuver was
required by which the capsule would be returned to its
original release point, but has proven to be impractical.
The circuit has been changed to allow only the summing
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amplifier to integrate when S5~13 is placed in the integrate
position. The output of the summing amplifier now becomes
a rate signal which requires only enough aircraft control
to stop the capsule from moving instead of the more violent
maneuver required to return 1t to the original release
position. This configuration has not been flight tested

as yet and the float mode is still experimental.

Program Mode (fig. 22)
The program mode 18 designed to provide the proper blas
input to the summing amplifier for each phase of the ma-
neuver. The blas voltages are automatically switched by
relays sequentlally energlzed by signals originating from
an airspeed transducer and a vertical gyro. The bias
voltages are supplied by a voltage divider circuit energlzed
by the 24 VDC regulated power supply.
24 VDC
Power
Supply
3.1K 1N714
»...—J\M ’ ] L
l J
1K 1.5 500 500 200 200
A ——AAA—AAN
Py 4\ AN A

[.225 v (.30)

| 2v(.869

2.5 v (1G)
.25 V (2.5G)

Figure 22
VOLTAGE DIVIDER
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A schematic of the program bias generator appears in Figure 23,
Relays K1, K2, K3, K4, and K5 are automatically energized to
provide the proper bias voltages., To start a maneuver, relay
Kl is manually energized by momentarily closing S8. This
places & 2V bias at the input of the summing amplifier which
calls for a dive at 0.8G, When a pre-selected airspeed 1s
reached, K6 closes and energizes K2 coll which opens the
ground to Ki coll and inserts a 6.25 volt blas to display a
2.5G pull up. When & pre~selected pltch-up attitude 1is
reached, K7 closes and energizes K3 which opens the ground
to K2 coll and channels a 0 volt blas to the summing ampli-
fler for 0 gravity until a pre-determined plitch-down atti-
tude 18 reached. At this time, K8 closes which energizes

K4 and de-energizes K3 by opening the ground. A& 0.25 volt
blas is passed to the summing amplifier for a period of

2 seconds. The purpose of this 0.1 gravity level for 2
seconds 18 to lower floating masses to the floor easily
prior to the 2.5G pull out. The 2 second time delay is
accomplished by the R82 and C9 RC delay to K9 coil., If

57 1s in the single position, K10 and K5 both energize.

The ground for K5 is provided through S7 from K10 contacts.
When K5 energizes, a 6.25 volt blas is passed to the summing
amplifier for a 2.5G pullout to end the maneuver. If 57

is in the cycle position when K9 closes, 28 volt is passed
through 57 to K2 coll which c¢loses to start another maneuver
ingerting a 6.25 volt bias for the 2.5 pull up. Simul-
taneously, K10 and K5 energize. However, when K5 energizes,
the ground to K4, K9 and K10 is opened and when K10 de-
energizes, the ground to K5 i1s opened. This automatically
puts all relays in a de-energized position and ready for
another maneuver. With S7 in the single position, the
programmer is re-set manually by momentarily depressing S9.

Several problems have been encountered with the programmer.
On the first flight test of the programmer, two separate
problems became apparent immediately., When S8 is momen-
tarily depressed to start the dive phase of the maneuver,
a 2.~volt blas 18 input to the summing amplifier which 1s
equal to 0.8G, The deslred attitude for this phase is 10
degrees nose down., According to information from analog
computer studies, in a 10-degree dive with full ¢limb power,
the increasing airspeed would be sufficient to maintain
0.8G. However, in actusl flight it was necessary to in-
crease the dive angle beyond 10 degrees to maintain the
0.8 gravity level, When the pre-gselected airspeed was
reached (240 KIAS), the aircraft was in a 25-degree dlve.
To eliminate this problem, contact set &4 of K1 was used to
switch in gyro reference instead of accelerometer during
this phase of the maneuver. Thus, when Kl 1s energized,
gyro reference is switched in and a bias voltage equal to
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a 10-degree dive is switched into the summing amplifier.
When K2 energlzes, the ground to Kl 1s opened and it de-
energizes, placing an accelerometer reference back into the
system.

Another problem was that the BC delay, composed of R35, R36

and C10 was much too long. This delay 1s 12.5 seconds and

a check of data for Erevious non-programmed parabolas re-
vealed that a 3- to 4-second tranafer time is more realistic.

A rotary switch was installed with the capabllity of switching
different value cspacitors 1ln place of C10 to provide & time
delay ranging from 2 to 10 seconds. During later flight tests,
alb- to S5-second transition time was found to be most desira-
ble.

The output from the G-level selector has been connected to
contact set 3 of K3 in place of the O-volt-bias input. This
was done to provide the capablility of performing & subgravity
maneuver while on the program mode. The 0.25 volt bias at
set 3 of K4 and the 2-second time-delay circuit have been
eliminated for two reasons. A normal transition time from
0G to 2.5G of 4 seconds is provided to lower floating objects
to the floor easily. The second reason - if a subgravity
level greater than 0.1G were being flown, 1t would be neces-
sary to go to a lower gravity level during the 2 seconds.
This would be an undesirable feature.

The program mode is still experimentsl with several changes
to be made. Plans are to tie the output of the summing
amplifier to the autopilot to provide a complete fully auto-
matic maneuver, However, problems which have not been re-
solved at this wrliting prevent automating this mode.
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SECTION III
SYSTEM EVALUATION

Data Collection (fig. 24)

Acceleration signals were recorded on a CEC type 5-119,50
channel oscillograph recorder using CEC type 7-315 Galva-
nometer. Signal sources were from Donner Scientific
Corporation Model 4310 + 1G servo accelerometers.

The area of most concern during e parabola is between
termingtion of the 2,.5G entry and beginning of the 2,5G
pullout. The objective is to keep the alrplane at the
desired gravity level for the longest time within the
capability of the alrplane. The parameter of most concern
1s acceleration along the vertical or Z axls of the airplane,

Tables I through VIII contain data taken from 389 maneuvers
executed at various gravity levels from 0G to 0,75G. The
data was collected during project flying. The maneuvers
were flown within a 7-day period off the coast of Pensacola,
Florida. Generally, falr weather prevailed with very little
turbulence during the entire period. All maneuvers were
executed by two pilots who alternately changed from pilot

to co-pllot duties. During each flight, several maneuvers
(usually 6) were flown at each gravity level, making it
necessary to adjust the instrumentation system for each
gravity level on every flight, Four data points were taken
during each maneuver at 2-gecond intervals, the first date
point being 2 seconds after reaching the desired gravity
level. The extreme errors are shown for each flight at each
G-level, along with the average error for all data points

on that flight., Generally, a zero-gravity maneuver is
consldered acceptable 1f kept within + 0,05G. This includes
both -ingstrumentation and pilot errors. Table I reveals

only one data point out of tolerance for 44 zero-G maneuvers,
The extreme errors for 0.05G, 0.,1G, and 0.17C¢ (lunar gravity)
are all within the acceptable range. Consequently, all the
averages are within the desired tolerance. However, at 0.2G
and above, there are an increasing number of errors out of
tolerance. It also is apparent that the average errors are
more negative at the lower gravity levels and more positive
at the higher gravity levels.
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Figure 24

RECOBRDER MOUNTED IN AIRCRAFT
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The error change from 0 to 0.75G is not linear, but progresses
toward more positive errors as the G level is increased. Flgure
25 through 30 are photographs of typlcal data collected during

a parabola improvement test flight. The horizontal director
needle of the ADI was instrumented in order to separate system
errors from pllot errors. The t+ 0.05G error lines represent

+ 0.58 Centimeter (0.23 inch) needle deflection from center.

The differential between the needle trace and the accelerometer
trace represents system error. The 0-G parabola, Figure 25,
reveals an error of +0.03G within the system. The maximum needle
error was -0.03G at the nine second time line. The parabola was
within tolerance for 13 seconds. Under 1deal conditions, the
maximum zero-G time for the C-131B aircraft is 15 seconds.

TIME IN SECONDS

4 3 2 N o9 & 7 € 5 4 3 2 | ©O
Y Y e I T B A S TR R S T TR

+.05G LRROR—w
NEEDLE CENTER

—05G LRROR—3

PILOTS DISPLAY NEEDLE—

@ GRAVITY PARABOLA

Figure 25
0 GRAVITY PARABOlLA
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The 0.1G parabola, Figure 26, reveals a +0.025 error in the
system. The maximum needle error again is -0.03G at the nine
second time line. The needle was within tolerance for 14
seconds indicating the pilot flew the airplane on an accurate
maneuver for 14 seconds, but due to system error the actusal
within tolerance time was 12 seconds. The 0.2G parabola,
Figure 27, again has a +0,25G system error. The within
tolerance time is 15 seconds. A change in needle error
begins to show at this gravity level. The maximum needle
error is -0.05G resulting from an overshecot while entering
the maneuver. It can be noted at this point that & near
asymptotic approach was made at 0-G, a small overshoot of
-0.025G was experienced upon entering 0.1G and at 0.2G the
overshoot became a -0.05G error at the four second time line.

TIME IN S S
4 312 /10 5 & 7 6 5 4
[ T T R SR T )

bl 7
-n

/! 0
LI

+.05G_ERROR

PILOTS DISPLAY NEEDLE-— —.05G ERROR—T

o GRAVITY LEVEL PARABOLA

Figure 26
0.1 GRAVITY LEVEL PARABCLA
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TIME IN SECONDS
6 I5 4 312 1 109 & 7 6 4 3 2 I 0O
P e T R e R S N JN S SR S S N

+.05G ERROR—y

NEEDLE CENTER—y

PILOTS DISPLAY NEEDLE—— -05G ERROR—T

AIRCRAFT ACCELERATION

—.056 ERROR—

.2 GRAVITY LEVEL PARABOLA

Figure 27
0.2 GRAVITY ILEVEL PARABOLA

In flying the 0.2G parabolas, the pilot was within tolerance

for 16.5 seconds, but due to the error in the display systenm,
the aircraft was within tolerance for only 14.5 seconds. As
the desired gravity level is increased to 0.3G, Figure 28,

the system error has increased to +0.04G., This error has
limited the aircraft actual within tolerance time to é seconds
out of 15 seconds of within tolerance flying (per instruments),
Again, the initlal overshoot at entry is present with a gradual
increase from a negative to a positive needle., The 0.4G and
0.5G parabolas, Flgures 29 and 30, the system error has in-
creased to 0,05G, the overshoot error has increased and the
within tolerance error has reduced to approximately 5 seconds.
At 0.5G, the alrcraft 1s capable of a 25 second maneuver,

but due to excessive system errors and human errors in making
in-flight adjustments to the system, the within tolerance time
was reduced to 5 seconds. The additional 20 seconds 1s useful,
but makes project data reductlon more complex., It can be
noted from this data that as the gravity level increases, the
system error increases and the parabola becomes increasingly
more difficult to fly within tolerable accuracies.
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Filgure 28
0.3 GRAVITY LEVEL PARABOLA
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On several project flights, a series of decay maneuvers was flown at
the end of the flight to evaluate the maneuver. Decay maneuvers have
only been used for one program. Thus far, they are the most difficult
to fly. However, after approximately 8 or 10 maneuvers, a zero-G
pllot can execute a relatively smooth decay maneuver.

When flying zero-G maneuvers, the longitudinal acceleration is main-
tained at zero by continuous throttle adjustments using a floating
object as a reference. It is impossible to use this method to control
fore and aft accelerations when flying subgravity maneuvers. A longi-
tudinal acceleration display system was therefore installed. It con-
sists of a Donner Model 4310 +1 G accelerometer, rigidly mounted to
the airframe center of gravity, driving a standard 6.35 Centimeter (2.5
inch) microammeter mounted under the co-pilot glare shield. The indi-
cator has a + 50 micro-amp movement and a scale designed to read
+0.2G for full displacement. As a result of this installation, the fore
and aft accelerations have been greatly reduced during subgravity
maneuvers.
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IV CONCLUSIONS

The Parabola Control Panel was designed as experimental
equipment to evaluate various methods of presenting zero
and reduced gravity information on an Attitude Director
Indicator (ADI). It has proven to be an effective instru-
ment on which to present such Information to the pilot.
Most of the technical problems encountered with the system
were due to inferlor components which had been removed
from various pleces of used surplus equlpment. The study
has shown a need for a similar but electrically more stable
system and has demonstrated which modes are desirable and
which modes may be eliminated from a subsequent system.
Basic design of the system was very good considering the
components used; however, there are areas where design
changes should be made in a new system.

Data collected during this study suggests that the full
capability of the aircraft cannot be utllized as long zs
the maneuvers are flown manually. Due to this, a new

system should provide for an eventual automatic control
tie-in which could add several seconds to each maneuver
and provide more consistent and more accurate maneuvers.



V RECOMMENDATIONS

A new parabola control panel should be designed exclusively
for a display system emphasizing higher quality which will
require more stable components and less complex checkout

and operating procedures. If possible, transistorized com-
ponents should be used to conserve space and welght. The
design should limit all in-flight adjustments to turning a
switch or pushing a button at most. All critical adjustments
and allignments of the equipment should be made on the bench
or during aircraft down time,

A desirable feature would be to make provisions to tie in
a programmer at a later date for fully automatic control.

A semi-automatlic control phase of the Parabola Improvement
Program should be inltiated as soon as practical. Thils would
requlre a flight controller to be modified to provide + 50
degrees of pitch control and a modification of the autopilot
pltch servo to provide 2.5G instead of the present 2G aircraft
loading. During thls phase, the pllot will operate the flight
controller manually; however, the muscular strain involved
will be absorbed by the autopllot which should result in less
pllot fatigue and more consistently accurate maneuvers.

The ultimate goal in zero-G flying is a fully automatic con-
trolled maneuver striving for accuracies of * 0.005G. Thls
could be accomplished with a programmer such as the one
described in part 1 of thls report. It would, of course,

be necessary to have a more stable system to supply information
to the autopllot.

49



BIBLIOGRAPHY

Air Force Technical Crders 5F5-5-3-2, =3, -4, -12, -13, -14, Aircraft
Flight Director Computer, Type CPU-4/A.

Air Force Technical Orders 5F6-3-5-3, -4, -13, -14, Gyroscope, Roll
and Pitch Displacement, Type MD=1.

Air Force Technical Orders 5F6-4-3-3, -4, -13, -14, Gyroscope,
Switching Rate, Type MC-1.

Air Force Technical Orders 5F8-3-11-2, -3, -4, Indicator, Attitude
Director, Type ARU-2/A.

Air Force Technical Order 5A1-2-8-1, Automatic Pilot USAF Type E-4.

Air Force Technical Order 1C-131B-2-9, Wiring Data USAF Series C-131B
Aircraft.

Hammer, Lois R., Aeronautical Systems Division Studies in Weighilessness:
1959-1960, WADD Technical Report 60-715 (AD 273 098), Wright Air Devel -
opment Division, Wright-Patterson Air Force Base, Qhio, December 1961.

KC-135 Modification for Zero~Gravity Flight, Boeing Airplane Company,
Aero Space Division, Technical Proposal D2-5358, Seattle, Washington.

Mueller, Donald D., The Coriolis Effect in Zero-Gravity Research Aircraft,
AMRL Memorandum P-9 (AD 284 049), 6570th Aerospace Medical Research
Laboratories, Wright-Patterson Air Force Base, Ohio, June 1962.

Sears, C. W, , and Bunch, E. P,, Modification to ASD Weightless Aircraft,
C-131B Serial Number 53-7806, AMRL Memorandum P-41 (AD 417 439),
6570th Aerospace Medical Research Laboratories, Wright-Patterson Air
Force Base, Ohio, July 1963.

Weiss, R., Display Systems for Sub- and Zero-Gravity Flights, AMRL
Technical Documentary Report 63-11 (AD 402 382), 6570th Aerospace Medical
Research Laboratories, Wright-Patterson Air Force Base, Chio, January 1963,

50



Security Classification

DOCUMENT CONTROL DATA - R&D

(Security classitication of title, body of abstract and indexing annotation muat be entered when the ovarall report ia classified)

t. ORIGINATING ACTIVITY {Corporate author} Z2a REFPQAT SECURITY C LASSIFICATION
Lear Siegler Service, Inc. UNCLASSIFIED
6700 Allentown Blvé, 25 GROUR
Harrisburg, Pa, 17112 /A

3. REPORT TITLE

ZERO=GRAVITY MANEUVER INSTRUMENTS AND INSTRUMINTATICN

4 DESCRIPTIVE NOTES (Type of report and incluaive datea)

Final Report April 1964 - April 1965

5. AUTHOR(S) (Last name, first name, [nitial)

Dixon, B, C.

6. REPORT DATE [Ta- TOTAL NO. OF PAGES 7b NO. OF REFS
Pebruary 1966 50 rone
Ha. CONTRAGT OR GRANT NGO. 9a. ORIGINATOR'S REPORT NUMBER(S)
AF 33(657)-11107
b. PROJECT NO. 7184
. Ta.Sk NO. 718405 1N Sl;rH ER llyloll‘r NO!®) (Any othsr numbers that may be assigned
a repor!

4 AMRT ~TR=66-1

10 AVAILABILITY/LIMITATION NOTICES
Distribution of this dooument is unlimited

11. SUPPLEMENTARY NOTES 12. SPONSORING MILITARY ACTIVITY

Aerospace Medical Resesrch laboretories
Aerospace Medieal Division, Air Force
Systems Command,Wright-Petterson AFB,Ohio

13. ABSTRACT

The type ARU;EB/A Attitude Director Indicator (ADI) system wes evaluated
as a pilot aid in flying & JC~131B airoraft on a ballistic trajectory to pro-
duce a zero- or reduced-gravity field., To provide an unburdened display to the
pilot, all information necessary to fly a complete zero-G maneuver was presented
on the ADI, except airspesd., A Parabola Control Panel was designed to provide
8ix modes of presenting normal acceleration deta to the ADIj i.e., zero-G,
sub~G, super~G, decay, float, and program modes, 'The modes were effective,
except for the float and program modes which are still experimental, Data from
385 maneuvers at various gravity levels from O G to 0.75 G revealed that when
flying gravity levels below 0,25 G an accuracy of % 0,05 G could be maintained,
This is generally considered an acceptable parabola. However, when flying
gravity levels greater than C.25C the errors became grester than + 0,05G, As
the desired gravity level is inoreased, the parabola time is increased snd a
high degree of accuracy is more difficult to maintgin. In addition, the system
errors were greater at the higher gravity levels, These two facts scoount for
most of the errors at increased sub-gravity levels, The ARU-2B ADI system
proved to be an effective aild in flying various sub-(, super-G, zero-G, and
dacay maneuvers,
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