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SECTION I
INTRODUCTION

This is the final report of Contract DAAAO9-74-C-2077 awarded to Honeywell
by the U. S. Army Armament Command (ARMCOM) for the design and develop-
rnent of a flightworthy test model of a hydraulic constant recoil system. The
hydraulic constant recoil system reduce s the recoil force s of the 20mm M 197
gatling gun to a near constant level. The flightworthy test model was used to
conduct firing tests aboard the AH-1G Multiwe apon Helicopter to evaluate the
benefits of low-level, near-constant recoil forces of helicopter—mounted
weapons. The successful firing tests, from the helicopter in flight, were
completed in February 1977. The contract was directed by Rodman Labora-
tor y personnel, and the flight tests were conducted by Frankford Arsenal
personnel with assistance of personnel from the Naval Air Station, Aberdeen
Proving Grounds, and Honeywell. Preliminary conclusions are that the
vibrations in the helicopter resulting from gun firing are virtually eliminated.
Frankford Arsenal is reducing the data and will report the quantitative results.

This contract is part of the ARMCOM research and development programs
directed toward improving the effectiveness of helicopter weapons for the
helicopter ’s role in the mid-intensity conflict. ARMCOM has identified that
greater firepower is needed to improve attack helicopters’ effectiveness and
that the large recoil forces from the weapons with greater firepower pre-
cluded their use on helicopters when conventional recoil adapters are used.
Further inve stigations by ARMCOM demonstrated that the high, cyclic recoil
forces could be reduced to a near constant level by the use of servo recoil
systems r ather than the simple spring/damper recoil adapters . In the pre-
vious contract, DAAFO3-73-C-008 3, Honeywell had inve stigated the use of a
hydraulic positional servo to reduce the recoil force s of the 20mm M 197
weapon as part of ARMCOM’s program .

1 

----_ _ _ _ _ _ _ _ _ _ _ _  
---- .- —TI



—

That contract culminated in the firing of the M197 weapon mounted on a
laboratory breadboard mode l of the hydraulic positional servo in Honeywell’s
Hopkins firing range. The peak to peak recoil forces were reduced from
4000 pounds to 1000 pounds . That contract effort is reported in Honeywell’s
“Final Report on Recoil Force Reduction Weapon Mount Feasibility Study”
dated 1 November 1974 .

In this contract Honeywell advanced the design of the breadboard model to a
flyable test prototype that could be used for the evaluation of low-level recoil
forces. It should be noted that this prototype is not representative of a pro-
duction model nor was there effort to advance the design beyond the function-
ing, test-feasibility model stage.

The recoil system is a total system consisting of a hydraulic positional servo
that continually commands the weapon to follow a prescribed recoil displace-
ment movement during firing and subsystems that:

• Synchronize recoil system operation with gun firing

• Compensate for changes in gun elevation

• Control the gun motion in the event of misfires

• Provide a backup safety system that will prevent damage to
the helicopter in the event of hydraulic failure

S
2 
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SECTION II
SUMMARY AND CONCLUSIONS

The Army ’s overall objective is to maxi mize the mission effectiveness of
the attack helicopter in mid-intensity conflict environments. Previous
studies have established that effectiveness can be improved if automatic gun
weapons with greater firepower are mounted on attack helicopters . Howeve r .
automatic cannon using conventional recoil adapters produce highly peaked
cyclic recoil force loads which limit the choice to relatively low-fire-power
weapons with recoil loads that will not overstress the helicopter structure
nor produce vibrational loads that will fati gue the structure or degrade the
functional l ife of the helicopter avionics or cont rol functions . If these recoil
force loads can be reduced , greater fi repower is available to attack heli-
copters .

The objectives of this  contract were ( 1) to design , build and proof test a pro-
totype recoil system that could be used by ARMCOM to evaluate the benefit s
of low-level , near-constant recoil forces , and (2 ) support ARMCOM ’ s fli ght
test program to e valuate the benefit s of low recoil forces on a helicopter.
The weapon used is the 20mm M 197 gatling gun which is presently mounted
in AH- 1J helicopters . It was selected for its availability and the fact that
data was available on its use with standard recoil adapters for comparison
with the recoil servo system. The recoil force s, using standard recoil
adapters , are close to the upper level that can be tolerated by the Cobra
helicopters and therefore provide a good basis for comparison . Figure 1
shows the high-peak , cyclic recoil forces produced by the 20mm M 197 when
mounted on standard recoil adapters.

The objective of the contract was met . A test prototype recoil servo system
was designed , built and tested at Honeywell that greatl y reduced the peak re-
coil force (see Figure 2) .  ARMCOM mounted the system on the AH-1G
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Multiweapon Helicopter and conducted evaluation firing tests. The weapon

and recoil system installed in the M97 turret on the AH-1G Multiweapon
Helicopter are shown in Figure 3. Approxi mately 2000 20mm rounds were

fired from the M 197 gun/hydraulic constant recoil system on the Multiweapon

Helicopter . Qualitative results (pilot and gunner observations ) are that the
• vibration in the helicopter generated by firing the gun is barely noticeable

with the gun mounted on the hydraulic recoil system. This is not the case

with the conventional recoil adapters; the vibrations generated by the gun
firings shorten the time between failure of the avionics, cause structural

fatigue and prevent the pilot from accurately controlling the aircraft during

firing . Frankford Arsenal di rected the test prog ra m for ARMCOM and will

report the quantitative results.

PROGRAM SUMMARY

The prog ra m was condu cted in six phases of which the first phase was per-

forme d under a previou s cont ract in which a hy draulic servo concept was

synthesized and analyzed and a simple laboratory model was fabricated and
• tested under laboratory conditions . Phases II through VI were conducted

under the present cont ract as follows:

• Phase II - The hydraulic servo concept of Phase I was re-

designed int o flyable hardware . A state-of-the-art rotary

servo valve is the heart of the recoil servo system. Sub-
systems that synchronize the gun firing and recoil system

operation , that compensate for weapon elevation and mis--
f ire s and that serve as a failsafe backup were designed and

ana lyzed. Preliminary reliability and hazard analyses were

made .

id
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Figure 3. M 197 Gun and Recoil System Installed in the
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• Phase ilL- The design of Phase II was fabricated and sub-
jected to engineering development tests. Five hundred and
five rounds were fired that verified most of the design analy-
sis. The forces were much smoother than recoil adapters ,

but not as smooth as predicted. Control of weapon move-

• rnent was positive throughout the entire range of firing condi-
tions including successive misfires and the design is mount-
able in the M97 turret .

• Phase IV - Tests were conducted on a recoil system design
by ARMCOM for the 20mm M39 gun . These results were
reported separately.

• Phase ~L - Flightworthiness tests were performed consist-
ing of firing over 1900 rounds from the gun mounted on the
hydraulic recoil servo system which in turn  was mounted

• in a M97 turret  on a test stand on the f ir ing range. Firing s
were conducted at 15 combinations of azimuth and elevation

of the weapon relative to the turret .

A continuou s 250-round burst was fired as part of these
tests. Also , the recoil system, weapon and turret  assembly

• were subjected to simulated helicopter vibrations in accord-
ance with Mil-Std 810C .

• Phase ~~ - An %rmy flight test program was supported by
ensuring that the recoil system functioned properly when

mounted on the AH-1G Multiweapon Helicopter in flight
tests at the Patuxent Rive r Naval Air Station , Ma ryland .

• Ove r 200 rounds we re fired in ground tests and 1700 in
flight from the helicopter.
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The reduction in the recoil forces is significant as can be seen in Figu re 2.
These lower forces produce a vibration only slightly above the ambient vibra-
tion level in the helicopter. The qualitative reaction of the pilot a f f i rms the
low vibration in that he can now control the helicopter during firing when pre-
viously he was buffeted about by the vibration of the a i r f rame.

Over 4500 rounds were fired fro m the gun mounted on the recoil system
without signs of wear to the weapon or the recoil system.

There are deficiencies in the present design; howe ver , in view of its unique-
F ness and its being the first complete system model , these are relatively

• minor . The specific deficiencies are:

• System weight is much too great .

• A slow shutdown sequence produces unnecessary, large
recoil forces at the end of a burst .

• The compensation for gun elevation does not function
properly.

• Recoil forces can be fu r the r  reduced.

CONCLUSIONS

The hy draulic servo recoil system substantially reduces the recoil forces of
• the 20mm M197 weapon and maintains positional control of the weapon during

firing . The benefits of this system can be in either or both the reduction of
recoil forces or the upgunning of the weapon system. It is estimated that a
30mm weapon fi ring GAU-8 type ammunition when mounted on a hydraulic
recoil system could fire at 750 shot s per minute (the same rate as the 20mm •

M197 weapon on standard recoil adapters) with lower peak forces , although
the average force would be almost 3.5 times greater. j
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SECTION III
CONCEPT DESCRIPTION

The test prototype recoil system developed on this contract is the first com-
plete hydraulic constant force recoil system for automatic weapons. The
system consists of five subsystems:

• Constant Force Recoil Servo

• Start and Stop

• Misfire Control

• Elevation Compensation

• Failsafe Backup

CONSTANT FORCE RECOIL SERVO

The constant-force recoil servo is the heart of the system; it controls the
recoil motion of the weapon during normal gun firing with near constant
forces. The design and operation of the constant-force recoil servo is best

• explained in three steps:

• Theory of constant force recoil concept

• Hydraulic implementation

• Error control

L _ _ _ _ _ _ _ _ _
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• Concept Theory

• Conservation of momentum requires that when a gun is fired the net change in
momentum be zero. If the gun is at rest when fired , the momentum of the
gun is equal and opposite to the momentum of the propellant gas and projec-
tile . Also the impulse, the integral of the force on the gun, is equal to the
momentum.

In the design a recoil system, it is necessary to know the recoil momentum
of the gun or the firing impulse. In this contract we estimated the firing
impulse by integrating a measured pressure time curve from the firing of
20mm M56 rounds and multiplying the integral by the bore area. This meas-
uren-ient gives a slightly higher value of impulse because gas and projectile
friction were not deducted . The impulse used is 34. 56 pound-seconds. The
peak force applied by the propellant gas pressure to the gun during firing is
25, 000 pounds . The total pulse lasts about 2 . 7 milliseconds.

The purpose of the recoil system is to:

• Reduce the force s applied to the gun over the short time
period of 2 . 7 milliseconds firing pulse by the propellant
gases to a much lower force applied to the helicopter over
the entire time interval between firings .

• Maintain positional control of the gun while it move s

• (recoils) due to the force s of firing and those applied by
the recoil system, while maintaining those of the recoil
system to a near-constant level.

The lowest possible value of the recoil force is determined by the firing rate
and ammunition impulse. For the 20mm M197 weapon firing at 750 shot s per

• minute, the longest time interval for the recoil force is 0. 08 second. Since
-S

10 3



the product of the recoil force and this time interval must equal the ammuni-
tion impulse, the minimum recoil force is 432 pounds (34.~~6) This force
must be constant over the firing interval.

The objective of this contract effort was to reduce the forces transmitted to
the support structure to as close to the constant force as possible.

The requirement to maintain control of the gun ’s position during firing has
several implications since the M 197 gun is an automatic weapon that fires

• large numbers of rounds in rapid fire:

• The gun must return to its start position after each round
is fired.

• When the gun returns to its start position its recoil velocity
must be zero .

The only way that the constant force can be applied to a rapid-fire weapon
and meet the positional control guidelines is by applying the force to the gun
before it fires such that the gun fire s exactly halfway through one operating
cycle. This type of gun firing operation is known as “out of battery” or

“ sear off” firings. Figure 4 shows the movement of the gun forward, firing
at its peak position and returning to its start position . Figure 4 also illus-
trates the recoil velocity of the gun for this sequence of events. As shown,
the gun is back to its start position and zero velocity at the end of the cycle .

For the 20mm M 197 firing at 750 shots per minute with an ammunition
impulse of 34 . 56 pound- seconds and recoiling weight of 187. 6 pounds (gun
plus feeder plus moving recoil system components) , the recoil distance,
velocity and constant force can be computed with the following results:

11 
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Figure 4. Nominal Position and Velocity Profiles for Weapon
Recoil in Out-of-Battery Firing

Constant force : 432 pounds

Maxim um forward velocity: 2 .96 ft / sec

Maximum rearward velocity: 2 . 96 ft/  see

Maximum forward recoil movement: 0. 71 inch

• Hydraulic Implementation

Figure 5 illustrates the initial concept visualized for employing hydraulic
components to provide constant force. It consists of a piston connected to
the gun . The hydraulic pressure on the piston is applied by compressed • 

•

nitr ogen gas pressure in the accumulator being transmitted through the h

12
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rubber diaphragm to the hydraulic fluid to the piston. The pressurized
nitrogen gas and trapped hydraulic fluid in the accumulator are effe ctively
a preloaded spring.

The cylinder is attached to the support structure, with the only forces trans-
mitted to the structure by the cylinder being the pressure on the back end and
friction of piston motion regardless of the piston motion. These forces can
be accurately estimated — the hydraulic pressure, which is equal to the
nitrogen pressure that varies with piston movement and the friction force,
is viscous friction proportional to gun recoil velocity. However, the sum of
these two forces is not constant.

This is corrected by adding anothe r piston . The second, smaller piston is
added as shown in Figure 6. By appropriately controlling the hydraulic pres-
sure on the small piston, the net force can be kept constant at 432 pounds
over the total recoil cycle .

In the previous contract this pressure was controlled by adjusting the posi-
tion of the spool in a three-way hydraulic spool valve (Figure 7) . The spool
is lap fitted into the cylinder, and the ports to the pressure and return lines
are thin slots. The position of the lands of the spools controls the relative
sizes of the opening to the pressure and return lines. By moving the spool, -

•

the range of pressure on the piston varie s from zero to full supply pressure
(1500 psi) . Also the pressure on the piston depends on piston velocity, piston

area, and the ratio of that area to the openings in the servo valve .

In the previous contract a mechanical cam was used to adjust the position of

the spool to control the pressure on the small piston . The cam was attached
to the gun and rotated with the receiver . Since the gun fired at a fixed rate,
the rotation of the gun provided the time base for the cain . While this cam

13
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performed reasonably well, there were certain drawbacks, particular ly in its
ability to switch the flow during the 2 . 7-millisecond firing pulse and its large
weight .

In this contract the cam, three-way valve and small piston were combined
into one unit . Figure 8 shows the total hydraulic schematic with major sub-
systems identified. The portion of the schematic containing the recoil servo
is shown in large scale in Figure 9. As indicated on the figure, the large
piston is called the trim piston, and it is this piston that receive s the nitro-
gen pressure from the hydraulic spring. The recoil servo piston is the
smaller piston with cam-shaped land s that control the flow from the pressure
line and return line . The pistons are on a common shaft connected to the
receiver of the gun and rotate and recoil with the gun . The forces on the
cylinder are transmitted to the support structure .

The nitrogen pressure, and hence the pressure on the trim p iston area, corn-
bined with the friction force and the pressure on the servo piston area pro-
duce a net force of 432 pounds pushing the gun forward and the support struc-
ture rearward throughout the firing operation of the gun .

Error Control

If the impulse of the rounds is greater than the 34 . 56 pound-second value
used in the design, the higher impulse would cause the gun to move more
rap idly rearward after firing, and , if the force applied to the gun remained
at 432 pounds, the displacement velocity curves would be as shown in Figure
10. The position and velocity errors — differences between the design curve s
and the actual — have the following effects:

j
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~ Rearward Displacement Error -— The lands of the servo piston
are further to the left of the position shown in Figure 10. This
increases the opening to the return line and decreases the open-

• ing to the pressure line, thereby dropping the pressure in the
cavity between the two lands. The lower pressure results in a
smaller force on the servo piston and results in an increase in
the overall net force on the gun, tending to eliminate the dis-
placement error.

• Rearward Velocity Error -- The larger rearward velocity of the
servo piston also results in a decrease in pressure on the servo
piston even if the openings to the return line remain the same.
The effect of the velocity error in Figure 10 is to increase the
net force on the gun, tending to correct for the velocity error.

The change in the net force due to displacement or velocity errors is such as
to drive the gun toward the design displacement and velocity values at each
instant of rotation of the gun.

An extensive analysis using computer simulations was made to establish the
servo response characteristic for errors. The principal errors were con-

— sidered to be variations in:

• Ammunition impulse

• Ignition delay

S Firing rate

This analysis is presented in Section V, and the details of the rotary valve
• design are contain in Section IV .
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START AND STOP SUBSYSTEM

An essential part of the concept is the start of the recoil motion before the
shot is fired. The start, if position and velocity errors are not to be intro-

• duced, must be precisely 39 milliseconds before the 2 . 7—millisecon d firing
impulse occurs. The start and stop subsystem consists of two proximity
sensors, a logic switching circuit, a rapid-response electrohydraulic valve,
a switching valve and a two-sided piston . The subsystem was identified in
Figure 8 and is shown in detail in Figure 11.

The need for this complex a subsystem is partly dictated by the operation of

the M 197 gun . The M197 is a gatling with three rotating barrels. When a

bolt carrying a live round sweeps by a fixed firing pin, the round is fired.
To preclude live rounds in a hot chamber , feeding of the ammunition is con-

trolled by an interruptible feeder. When the gunner pulls the trigger the gun
starts to rotate and live ammunition starts moving through the feeder into the

gun. The arrangement is such that three empty bolts pass the firing pin

before the first live round reaches the firing pin . When the gunner releases

the trigger , the feeder is declutched , preventing any more rounds from pas-

sing through the feeder into the gun . The gun meanwhile continues to fire

until all the live rounds downstream of the clutch have been fired and the
weapon has been cleared of live rounds and empty cases. Therefore, the

gunner ’s pull and release of the trigger could not be used to start the out-of—

battery motion .

In the two- sensor concept adopted to solve this problem, one sensor is used

to monitor the presence of a roller attached to a bolt . When a rolle r, indicat-

ing the presence of a bolt , is sensed the round sensor is turned on . If this

sensor senses a round, the fast acting electrohydraulic valve is turned on.
While this valve comes up to full output in 2 milliseconds, its flow is small.

This small flow is used to move the spool of the s tar t/ run valve which in turn

allows a large flow or oil into the start piston. The start piston up to this

21
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• time has opposed the trim piston and held the gun at the start position. When
• the other side of the piston receives oil from the start! run valve, the piston

is moved forward as shown in Figure 11, releasing control of the gun motion
to the servo system. By adjusting the position of the sensors, the start of
the recoil motion 39 milliseconds before firing is obtained .

Each time a bolt comes by the bolt sensor, the logic sensor is updated. If a
round is present, the system remains in the run mode. When a bolt comes
by the sensor and the round sensor does not sense a round, the system is
shut down by retracting the start piston (and the weapon with it) to the start

• position .

To preclude the chance of an error in the output of the logic circuit resulting
in the gun firing in the start position, the output of the logic circuit is also
connected to a relay in the firing line to the gun . The firing line is inter-
rupted 5y the relay until the round sensor signals there is a round in the gun .

MISFIRE CONTROL SUBSYSTEM

The basic scheme of the recoil system requires the gun to be moving forward
at 2. 96 ft / sec when the round is fired. The firing of the round drives the gun
backward. In the event of a misfire, the gun would continue forward and
impact the front of the turret unless restrained in some fashion. The mis-
fire control subsystem must provide the controlled force to prevent the gun
from impacting the turret . The problem is further complicated in that the
recoil motion is synchronized with the firing of the gun , and a misfire dis-
rupts the synchronization. The regaining of synchronized recoil motion and
gun firing could not be obtained by stopping and restarting the gun without con-
siderable gun redesign . Since the objective was to design a recoil system

• requiring minimum gun modification, other means were considered.
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An analysis was made into the dynamics of stopping the forward motion and
returning the gun to the start position at the end of the cycle. This motion is
shown in Figure 12. The two forces Fl and F2 are needed to bring the
weapon back to the start position for the next round. The magnitude of each
force depends on the time needed and is inversely proportional to the radius
of curvature shown in Figure 12 . The sharper the curve the greater the
force . The tradeoffs in forces Fl and F2 are shown in Figure 13. To accom-
plish this type of motion either or both Fl or F2 must be much larger than
the 432-pound value of constant force. A second misfire operational mode
was considered and selected. The recoil path and force is shown in Figure
-14. In this scheme the gun is returned to the next firing position with the
appropriate rearward velocity, as if a round had been fired by the hydraulic
system. However , the round after the misfire cannot be fired as the addi-
tional impulse is more than the recoil system could tolerate . In this system
the round after the misfire is ejected as a dud. Firing commences again on
the second round after the misfire.

The misfire subsystem portion of the hydraulic schematic is shown in large
scale in Figure 15.

The misfire control subsystem consists of a misfire detect valve, misfire
engage valve and rotary misfire servo valve and piston, and a sensor con-
nected to the logic circuit that detects the misfire engage valve in the “ On ”

position .

When a misfire occurs, the gun moves forward of its normal furthermost
recoil position . This movement opens the misfire detect valve ( shown
closed in Figure 15) which turns on the misfire engage valve . The misfire
engage valve shut s off the large return line to the misfire servo piston/valve
and opens the pressure line and return line to this piston / valve. The misfire

I t
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Figure 14. Misfire Recoil Control Technique -
Modified Concept

servo is similar to the rotary servo valve in that it consists of cam-shaped
land s that control the flow into the cylinder and that one land is larger in
diameter than the other so there is a net force in the cylinder on the gun.
The cam land s rotate and reciprocate with the weapon. The action of this
com bined cam, three-way valve and piston is to gradually decelerate the
forward motion of the weapon and then to accelerate the weapon rearward.
While the weapon is in the misfire zone, forward of the normal recoil enve-
lope, the misfire engage valve is ‘1 on . ” When it is on, the misfire mode
proximity switch turns off the firing relay, interrupting the firing line and
thus preventing firing of a round at this time and for 30 milliseconds after
the gun has returned to the normal recoil envelope .
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The misfire servo brings the weapon back into the synchronous recoil motion
at the time the next round is to be fired. The logic system prevents this
round from being fired by turning the relay in the firing line off . This mode
of operation minimizes the force s needed to bring the gun’s recoil motion
back into synchronous motion with the firing.

ELEVATION COMPENSATION SUBSYSTEM

When the gun is elevated or depressed there is a component of the weight of
the weapon along the axis of the recoil. Since the constant recoil force is
estimated to be 432 pounds, the component of the 187. 6 pounds of the recoil-
ing parts would produce a large error at large angles of elevation or depres-
sion. The g- sensor compensates for the component of weight of the gun by
increasing or decreasing the trim pressure. The g-sensor also compensates
for helicopter g forces along the axis of the gun . The g-sensor consists of
a valve with a small orifice that is closed by a large tungsten carbide ball
under spring pressure. When sufficient pressure on the ball is reached,
the orifice is opened, allowing oil to flow past the ball, thus dropping the
pressure. By properly sizing an upstream orifice, ball and spring, the
pressure on the upstream side of the orifice is proportional to the spring
force and the component of ball weight along the gun axis it’ the gun is not
horizontal. This device functioned adequately in the laboratory but not dur-
ing practice. Figure 16 is the part of the hydraulic schematic showing the
g- sensor valve and trim-control valve.
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Figure 16. Elevation Compensation Subsystem Schematic

FAILSAFE BACKUP SUBSYSTEM

The principal hazardous failure of the recoil system is failure to reduce the
recoil force. A hard-mounted 20mm gun firing an M56 round generates a
peak recoil force of 25, 000 pounds. If the weapon is against the helicopter
frame without some energy absorber in between, the helicopter could be
severely damaged. Also it is possible that , should the misfire control sub-
system fail, the impact of a 187. 6-pound gun traveling at over 3 ft/ sec would
also severely damage the airframe. Therefore, two action s are required to
preclude damage in the event of system failure: - -

S Stop the gun from firing,

• Provide backup energy absorbers at each extreme of the gun

- - recoil motion envelope to reduce the impact load to . a suitable
level.
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The safety backup portion of the hydraulic schematic, shown in Figure 17,
consists of two sets of belleville springs at each end of the recoil motion
envelope. These springs will absorb the energy of the gun impact at 9 ft/ sec
rearward and 6 ft/  sec forward while transmitting a maximum force of 9000
pounds to the structure . Also proximity sensors are included such that, if
either set of springs is contacted, the firing delay is switched off and a reset
switch tripped . The firing delay turn- off prevents firing of additional rounds.
The gun will continue to feed rounds, but these are ejected live until the gun-
ner releases the trigger . The reset switch is a manual device that is
inaccessible to the pilot and gunner; the helicopter must land before the reset
switch can be activated and the firing line energized.

FAILSAFE BACKUP SUBSYSTEMI — — — — — — — — — — — —II I
B E L L VIL L E  I

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~E R S

I

I
~~~~~~~~~~~~ j  / / I
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Figure 17. Failsafe Backup Subsystem Schematic
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SYSTEM OPERATING MODES I -

The hydraulic constant recoil system has four operating modes:

• Hold Mode - - In this mode the weapon is held rigidly in a fixed
position by the trim piston forcing the gun against the retracted
start piston . The hydraulic power consumption in this mode is
negligible. This mode is maintained until there is a round in
the weapon to be fired.

• Firing Mode - - When the first live round is 39 milliseconds
before firing, the recoil system is switched to the firing mode;
it remains in this mode until the last round is fired . The
switch to the firing mode is initiated by a sensor that signals the
presence of a round to the electronic control box. In the firing
mode the start piston that has held the weapon in the start posi-
tion is extended and no longer restrains gun recoil motion. This

enable s the weapon to move forward for “ out-of-battery” firing
under the control of the trim piston and rotary servo valve.
Rearwa rd motion occurs when the weapon fires. The rearward
motion is brought to a stop and the weapon is accelerated f or-
ward for firing the next round by the trim piston and rotary servo
valve . When the last round is fired , the recoil system returns

— to the hold mode.

• Misfire Mode -- If a round doe s not fire (misfire ) the forward
motion continues until the weapon enters the misfire displace-
ment zone . A detect valve then switches on a large misfire con-
trol hydraulic piston that decelerate s the forward motion and
then accelerate s the weapon rearward into the normal firing dis-
placement z one . During this excursion the firing line is inter-
rupted by the electronic control which duds the first round after
the misfire . Firing resumes on the second round after the
misfire

. 1
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• Safety Backup Mode - - In the event of hydraulic failure, two
sets of belle yu le springs will stop the forward or rearward
motion of the weapon without damage to the aircraft . Should —

this occur , the firing line is interrupted, and all subsequent *

rounds are dudded .

During the initial evaluation firings the system was slightly out
of adjustment resulting in the recoil system creeping into the
misfire zone . Once this proper adjustment was made the
recoil system operated in the firing mode. At no time was
the safety backup mode used in the flight tests.

I

32
— p

-7 - —-~~-a~~~~~~~ _~ _____ ~~~~~~~~~~~ -• -



-7’— -7-———-— r

SECTION IV
HARDWARE DESCRIPTION

This section describes the physical implementation of the constant force re-
coil system test prototype , bot h as originally built and as modified before and
during field and flightworthiness testing . Assembly of the recoil system to
the 20mm M197 gun and total system installation in the test helicopter turret
are also discussed.

RECOI L SYSTEM/WEAPON ASSEMBLY

The constant recoil design assembly before testing is shown in Figure 18.
The recoil assembly is mounted on the elevation saddle of the M97 turret ,
and the M 197 weapon is mounted on the recoil assembly. The recoil assembly
had to be adapted to bot h the existing tur re t  and weapon with minimum modi-
fications to each.

Turret modifications involved slight changes to the elevation saddle - removal
by machining of the two projections that hold the existing recoil adapter in the
front of the saddle and disassembly of the mount and its supporting structure
from the rear of the saddle. A large aluminu m plate was attached to the top
of the saddle , and two support blocks were bolted to the underside of the plate .
each block containing ball bushing s in which the weapon support rods ride .
The front of the weapon is rigidly attached to the support rods by the weapon
supports. The intent of this pa rt of the design is to support the front end of
the weapon by firmly attaching it to the suppo rt rods which are free to trans-
late along the recoil direction with minimu m friction .
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The weapon is also supported at the rear end of the out side of the rotary valve

assembly. This support is shown in Figure 19. The modification to the weapon

consisted of removing the back plate and needle bearings and replacing these

with a modified plate and roller bearings and a ball bushing as shown in Figure

19. Also the connector to the firing pin of the weapon was replaced with one

of smaller height .

The rotary valve assembl y fits inside the receiver of the weapon , and the

rotary valve spooi that contains the trim , servo and misfire pistons is keyed

to the front of the M 197 receiver by a plate. The purpose of this assembly is

to minimize translational sliding friction by supporting the weapon weight with

the support rods sliding in ball bushings and the rear of the weapon receiver

sliding on the rotary valve assembly. The force on the weapon to control re-

coil is applied by the rotary valve spool along the cent erline of the weapon .

As the test program proceeded several changes were made in this arrangement

because of the larger than computed recoil forces that occurred immediately

upon firing . These forces are believed to result fro m increased friction caused

by the pitch-up motion of the gun as it f i res.  The gun barrel that fires is above

the center of gravity of the weapon , thus producing a large angular “ pitch-up”

impulse.  To minimize  th i s  angular deflection during firing, the support rods

were lengthened , and an additional se~ of ball bushing s were added (Figure 20) .

This modification helped slightly; however , the peaks , approximately 900 
- -

pounds , were still considered undesirable . Analysis of test result s still indi-

cated abnormal friction . This was believed still a result of the pitch-up torque

bending the end of the rotary valve shaft . An additional modification was made

(Figure 21) in which two universal joi nt s were added along with a stand-off sup-

port to provide a length between the U joints. It was hoped that this woold pre-

vent the pitch-up movement from transmitting large bending moment s to the

lap-fitted rotary valve shaft . Tests of this configuration Indicate slight im-

provement s, and they are anal yzed in detail in the Test Results Section.
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After field testing but prior to flight testing , a rotary union was added to the

aluminum plate on the top of the elevation saddle . This union rotates in the

plane of the plate, decreasing the bends required in the 1/2 heavy rubber

hoses that conne ct the helicopter ’s hydraulic pressure and return line s to

the recoil system in the turret . It was anticipated that there might be inter-

ference between these lines and the flexible ammunition chute when the gun

was t rained in azimuth and elevation . No difficulties of this type were en-

countered during flight testing . Figure 22 shows the rotary union mounted

to the aluminum plate . The quart t r im accumulator is shown as used in the

flight tests.

ROTARY VALVE ASSEMBLY

Figures 23 and 24 are detail drawings of the rota ry valve spool and sleeve .

These drawings illustrate the servo valve lands for bot h the recoil and mis-

fire servo . The first attempt to make the sleeve consisted of a two-piece

construction to ease fabrication of the long narrow slots. This construction

could not be sealed so the one-piece sleeve construction of Figure 24 was

made . Figure 25 is a phot ograph of the rotary valve spool .

TRIM BLADDER

The purpose of the tr im bladder (Figure 26 ) is to sepa rate the nitrogen from

the hydraulic fluid and to maintain pressure on the hydraulic oil that is in turn

transmitted to the t r im position . The reason for its location and the rounded

end on the t r im position is to mitigate pressure spikes upon firing . In the pre-

vious contract , the connection of oil on the tri m piston to the nitrogen in the

accumulator was through a small oil line to the oil side of the accumulator.

Just before the firing the oil in this line would be moving rapidly toward the
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t r im piston at approxi mately 90 f t/ sec .  (The t r im piston was moving at 3 f t /
sec, and , because of the relative size of the pipe areas , the oil in the lines
was moving almost 30 times as fas t .)  When the gun fired , the tr im piston
reversed its velocity to 3 f t / sec  in the opposite direction in 2 .7 milliseconds.
This required the oil in the lines to be accelerated to a net 180 f t/ sec  velocity
change in the same time period . The re sulting pressure spikes required to
accelerate the oil also produced force spike s of over 2500 pounds on the t r im
piston .

in the present design , the rearward acceleration of the t r im piston is trans-
ferred to the oil and to the nitrogen over the large area of the bladder , com-
pletely eliminating the pressure spikes of the pre viou s design.

Howeve r , a slight dimensional error in the size of the bladder that went un-
detected until very late in the program made this component the most t rouble-
some item in the entire design . The preparation-for-firing procedure was to
pressurize the nitrogen side of the accumulator.  Often the bladder failed to
hold the nitrogen pressure , permitting the nitrogen to escape into the hydraulic 

-

‘

side . This was particularly troublesome when the weapon was mounted on the —

helicopter , as the nitrogen displaced the oil which overflowed the helicopter ’s
reservoir.  The bladder did not fail when the h y draulic pressure was brought
up to counterbalance the nitrogen pressure.

Once the dimensional change was made and a slightly higher durometer material
was used , bladder problems we re eliminated.

LARGE VALVE BLOCK

The large valve block is bolted to the back end of the elevation saddle. In
addition to supporting the rotary valve assembly, it contains the elevation
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g-valve and trim pressure regulator valve assembly, the misfire engage valve ,
and power on/off valve . It is a large hydraulic manifold in which most of the
connection between the valves is made by holes drilled in the block. The only
difficulty encountered with this block is that the pressure passage to the
g-sensor was too small , resulting in a pressure drop in the supply line to the
g-sensor . The g- sensor was unable to maintain the proper pressure level
du ring recoil operation and was replaced with a pressure regulator. Figure
27 shows a large valve block with the pressure regulator attached as assembled
on the Afi-1G helicopter. Figure 28 is a drawing of the large valve block, and
Figure 29 shows the fou r operational valves. The misfire , power on/off and
start run valves are surplus spool valves modified for the hydraulic circuit .

The purpose of the trim pressure regulator valve is to maintain the tr im pres-
sure at the nominal value of 584 psi while the helicopter is flying and not firing .
This conserve s oil because the g-sensor is not in the circuit at this time . When
the gunner pulls the trigger , the solenoid val ve initiates the power on/off  valve
which switches control to the g- sensor valve to adjust the t r im pressure for
the elevation at the ti me of firing . Due to the failure of the g-sensor valve to
maintain pressure in tests, both it and the t r im pressure regulator valve were
eliminated from the hydraulic circuit by the pressure regulator. Time did not
permit investigating the g-sensor failure . It is our opinion that a regulated
flow to the g-sensor would eliminat e the deficiency; however , since the heli-
copter firing s took place at a fixed predictable gun elevation the pressure regu-
lator was adequate for the flight tests.

Figure 30 is a schematic of the modified hydraulic circuit used in the test pro-
gram.
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SMALL VALV E BLOCK

The small valve block (Figure 31) contains the s tar t / run valve , the fast acting

electrohydraulic valve, the misfire detect valve and the start piston . This set

of valve s is located on the underside of the aluminu m plate attached to the

saddle.

ELECTRONIC CONTROL UNIT

The gun control logic controls the round-ready pilot valve and the fire control

enable relay . The circuit is initially reset (no round-ready and no f ire  control

relay closure ) when powe r is applied.

At the time the breech roller comes i~nto position , the logic start s looking for

a round to be sensed. After  the breech roller leaves the position , the round-

read y and fire cont rol are set if a round is present or reset if a round is not

present . The condition is retained until the breech roller again comes into

position at which time the state is updated. The fire control relay is reset if

the cross yoke is sensed and remains reset until 30 milliseconds after the

cross yoke clears. The next breech roller into the detection position updates

the fire control condition .

The main logic power relay is dumped (causing the round-read y and fire

cont rol relay to drop) if either the forward stop sensor or rear stop sensor 
—

is activated. A manual reset must be performed to reactivate the circuit .

The logic system is fabricated from standard CMOS integrated circuits and

is ve ry noise imm’ine. With proper packaging, the circuits easily withstood 
- 

-

airc raft vibration .

The elect ronic control main timing diagram is shown in Figure 32 and the

elect ronic latch timing diagra m in Figure 33. Figure 34 is a schematic of

the gun control logic electronics, and Figure 35 shows the electronic control

unit mointed in the ammunition bay of the test helicopter.
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if __________ 1 I
SENSOR \CAN EXIST

\ ROUND SENSOR AFTER
BREECH ROLLER

ROUND T I ______________

SENSOR

PILOT __________________ 1 I
VALVE

FIRE I I
CONTROL

NOTES:

1. THE POSITIVE TRANSITION OF THE BREECH ROLLER STARTS THE SEARCH FOR
A ROUND. THE NEGATIV E TRANSITION STOPS THE SEARCH AND UPDATES THE
PILOT VALVE LATCH AND THE FIRE CONTROL LATCH . NO JITTER CAN BE
TOLERATED ON THIS LINE.

2. THE POSITIVE TRANSITION OF THE ROUND SENSOR INDICATES A ROUND iS
PRESENT. THE NEGATIV E EDGE IS UNIMPORTANT . THE POSITIVE
TRANSITION MUST OCCUR AFTER THE POSITIVE TRANSITION OF THE
BREECH ROLLER. MORE THAN ONE TRANSITION OR JITTER CAN BE
TOLERATED.

Figure 32. Electronic Control Main Timing Diagra m

ROUND SENSOR I I
BREECH ROLLER 

__________ _______________SENSOR

ROUND SEARCH 
____________ 

60 MSEC DELAY 60 ~SEC DELAY

ROUND SEARCH ________________________ ____________

LATCH OUTPUT

PILOT VALVE AND
FIRE CONTROL _____________________________________________________ —

LATCH OUTPUT

NOTE: 60 USEC DELAY IS NOT CRITICAL , CAN BE ± 507.

Figure 33. Electronic Latch Detailed Timing Diagra m
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SECTION V
DESIGN ANALYSIS

Analysis effort duri ng the pre sent cont ract was concent rated on the design of
the recoil servo valve and the misfire valve . Both of these valves are rotary
three-way servo valves with lands shaped to control the pressure in the re-
coil servo and misfire servo . Emphasis in the recoil servo rotary valve
analysis was to define the cha racteristics that would maintain positional
control of the gun over the full range of operating conditions without requir-
ing large cont rol forces or an excessive flow of hy draulic oil . This was
accomplished by selecting valve conditions and then using the computer pro-
gram to compute the recoil motion , control force and hydraulic power con-
su med for a wide range of f ir ing rates, ammunit ion impulse and ignition
delays. Once a satisfactory valve was determined , the computer output was
modified to give the valve land dimensions and the width of the oil passage
slots. -

The misfire servo analysis effort was directed to determining the prope r
shape of the lands to return the gun to a synchronou s position of recoil motion
and firing without extreme forces , displacement and oil consumption .

The analysis consisted of simulations u sing a digital computer in which all
the definable forces we re included. The computer program was flexible in
that anyone or all 35 input variables could be readily changed to e valuate
their  effect  on the system performance . Also the output could be printed
and/or  plotted at the user ’s selection . The Honeywell Time Share computer
was used directly by the design engineer , enabling fast tu rn  around in the
iterative design process.

The intent of the computer simulation was to simulate the recoil system in
actual operation of a burst firing . The simulation operated as follows:
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1. A theoretically perfect rotary valve for bot h recoil and misfire was
designed in the prog ra m for a specified value of firing rat e, ammunition
impulse , and ignition delay valve cha racteristics, weapon weight , fric-
tion , piston sizes , hydraulic oil supply pressure characteristics and
start conditions of position and velor ity .

2. A second set of input data determined the actual conditions. Primary
variables were:

• Firing rate

• Ammunition impulse

• Ignition delay

• Friction

• Wei ght

• Misfi res

• Number  of rounds fired

3. The output was the forces transmitted to the s t ructure  as a function of
time and the velocity and displacement of the gun , the pressures in the
recoil and misfire servo valves and the average and peak hydraulic flow
rates.

4. The integration routines assume constant force for 0.0001 second and
equilibrum conditions at the t ime of integration. The nominal period
for one cycle is 0.08 second (750 shot s per minute) ;  800 iterations we re
made for the simulation of the firing of one round.

The first portion of t h i s  section is devoted to a general description of the pro-
gram. It is not the intent of this description to go over the program instruc-
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tion by instruction, as each enginee r and prog rammer uses techniques best
suited to the computer available to him , which may be diffe rent than the
Honeywell Time Share system.

A complete listing of the main prog ra m and all subroutines except the plot-
ting subroutine is provided in Appendix A. The plotting subroutine is not
listed because it requires a large, general-purpose plotting program that is
uniquely programmed for the Honeywell Time Share Computer and is of little
value in other computer facilities.

The balance of the section discusses the simulation results and tradeoffs and
reliability and fault tree analyses.

SIMU LATION PROGRAM

Three-Way Servo Val ve Analysis

Three-way servo val ve performance can be widely varied by changes in two
parameters. One parameter , the pressure gain , is a measure of the change
in the output pressure (pressure on the piston) for an inch of movement of
the spool . The second parameter , flow gain , is a measure of the change in
output flow of the valve per inch of spool movement .

Physically the pressure gain value determines the size of the opening in the
pressure port and return line port s when the spool is centered (see Figure
36) . With the spool at the centered position the output pressure is 750 psi ,
half the supply pressure . If the pressure gain is large , the opening s in this
position, called underlap, are small. A small move ment of the spool changes
the relative flow areas, causing a large change in recoil force for a small
error in gun position . In a constant-force system the intent is to keep the - -
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Figure 36. Three-Way Servo Valve
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corrective forces low so as not to have large recoil force peaks. Howeve r ,
the corrective forces must ma intain control of the recoil motion; also, the
larger the underlap the greater the flow through the valve . Therefore , the
tradeoff is force re sponse to errors versu s hydraulic power consumption .

The flow gain determines the width of the pressure and return ports. The
width of the port s also has a large influence on the hy draulic power consu med
and the response of the recoil servo to errors in the velocity . In conventional
three-way servo valves, flow gains above 200 cubic inches per inch of spool
travel usually result in vibration of the power cyli nder . Therefore , the value
was limited to 200.

In the computer simulations, the value of flow gain and pressure gain were
entered with the input . A subroutine early in the computer program computed
the appropriate underlap and slot width , and these values remained unchanged
throughout the rest of that simulation. This subroutine computed constant s
used in the cam subroutine .

Cam Design Analysis

In each simulation, a cam was designed that was superimposed on the valve
lands in a subroutine of the computer program. The design of the cam was
based on the theoretical constant-force system described in Section III. The
principal function of this subroutine is to determine the height of the lands of
the recoil servo valve for later use in the program . The procedure in the
cam subrout ine is as follows:

1. A complete displacement and velocity cycle was computed for the
theoretical cycle of the gun using special input data employed
only in this subroutine .

2 . The pressure in the servo cylinder necessary to product the net 
- -

432 pounds was computed . -
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3. The valve flow equations were solved to determine the opening in
the pressure slot and return slot .

4. Using the valve characteristics computed in the valve subroutine
and the movement of the gun from step 1 the height of the cain
lands were computed .

5. This value was transmitted to the main program.

In the main computer program the height of the cam lands is combined with
the displacement of the gun computed in the main program (not the displace-
ment in the cam subroutine ) to give the opening of the pressure slot and
return slot (~~~~~~~~ 

the ideal opening in the cain subroutine) . This process is
done as a function of receiver angle . The force time profile of the ammuni-
tion was simulated initially by a triangular gun chamber pressure spike and
later rep laced with a quadrilateral pressure spike . These two representative
pressure curve s are shown in Figure 37 with a measured pressure time
history. The force curve s were obtained by multiplying by the bore area of
the gun .

100 ,000
— — Origina l

— New

~~~ 75 000

50 .000

25,000

1.0 2.0 2 .5 2. 7

TIME (MS)

Figure 37. Servo Cam Simulation Comparison,
Normal Firing Conditions -
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Constant force was assumed throughout the cycle , and the firing force spike
was defined. The theoretical displacement and velocity of the theoretical
gun as a function of time was known . The gun was assumed to be firing at
the fixed rate of 750 shot s per minute (in the cam subroutine only) .  The
theoretical displacement and velocity were known functions of gun receive r
rotational angle. These were computed in closed-form constant s for the
force spike in Figure 37 with 34.56 pound-seconds impulse and 187.6 pounds
recoiling weight . The closed-form constant s are computed in the valve pro-
gram as they are only needed once in the computer .

The cam subroutine is also used to generate the land heights of the rotary
valve spool which has three identical sets of land s, to match each of the
three barrels of the M197 gun .

Main Progra m

The gun dynamics are computed in the main program. The firing rat e is
input as a constant as is the initial receiver angle. The angular position of
the receive r is computed for each t ime iteration . When the receive r angle
reaches 58.5 degrees the firing pin is assumed to contact the rou nd . The
force pulse is computed to start af ter  the ignition delay specified for that
round -. When the receiver angle reaches 120 degrees it is reset to zero .
At this time the characteristics of the new round are read int o the prog ram.
The round characteristics consist of an ignition delay and an impulse value.
This process is repeated until all the rounds in the firing tabl e are read.

The fi ring table is prepared before the computations are started. An example
firing table is shown in F igure 38.

The “ maximu m force ” value in the table is used to define a ratio of the im-
pulse of the round compared to 432 pound-seconds. The force pulse (quadri —
lateral in Figure 37) is computed to be proportionally higher than the one
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FIRING TABLE G$10 (TEN HOT ROUNDS)

ROUND IGNITION DELAY MAXIMUM FORCE
NO. (SECOND) (POUNDS)

1 +0 .0001 27,648

2 +0 .0002 27,904

3 +0 .001 28 ,160

Figure 38 . Example Firing Table 4 0 27,392

5 +0.0001 27 ,904

6 +0 .001 28, 160

7 +0 .002 27,392

8 0 27,904

9 +0 .001 28,160

10 +0 .002 27,904

used in the cam progra m by the ratio for each round. The purpose of the
firing tabl e is to enable the input into the simulation of any number of rounds
with arbitra ry variations in ignition delay and impulse such as might be en-
countered in lot-to-lot variations in ammunition or from non-standard round
temperature from firing on hot or cold days. Misfires are included in the
firing tabl e as rounds with zero impulse ratios .

The translational recoil motion is computed by summing the forces. These
— are:

• Viscous friction - constant coefficient not necessarily the same
as used in cam program

• Trim pressure force

• Servo piston force

• Firing force if the cycle is within the 27-millisecond time pulse
(roughl y if the receiver is between 58 .5 and 62.55 degrees in
rotational angle)

• Misfire piston force if the gun is far enough forward to initiate
this system (0.94 inch forward of the start point ) -
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The sum of the forces is assumed constant over the 0 .0001-second time in-
terval . The sum is then used to compute the gun acceleration, velocity and
displacement .

Recoil Servo and Misfire Servo Pressure Computations

The pressure s in the misfire and servo valve are computed in separate sub-
routines in the following manner:

The flow in the cylinder is determined by the velocity of the piston, the valve
port openings and the compressibility of the hydraulic oil . The equations
cannot be solved uniquely and require iterative solutions . A solution is con-
sidered acceptable if the two flows, the flow due to piston movement and the
flow due to valve opening s and compressibility, are within 0.0005 cubic inch
per second . The two equations are:

Piston flow = A 1 XD + 
Vol

Valve flow = (X ul p + Zv ) AF ~/(P P) - (X
~i~ 

- Zv ) ~~~~~~

where
A 1 piston area

XD piston velocity

X = valve underlap - -
ulp

= valve opening due to cam height and move ment

A F = valve flow characteristics

P5 = suppl y pressure

P servo pressure

Vol = oil volume in servo cylinder

i_ i
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- .  BM = oil bulk modules

dp / dt = time rate of pressure change

SIMU LATION RESULT S

Recoil Servo

The requirements are that the recoil system function prope rly for firing
rates of 675 shot s per minute to 825 shot s per minute and for ammunition
impulse variations of ± 10% .

The design selected has the following features:

• Trim Piston
Area (in 2 ) 1

Pressure (psi) 582

Nitrogen volume (in 3) 27 .6

• Servo Piston - Rotary Valve

Area (in ) 0. 2

Flow gain (in 3/ in/ sec)  200

Pressure gain (psi/ inch)  3000

The piston area for the rotary servo of 0.2 square inch gives a range of servo
force of 0 to 300 pounds. The midrange value of 150 pounds combines with
the t r im force of 582 pounds to yield the 432-pound force . This combination
gives the range of recoil servo force from a minimu m of 282 to 732 pounds.
Computer simulation results show that this rang e of servo force is adequate
to control the recoil motion over the extreme ranges of 825 shot s per minute
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(10% high) and ammunition impulse of 38.01 pound-seconds (10% high) to 675

shot s per minute (10% low ) and an impulse of 31. 10 pound-seconds (10% low) .

The average hydraulic flow rate over these conditions is less than the re-
quired 3 gallons per minute although there are short-lived peaks as high as
7 gallons p~ r minute.

Figure 39 contains the computed recoil force and displacement of the weapon
fIring 10 rounds at the standard conditions of 750 shot s per minute , 34.56
pound-seconds impulse and no ignition delay . Figure 40 is a copy of the corn-

— puter heading listing showing the input and firing table. Figure 41 contains - )

the computed- recoil force and displacement at a firing rate of 825 shot s per

minute (10% high) and 38.01 pound-seconds impulse (peak force value 28, 160,

+10% high) . Figure 42 contains the computed recoil force and displacement

at a firing rat e of 675 shot s per minute (10% low ) and 31.10 pound seconds

impulse (peak force value 23, 040 , -10% low) . Figure 43 illustrates the corn-
puted recoil force and displacement for the firing table in Figure 38.

Misfire Servo

Considerable more difficulty was encountered in designing the misfire servo .

The requirements for the system are to tolerate two consecutive misfires and

to continue firing additiona l rounds . The basic scheme for the misfi re con-

trol Is shown in Figure 44. The major problem is to smooth the force s used

to control the recoil motion during misfire and bring the weapon back int o
synchronous motion for firing subsequent rounds. Figures 45 and 46 illus-

trate the simulated performance for two consecutive misfires at the two ex-
treme conditions . In these simulations the first round is fired , the second

round misfires, the third round is dudded by the system, the fou rth round

misfires, the fift h round is dudded by the system and the sixt h through twelft h
rounds are fired nor mally. The top curve on each figure is the gun displace -

merit . Not e that after the second dudded round the system controls the move-

ment in normal fashion . However, the force profile (the lower curves) Is 
•1
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1.5- P2500

1.0
- 2000

a.: 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~ ~~

-0 .5- -1000

-1.0 
~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ — ~~~ RECOIL FORCE - 500

~ -1. 5-
-~~ - 0-

-2.0-

—-500
-2.5

-3.0 I I ‘ ‘ ‘ I
0 0 .5 1.0 1.5

TIME (SECONDS)

Figure 39 . Computed Recoil Force and Displacement for
Standard Rounds at 750 Shots per Minute

C C N S ~~~~~~ N T  F O R C E  R E C O I L  S I M U L A T I O N

( urRs T~~N: ROT IIR Y .TUNE ‘4.’RrG) 
-

PUN HUIIBEP ~~~~~~~~ -

LAT E:  :~ - 1 ’  ‘~~
i :~’i: S : 3 t 3  c-’ii

DAT A LOA D S T A T U S :

I4PINT 186.00 TFR (S 0.00 TRISE 0.00 TINTO 0.10
i~e,.oe p~~ ~sg .,e Al 0.20 (tO 1...

ATRI II 1.44 Bfl 300 .0w (FR a.o. RHOG 79.5$
3000.00 PTRI M 403 .66 OC 200.00 SPP 675.00

‘JOLt 1.60 C~RD 20.00 ROTAF 6.00 11tH •.0I
1.20 XHN -3.00 X~X 1.5, FNN —1010.11

FPIX ~~500.00 SPCOM 0.00 UOL TR 27.60 PLOT I I I
PRINT 1.~ 0 x0 0.00 ROSTAT •.0• OLMUN $02.00
A? 0.00 THETA 6.11 0G2 Si ll XNUL3 1101.10

F!RIN~ TA BLE IS GGtIL2
Ar .sLuA ,xuLpAra ,sLIl2 z 0.73030 0.01461 0.50000 1.03280 0.00651

- .  Figure 40. Example Computer Program Recording of Input Data
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TIME (SECONDS)

Figure 41. Computed Weapon Displacement and Recoil
Force at 825 Shots Per Minute

1.5~ - 2500

O S  
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DISPLACEMENT 
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RECOIL FORCE
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-2. 0-

- -500

-3.0 - I I I . .~~ ]
b000

0 0 .5 1.0 1.5
TIME (SECONDS)

Figure 42 . Computed Weapon Displacement and R~ coil
Force at 675 Shots Per Minute - - -
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Figure 43 . Computed Weap on Displacement and Recoil Force at
750 Shots per Minute for Firing Table in Figure 38

2. 0 —

HYDRAULIC RECOIL FORCE = 538 POUNDS

0 60 120 180 240
- - 

ROTAT ION ANGLE (DEGREES)

- .  Figure 44 . Basic Misfire Control Scheme

- 75

- - - --7 - —-——-  -— — - 7 -  — -— -— —-— 
~~~~~~~—~~~~~~ - -— _—-__ 

-- - -~~~ ---



_ _ _  - 7 - - ——-7--—~~~~~~~~~ - --7-- ----  -—- ~~~~~~~~
-
~~~

- - -7-7----7-
~~~~ -

----
~~~~

- —~~ —-~
-7- —

~~
--7- -  --7

~~~~~
-

A A 
- 

- 
- 

2500

1.0 — J 1 ‘ 2000

~ 
:j: k/ A A ~ DISPLACEMENT 

- 

1500 ~~

\ / V  V~~ ~0.5.  1000 w

~~~~~~~ 

~ ~~~~~~~~~~~~~~~~~ RECOIL FORCE 500

~~~~15 -  

• 0

500
2 . 5 -

I
3.0 . I I I I . 1000

0 0.5 1.0 1.5
TIME (SECONDS)

Figure 45. Consecutive Misfires at 825 Shots
per Minute, High Impulse

1.5 . 
• 2500

Aud\ j~~~\ DISPLACEMENT
1.0. 1 / ~ 4

,~ / ~ I ,~~ 

-. - 2000

0 .5~ / \ /  ~ / \ 1/ \ I - ’_ I
_

-’_ , - -/ ~~( \ /  - -

I / - V V ~
- - 1500 ~I 0

z
= 0

0.5. 1000 ~ 
-

~~

~~io.  
~~~~~~~~~L~~~~~~~~~~~~$~

OIL F0RCE

I 500
2 5

3.0 . 
0~5 1~0 

. 1000

TIME (S ECONDS)

Figure 46. Consecutive Misfire s at 675 Shots jper Minut e, Low Impulse

76

- - -- 7 - -I’-- —_T_ - -----— --— -S-- -



flfl - - - - r ~~~~- - ~~~~~~~~~~~~~~ -- - 
~~~~~~~~~

not smooth during the misfire stroke . We were not able to reduce the two
spike s for each misfire to the average of the two . This misfire valve was
considered acceptable although not optimum.

During the peak misfire stroke the gun tra vels 1 . 52 inches forward of the
start position, generates a recoil force in the opposit e direction of close to
1000 pounds and requires a peak flow rate of 8 gallons per minute although
only 0. 5 cubic inch of oil is required during this period. The misfire
piston area is 0.8 square inch.

Safety Sp:ings

Two recoil system failure modes might da mage the weapon and helicopter.
The first and most probable mode is a hydraulic failure shortly before a
round is fired resulting in the recoil system not providing a retarding force
on the gun and thus resulting in the weapon impa cting the support structure .
In the worst case the gun would not be moving fo rward when fired. To pre-
clude damage to the helicopter a set of Schnoor belleville springs is arranged
on each of the two support shaft s to absorb the load of firing . The kinetic
energy from firing is 102 foot-pounds. Two parallel stacks of Schnoor
springs, ten in each , have the capability of absorbing 128-foot pounds wit h a
maximu m transmitted force of 9560 pounds , slightly less than the 9600-pound
maximu m limitation of the turret . A stack of 10 Schnoor springs was added
to each support shaft for the lessening of the rearward impact load.

The second failure mode is a failure of the misfire control system to function.
In this case the weapon would move to the front end of travel. The impact
ene rgy for thi s condition is estimated at 73 foot-pounds. A stack of 8 springs
on each shaft will absorb 102 foot-pounds without exceeding the 9600-pound
force limit on the turret . These were added to protect the system for forward
impact .
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In addition two sensors are positioned such that , if either the front or rear
set of stacked springs is compressed , the firing line relay switches the
firing line off .

RELIABILITY AND FAULT TREE ANALYSES

Reliability and fault tree analyse s were made to predict the reliability,
principally the number of rounds fired between recoil system failures, and
to assess the likelihood of a failure in the recoil system producing cata-
strophic da mage to the helicopter. Failure rat e data of existing, full y quali-
fied, developed component s used in the flight cont rol systems of military
aircraft were used. Since the recoil system designed for this contract is a
test prototype these estimates are not directly applicable , but are indicative
of the pot ential pe rformance of a fully developed system. The predicted
Mean Time Between Failure is 1619 firing hours .  With a firing rate of 750
shot s per minute , the Mean Rounds Between Failure is in excess of
72 , 500, 000. This exceeds the contractual require ment of 30, 000 Mean
Rounds Between Failure by over 2300 t imes.  At first glance these estimates
appear to be extremely high, but when considered in the light of aircra ft
flight cont rol hydraulic component s that often function at many times a m m -
ute and their long life , the estimate appears more meaningful and realistic.

The large excess in the mean rounds between failure and the requirement
of 30, 000 would indicate:

• The 30, 000 Mean Rounds Between Failure cont ractual require-
ment will be readily obtainable in a full y developed system.

• Aircraft-quality component s may not be necessary, permitting
tradeoffs in cost versus reliability in production.
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The fault tree analysis was made as part of the reliability study. Again fail-
ure predictions were based on fully qualified components. The hazard con-
sidered was structural da mage to the helicopter due to failure of the recoil
system to reduce the recoil forces to a nonda maging level. The significant
conclusion is that no single component failure will result in da mage to the
weapon or the helicopter due to the fail-safe features of the firing circuit
interlocks and safety springs. These design features effectively eliminate
the possibility of catastrophic failure in the hardware being tested.
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SECTION VI
ENGINEERING TESTS

The engineering testing program at Honeywell pri marily concent rated on
debugging and calibrating the recoil system by small-burst firings. A total
of 505 rounds was fired in these tests. Initially the firing test progra m was
based on 20-round bursts.

Preliminary laboratory tests were conducted . In these tests the two-piece
rotary valve sleeve assembly was shown to be unsatisfactory due to the fail-
ure of an epoxy bond between the two pieces. Also , the servo pressure and
return ports in the inner sleeve were found to be inadequat e and were in-
creased from 0.046 to 0 .060 inch wide in the new one-piece sleeve to pro-
duce the flow computed in the computer analysis.

The g-sensor valve was calibrated with the results listed in Table 1.

Table 1. A Comparison of Theoretical and Actual
G-Sensor Trim Pressures at Three
Temperature s

Actual Pressure (psig)
A I Theoreticalng Pressure Oil Temperature (°F )eg (psi g)

_________ ___________________ 81 120 160

0 398 .75 400 400 400
+45 490 . 74 500 508 540
+90 528 .80 545 555 590
-45 306 . 76 - 285 285 308
-90 268 .60 243 242 260

j
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The principal findings from the firing test s are:

• The recoil system maintained positional control when firing
rounds at:

- 750 shot s per minute

- 675 shot s per minute

- 825 shot s per minute

- Ammunition conditioned at +165°F

- Ammunition conditioned at -65°F

- Two consecutive misfires at 825, 750, and 675 shot s
per minute

- 30 degrees up ele vation

- 74.8 degrees depression

• The average oil flow was 2.8 gallons per minute.

• Recoil forces were much lower than conventional recoil
adapters, although greater than predicted.

• The failsafe backup system prevented damage to the recoil
system, gun and feeder.

• The major deficiencies are:

- Recoil forces were greater than predicted , both in
recoil and misfire modes.

- The g-sensor valve did not maintain pressu re .

- Trim bladders would not consistantly seal the nitrogen
precharge pressure .

- The shutdown sequence was slow .
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It was~concluded that the recoil forces, although larger than predicted were
low and smooth enough to warrant continuing the progra m through flight tests
and that the other two major deficiencies were correctable by remedial action
and were not serious enough to warrant significant redesign or prog ra m stop-
page.

The remedial action for the g-sensor was to shut it off and to use a purchased
pressure regulator in its place.

In the case of the trim bladder , the failures were sporadic and only occurred
during the initial prepa ration of the system for test , not during the operation
of the system. Once hydraulic pressure was applied , the bladde r functioned
without failure . These failure s were mostly an annoyance; the system had to
be disassembled, a new bladder inserted, the system reassembled and the
hydraulic lines purged before the system could be operated. Howe ver , there
did not appear to be a hazard fro m this type of failure .

The shutdown sequence is slow, not stopping the weapon at the proper position
after the last round is fired. The stop sequence allows the weapon to continue
forward int o the misfire zone , resulting in a misfire-like counter-recoil force
at the end of each firing . Re medial action would require investigation and re-
work . Since the burst is completed at this time there is no effect on accuracy
from the large counter- recoil force . Therefore , it was decided to continue
the program and accept this deficiency .

TEST RESULTS

Figure 47 is a record of the force and displacement data for event number
86, a 10-round burst fired at 720 shot s per minute. The forces were meas-
ured by strain gages on two beams that supported the saddle. The displace-
ment was measured by a rotary potentiometer. The data was recorded on
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magnetic tape and digitized. The calibration values were then used to con-
vert the signal to force measurements. The force values fro m each beam
were added , and the data was present ed on a CRT tube and listed on a com-
puter terminal . Figure 47 shows the larger-than-design peak-to-peak force
variations compa red to the smoother force curve predicted. The greatest
peak value in this burst is 869 pounds , the lowest is 162 pounds , with a rnaxi-
mu m-to-minimum difference of 677 pounds.

This data is typical of the force traces even after the extra ball bushing s and
universal joint s were added to reduce the friction forces. These force s are
much smaller than the peaks of the recoil adapters that reach highs of 3100
pounds and minimums as low as -1400 pounds.

The large negative force of -1239 pounds is caused by the slow shutdown
sequence discussed above .

This displacement curve shown in the lower half of the figu re is regular and
consistent with a maximum of 1.08 inches at the end . The end of the dis-
placement illu strates the slow shutdown sequence which produces the large
excursion and counter- recoil force of -1239 pounds. The slow shutdown
data is typical of that recorded on each run.

The forces and displacements of a 10-round burst , event 85 fired at 818 shot s
per minute, are shown in Figu re 48. This data was prepared in the same
manner as event 86. As expected , the forces are higher and the displace-
ment s smaller at the higher rate of fire . The maximum force is 1001 pounds
and the minimu m is 51 pounds during the burst . The displacement curve is
repetitious and stable showing no evidence of a forward or rearwa rd trend .

Figu re 49 is a force and displacement trace of 10-round bu rst fired at 675
shot s per minute. During this burst the strain gage legs were preloaded to
evaluate their response characteristics, resulting in the loss of the force

j
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data below 390 pounds . Also the longer time for the firing of the 10 rounds
exceeded the plotting prog ra m time scale . The major significance of this
figure is the displacement trace which illustrates the displacement control
of the recoil system.

F igure 50 shows the forces and displacement of a six-round burst in which
the second and fourt h rounds are dummies. The two dummy rounds were
included to test the capability of the system to compensate for two consecu-
tive misfires. The ope ration of the system in misfire is to dud the round
following the misfire . Therefore the sequence of rounds loaded is:

Live, Dummy, Live , Dummy, Live , Live .
If the misfire subsystem operates properly the result is live , dummy, dud ,
dummy, dud live . The typical cusp-shaped displacement trace of a live-
round firing can be seen at 0.07 second and 0.47 second in Figure 50 . In
between these two live firings are two forward traces indicat ing the move-
ment of the gun into the misfire zone and retraction into the fire zone . The
negative , or counter-recoil , force peaks reach a maximu m of -1550 pounds
on the first misfire and -1259 pounds on the second misfire .

TEST DATA ANALYSIS

Considerable effo rt was devoted to determining the reasons for the diffe rence
between the smooth force curve s of the computer simulations and the rougher
force curves measured during the test program. An analysis was made early
in the firing s and after the firing s were completed. Figure 51 is a force and
displacement curve for rounds 11, 12 , and 13 in a burst . The peak minimu m
and maximu m forces occur shortly before and after a round is fired respec-
tively. The change in shape of the displacement curve after the firing con-
firms the larger force. It was concluded that friction caused both the mini-
mum and maximum values. Howeve r , where the friction forces were acting
could not be located . Additional ball bushings were added to reduce the

86 
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friction on the support shaft s wit h little effect . It was determined that large
friction forces could occur if the gun was not properly aligned with the rotary
valve shaft . Bending of the shaft produced large friction forces between the
spool and one-piece sleeve in static tests. Two universal joints were added
between the rotary valve shaft and gun. These two revisions were shown in
Figures 20 and 21, Section IV.

Event 114 was a 15-round burst fired at 750 shot s per minute after both modi-
fications had been made. Figure 52 shows the forces and displacement
measured for the first five rounds . The trim pressure and recoil servo
pressures were measured, multiplied by their respective areas and added to
compute the forces generated by the recoil servo . These are shown in Figure
53. The hydraulic servo force is close to the theoretical design values. Pro-
viding viscous friction existed, the total force should be constant , not the
jagged strain gage forces in Figure 52.

In these tests, a sharp-edged orifice was located in the return line to measure
flow . The flow in gallons per minute is shown in Figure 54 with the st rain-
gage-measured forces. The average flow is 3.07 gallons per minute with
spikes of up to 8 gallons per minute . Also there appears to be a correlation
between the low force levels and the high peak flows. Therefore , the misfire
cylinder pressures were examined to determine if these contributed to the
forces. Figure 55 shows the total hydraulic pressure forces consisting of
the tr im force , servo force and misfire force based on measured pressure .
The sharp minimums indicat e that , just before firing , the high flow rat e out
of the misfire cylinder is causing a pressure that is creating a significant
force that subt ract s from the total hydraulic force . Theoretically the mis-
fire pressure should be zero at this time .

The st rain-gage-measured forces are shown on the upper half of Figure 55 .
The Inclusion of the misfire cylinder explains the low peak forces but does
not explain the high peaks. The peak forces appear to be caused by an
exceptionally large value of friction shortly after  firing . We believe this is
due to the pitch-up motion of the weapon when It fires. j
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• SECTION VII
FLIGHT WORTHINESS TESTS

An extended flightworthiness test program was conducted with the saddle
mounted in the M97 turret which in turn was mounted on a test stand . Before
being mounted on the test stand, the turret with the recoil system and weapon
was subjected to aircraft vibration in accordance with Mil-Std-810C, AH 1G
schedule. The only deleterious effect noted was the loosening of one screw
joint part way through the test. It was retightened and the vibration test
completed.

In the flightworthiness firing tests the measurement s recorded were:

• Servo pressure

• Trim pressure

• Displacement

• Triaxial acceleration of the nonmoving portion of the recoil
system

• Trj axj al accelerations of the test stand

The data was recorded on magnetic tape and the tape forwarded to Rock
Island Arsenal . An exa mple of the data recorded is shown in Figure 56.

Initially it was planned to use the turret  cont rol system to direct the point ing
• of the gun.  There was not sufficient information with the cont roller to enable

us to assemble the control modules to operate the azimuth and elevation
• controls. Nor were the personnel in the Army or at General Electric famil-

tar with the turret controls available at this time . The ele vation and azimuth
gears were mechanically locked in place for each firing .
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Significant results of the test series included:

• The recoil system controlled the motion of the weapon at
11, 0 and -50 degrees and gun elevation at azimuths of 0,
± 45 and ± 90 degrees.

• A 250-round continuous burst was fired with no difficulty.

• The one serious stoppage occurred when a metal chip
jammed the rotary valve spool.

• Some minor problems arose with the trim bladder. The
last minor change was thought to have solved this problem
when the 750 rounds were fired without bladder failure .

The entire test sequence is summarized in Tab le 2 . Events in which the
number of rounds fired do not equal rounds loaded are discussed in the
following paragraphs.

• Event 124 -- This was the event in which a chip jammed
the rotary valve spool as mentioned above .

• Event 193 -- This event was scheduled to be a 250-round
firing consisting of ten 25-round bursts with a 1-minute
interval between bursts . Between the 8th and 9th bursts
the hydraulic power supply shut down because of over-
heating. The first round of the next burst was fired with-
out the gun moving forward. The rear safety springs
stopped the recoil motion without damage. The rear safety
sensor shut down the firing relay preventing further
firings. The overheating of the hydraulic power supply
occurred in the interval between bursts; during this time
the weapon Is in the hold mode . During firing there is



Table 2 . Flightworthiness Test Summary

• Azimuth Number of RoundsElevation Event 
_________ _________

(de r ) (degrees) N b rg ees (L-Left - R-Right) urn e Loaded Fii ed

0 0 120 25 25
0 0 121 25 25

—50 90L 122 25 25
—50 90L 123 25 25
-50 90L 124* 25 14

0 45R 139 25 25
O 45R 140 25 25
0 45R 141 25 25
0 45L 142 25 25
0 45L 143 25 25
0 45L 144 25 25

— 
0 45L 

— 
145 25_ 25 

-

0 90L 146 25 25
0 90L 147 25 25
0 90L 151 25 25
0 90R 153 25 25

0 90R 154 25 25
0 90R 155 

— 
25 2 5

11 45R 161 25 25
11 45R 162 25 25
0 0 193* 250 201
0 0 194* 50 50
0 0 195* 250 201
0 0 196* 49 49
0 0 197 250 

- 
250

* See discussion in text.
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no perceptible increase in oil temperature. A hydraulic short
circuit was later discovered at Aberdeen Proving Grounds
when the system was in the hold mode (see Section VIII) .

Event 193 was completed as event 194 — two 25-round
bursts with a 1-minute interval between them.

• Event 195 -- This event was scheduled to be ten 25-round
bursts with 10-second intervals. The system repeated the
shut off of event 193. It was completed as event 196.

The last event, 197, was a continuous 250-round burst . Tracings of weapon
displacement, trim pressure and servo pressure for this burst are shown
in Figure 57. There is a slight shift in the displacement trace for the first
two rounds. The next 246 rounds show identical displacement. The last two
rounds move further forward as the gun is slowing in firing rate; the com-
puter sequence shut the power to the gun motor at the end of the 248th roun d.
The temperature of the hydraulic oil rose I degree during the bur st.
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SECTION VIII
FLIGHT TESTS

At the conclusion of flightworthiness testing, the turret , weapon and recoil
system were shipped to Aberdeen Proving Ground and mounted on the AH-1G
Multiweapon Helicopter. This helicopter is a specially modified craft used
by Frankford Arsenal for fire control and associated equ ipment development
tests. Successful ground-test firings were completed at Aberdeen , and the
helicopter was then flown to the Na val Air Station at Patuxent Rive r, Mary-
land. Some 2000 rounds were fired from the helicopter in flight . After an
initial adjust ment , the system performed perfectly.

As ground testing began at Aberdeen seve ral problems were encountered:

• The accumulators used in the surge supply and trim cylinder
were too large for the helicopter’s supply reservoir.

• A hydraulic short existed at certain settings of the t r im
pressure regulator.

• The round sensor exhibited an intermittent open circuit .

• The trim bladder repeatedly failed when initially pressurized
with nitrogen.

Each of these problems was successfully resolved as discussed in the follow-
ing paragraphs.

The accumulators we re reduced in size , and the nitrogen precha rge was
significantly increased. This resulted in the sa me volume of nitrogen in the
system as tested in the flightwo rthiness tests and yet required much less
oil , resolving the problem with the helicopter ’s supply reservoir.
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The hydraulic short appeared when both the built-in trim pressure regulator
and added trim pressure regulator were in the hydraulic circuit in the hold
mode . The flow rate at this time was approximately 10 gallons per minute.

The hydraulic supply used in the flightworthiness tests could accommodate
the high flow . Howe ver, the helicopter ’s secondary supply was limited to
an average 3 gallons per minute for recoil system operation as the heli-
copter also needed hydraulic power for flight control activation . The hydrau-
lic circuit was modified by shutting off the built-in trim pressu re regulator ,
and only the added trim pressure regulator was used for all modes. This
modification resolved the hydraulic short.

The initial ground firing tests at Aberdeen were plagued with a large nu mber
of rounds not being fired in a bu r st . The difficulty was eventually traced to
a defective round sensor which produced premature turn-off of the firing line
relay . When the defective round sensor was replaced , no further difficulty
in the electronic logic system was encountered . Approximately 200 rounds
were fired in the ground tests at Aberdeen.

A dimensional error in the trim bladder was finally noted and corrected.
Only one further  failu re was encountered later in the prog ram.

The last tri m bladder failure occurred while the helicopter was in the hanger
at Patuxent Rive r Na val Air Station . At the time, the bladder was under
nitrogen pressure . Examination indicated that turning the gun manually had
caused grooves in the end of the trim piston to score the bladder , causing a
fatigue-type failure . The trim piston was polished to eliminate the grooves,
and the bladders were replaced before each firing . No fur ther  bladder fail-
ures were encountered.

In the first flight test on 20 January 1977, the trim pressure had not been
adjusted to compensate for the -15 degree elevation of the gun. The recoil
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system allowed the gun to move forward into the misfire zone after 10 to 15
rounds in a burst . The misfire servo was not abl e to bring the gun back into
the fire zone against the ext ra-high trim pressure . The helicopter pilot and
gunner could feel the larger counter recoil forces. On subsequent firing s
the proper adjustment in tr im pressure was made before flight . The next
1500 rounds were fired without malfunction of any type in the recoil system,
including the final 92-round bu rst .

The flight tests consisted of firing 250 rounds (the special ammo can capacity)
per flight in bursts of 20 to 30 rounds. Altitude , slant range to target , air-
craft speed and azimuth to the target were varied for each burst . The air-
craft altitude was either 1000 or 100 feet , with most of the firing s done at
1000 feet . The aircra ft speed was O(hover) , 80 or 120 kr iots. The slant
range was primarily 2000 meters, with three bursts at 1000 meters. The
azimuth to the target was 30 degrees left or right and 0 degrees (straight
ahead) . Frankford Arsenal personnel directed the tests and will publish the
quantitative test results.

The pilot , Chief Warrant Officer Russell Gardner , was enthusiastfc about the
success of the recoil system in significantl y reducing gun-recoil-caused
vibrations in the helicopter. In particula r , he noted that he could now pre-
cisely fl y the helicopter during gun firing when , previously, the vibrations
precluded precise control . He also felt that the helicopter and its avionics
should now last much longer without the fatiguing heavy vibrations.

Figure s 58 and 59 show the helicopter ground firing tests and the helicopter
lifting off with the gun/recoil / turret  assembly. The only change from normal
operation of the gun is that the pilot mu st turn on a switch to energize the
solenoid valve and provide hydraulic powe r to the turret . (This is the same
valve used to ene rgize the M28 t u r r e t .)

The presence of the recoil system wit h its larger stroke and hydraulic lines • -

did not interfere with the feeding of ammunit ion to the gun or movement of
the gun in the turret .

k
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Figure 58. Helicopter Ground-Firing Test
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Figure 59. Helicopter with Gun/ Reco i l / Tur re t  Assembly
Lifting Off for F light Test
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APPENDIX A
RECOI L SYSTEM SIMULATION

PROGRAM LISTING

A listing for the digital computer program for simulation of a rotary valve
constant-force recoil system discussed in Section V is provided in this
appendix . The progra m consists of:

• Main Program - The input and output data are read and
stored. The computations in this program consist of
summing the forces on the weapon, computation of ac-
cele ration , velocity and travel , and gun rotational
angle.

• Val ve Subroutine - The servo valve slot width and under-
lap are computed , and constant s are used in the cam pro-
gram -

• Cam Subroutine - The cam parameters are computed as
a function of gun rotational angle .

• Servo Subroutine - The pressure of the hydraulic fluid in
the servo cylinder is computed as a function of valve
characteristics, cam position , weapon position and veloc-
ity, servo valve area , type of oil and previous pressure .

• Misfire Subroutine - The hydraulic pressure in the misfire
cylinder is computed as a function of misfire valve chara c-
teristics, misfire cam shape , angular position of the gun .
velocity and displacement of the weapon, area of misfire
piston , oil type and pre vious pressure .

The following is a complete listing of the main program and the four sub-

routines.
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MA!M F’FO!~F’P-lM

5 COMMON \‘hL ~40:.’ •XO ’. 3fl1’.:• • yo .30’: . 2..’ JO~ MAxOI~T. y~~>< ~~ ~‘MN’2 .’ B)~.7 - GIJN!D
10 D!M E N ~~IOt-4 NAM: ’:40!3.:, NAMP ’: :3
20 • TDELF,’~’.15 ’ FMX ’- l S ’ . t P1FL2 ’..3- ’ ,’~Ox ’- :- i : i 5 ’
4 ’:’ PEEIL M-~-E’:-~ PEE.
S ill E~’I ‘! VEIL E r-ICE
A u  ~ ‘V i ~L ’  ..‘ . I ;JMNT .‘ - ‘ VEIL ’ 2.’ ~TPPE: ‘:VAL. ‘ 3.’ TPI~~E

— 
~ ‘VAL~ $‘ •Tfl-I ’T O “ ‘ ‘VEIL ’ ~~:‘ .p: ‘ . ‘:y~ L’: ~~~~F’M

‘s l i  “ H1 \~‘iL ‘I’E” VHL -~ HT FT M
• . - -“-iL. ’ 1 u’~~

}
~M .‘ ‘ ‘. “/EIL ’..ll . ’ -f .FP ‘~~‘:VA L ’:12.’ .F’HO5

10’) — 
~VAL ‘:13.:’ .F’p~ )~ ~VAL ’:,14.’ .PTPIM .:‘~~ “V A L ’ l S ” OG
‘“‘EIL ’ IA:’ • .S PM •:‘ • ,FiL ’.17’ • VOL 1 . ‘ VEiL ’ 18’ ‘ C-FPI’

120 ‘V EIL ‘:19. • POTEIF ..‘ ‘-VEIL ‘.20.~ ThN -, ‘ VEIL ‘~~1) fix
‘ p-i t ,~~~~ MN1 %IHL . M — 1  “HL ~4 M~k14’:’ .‘. V bL’ 5.’~~’~M~~ 

)~~ ‘.\lAL ’..25..’~~~,pCflM )~~ ‘..VEIL ’.27 ’~~VOLTP
15’.’ ‘IVAL ’:2$.:’ ~PLOT -~ ~VEIL ’:.29.’ ~P P I N T  :‘ ‘ VA L ’ :3 lJ” .Xi)
lbO •‘ ‘- VEIL ‘- 31  F’Ol-TPT) ‘:VPL ‘:32) PI_1NII’ •:‘ •:~ ‘EIL ‘33’

ML ~ T HETH “ML nrC ~ FiL r~ MI lL
1:~ 0 • ‘V EIL ~37:’ END .‘ ‘:~/~ L ‘.28.-’ FNEIMI:~ -‘ ‘:VFIL ’ 9:’ .ENBEND .’
190 LPEITA
20’) HEIM.~~ 1 -1 . .-~~NPM~~ 1~~2:’~~NEIM.1 ’. 1~~-3 ..’
211) - MANS ’ 2 .1) - tIEIMS ’ 2.’~~I~4EI~15’ .. 2~~3.’
c,_ I~ NI-IN C NI-IN

Cl • flI-$fl 3 ~ Ni-IN 3 NI-sM -3
24c —‘ ‘1EIM 5. 1’ .t MS.~. 5~ 2.’ s~~’15’ . 5.3 ,.’
250 ~~ MEIMS ‘- Ar  1.:’ •r- IAMs 6 2 . ’ ~NAM-~ 5.3: .
260 ÷ • tIEIM:~ ’. ‘.1.:’ .NEIM~~ ?r2..’~~NANS ’.
270 ‘~~ ~NAM:S~ 8 r 1 .’~~NEIt1-1. ’ 8~ 2).r-1A1’1: . ’..
230 “- • NEsM. ’ 9.1.’ .NAMSS ’. 9~~2.’~~NAMS ’: 9~~3.’

-‘ • FsEIM - ‘. 1 ’ -  1) !NRM S:~~1C P! 2. .’ !NA1’1:S 1C, . .3 .’
ilil • NHM I NHMS I I r-f~M I

.310 ~NAM.~ ‘.12. 1.~ ~NEIM~. ‘: 12~ 2) ~NEIMS ’.12~ -3. ’
II NHM NHM ~ ~‘ NAf’1~ ~

-
~ - NAN: ‘. 1 4- 1 )  ~MAMS~~I4~~2)~~NAr ’ l:S’14 r.3 .-

• NAN::. 15- 1..’ MANS ’. 15~ 2) .NAI-1S < lSr
Si’ • Hp-fri I p. 1 NHM ~‘ c~ Ni-sM 1~.

.361’ .r-IHN.S~~17.1.:’ .NAN’ ~1 2 ) EIri: -.17~ 3)
7” 14MM 18, 4 MMII ~~ C .NHII ~~
3, NAN 1~~ MMII 1”~ ~ MArl .. ~~~~

— ~-4 p-s~’i ,‘us , ~ MMII ._ 1) C NAP1_ Ci i
4Oui ~ ? NEIMSr21~~1:’~~NAM~~!21.2..’ .hEII’i:. ’21 .3.?
41(1 • .NEIP1:I. ‘ ~~~ 1) ~tIfiMs ‘.22r 2~’ • MANS ~22, :3)

-‘ Ni-sM C Ni-sM ~ NAN L

4-31) -‘-

440 -

4~~” — MMII’ ,r~ MMII ~~~ NPIII CP~
4i~~iI NAN c~~

’ ~ NAN .7  NI-IN ~~~~
‘

470 -
~
-

4~~ e~ 4~~ C~~ ~~~ 14MM C’
~ C Mliii , -4

49(1 + MANS ~30~ 1.:’ • MANS ~:3 c, 2:’ • NAMS “30 .3 ::
500 ‘

.510 ~ c NAM 32~~1.?~~M R ’ .32.2) AulS ’ 22 .3 .’
520 .~‘4AM5. ‘33. 1) - MANS: ‘.33~~2:’ •~‘~A~45 ‘~33 .3’
531) -‘ • NAMS’ ’ .34 . 1) • MAM —,34 !2) ~N ’tS’ ’.34 , .3 ”
540 ~NAMS ’::35. 1..’ !NF,MS. ’ .35-? , ’ .MRt4: ’ 35 ..3’
¶50 ~ • MAMI ’ 36- 1..’ .MAM: :36~ 2>~~t-4AI’1S ’ 35. .3. ’

B~ UVA~ B1E CO~104 

- 

-



PAGE 2

MAIM PPOGPAM

560 + 
~NAMS “37! 1) .NAul! ‘: 37~ 2.:’ 1’4AMS ‘137 .3.’

570 • HAM ‘ 1 I4AM~ c~’~~NAM 138 ~
58tI • Ni-sM -i $ NHI’l ’ -

~~-‘ ~ ~NI’uM’ 3’~
—

600 -
~~ 2Hl-uM - 2l-4MT~ 2H

611i -
~

- • 2HTF’!2HPE’2H~
e’2 1’ • 2HTP~~2HIS~~2HE
5:3 1, + •2H!I~~2HNT~ 2H0
640 + ~2HPS - 2H •2H
650 ~2hPM.2H •2H
660 + r 2HEi1~~2H ~~ H
67’) ~ 2H1Er2H6 2H
A:~ f, + •2HAT~ 2HPI-2HP1
69” • 2HBI’1 2H 2H
701j ~ • 2Hu:.F-2HP •2H
710 -~- ~2HPH- 2HO6- 2H
‘20 ÷ • 2HPG~2H .2H
730 + •2HPT-2HPI-2HM
740 + •2HOG~2H !4H
750 — • 2H.SF’~ 2HN •2H
76(i -

~
- ~2H”.’L]~ 2 HL1-2H

~~
~ - • 2NPfl .2HTA~~2HF

79’: -
~ •c ’H~ N.2HN ‘2H

• 2HT M-2HX • 2H
:~ 10 + • .:I-4:- -:M-2HN - 21-I
82(i 2HXM 2HX 2H
830 ÷ •2HFM~ 2HN - 2H
840 ÷ !2HFM!2HX -2H
850 + • 2HSPr2HIU-2HM
86 ’) ~ • 2 HVO-2H LT’2HP
87’) + • 2HPL!21-40T-2H
$~:‘) +

890 — • 2HX 0~ 2H •2H
900 ÷ .2HPO!2HST~~2HPT
910 ÷ ~2HOL~ 2HDP~ 2HUN ST AVAIMBLE COPY

• 2HXM . 2HIJL ’ 2H3
‘~60 ~ ‘ • 2HEr-4~2Hr’ •2H
970 — .2HFN’2HAM.2k1:’
980 -‘ ~2HEM~2HDE •2HNE’
‘~4 ’;4 fl —
1000 1-4IVAP ‘39
101(1 MAxOUTh:3 0 1:,
102 0 xri~ i:’.
1 031.1 6 32 • 1 74
1 040 N:: EC = . Ii Ci
1 041 I-iPITE (9.1112)
1 042 I1I2FOPMAT ” ’!MPLT 2 IF F!F’ST PUN-I FOF’ I~~~N7!HIJEITIflN- ’
1043 PEAP ’9•1111 -’IDF I
1 044 IIIIFOPMAT ’12.:’
1 045 1F1!DF!.Ec’.l:” GO “0 29(1
1050 DO 801 1 1,NIVRF’
10~ 0 81,1 VAL (I> 0.
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PAGE :3

PlA IN PPOGPAP1

1070 WMMT = 1.
1 080 TINTO .1
1100 L:JPITE~ 9!401)
1110 401 FOPMAT ’ ’IDEI’ITIFV INPUT DATA LOAD FILE~~ ’..’
1120 2(7 F’EAD ‘:1 41l:3 ’- MAMP- PYAL
11:3(1 411:3 FOPMAT’:3A2,E15. i : . ’
1140 GO TO 202
1~~s s:’ 20 1 PEAB”9~ 4 ’1’3’ MF’sIIP- PVAL
1160 21)2 tifl :E’(’~’ !=1-N1VAF’
1171’ IF’.NAPlP - :I. ’ •NE .F-4AM: ‘1! 1.’ .’ GO TO 802
1180 !F~ r-sEImP ’2’.NE j4AM5- ’- I - 2.- .’ GO TO 802
I 

~~~~ T F NHMF El’ NHM ‘ O  TO ~ ui:
120 1’ 802 COMT INL1E
1210 IIPITE’9-404 ’ MAMP
1220 414 FOPMAT’:3A2~ 

- NOT AM INPUT PAPAMETEP • - .  ‘P’:’ 
- -

12:3 1) ‘50 10 201
1241’ 2 1,3 IF ‘:1— ‘- I’IIVAF’—2 - “ 204~ 205-206
125 0 5 114 VEiL ’ I’ PVAL
126(1 GO TO ~201.20?” IDF!
1270 2(6 IF’l.E(’ .NIVRF’ ’ :‘rop F’tSNEME’
128’. ‘U TO ‘&,T,:.21,9-- •

- 9 -  4 13. -’ NEIIIFL2
1 3 Ii I ‘~O Tf l  21 (I
1:310 2(’9 1- EAt ’ ’ I • 4 ,13  - NEIMFL2
1:32,., 211’ C ALL IIEFIME ‘2 ! r-4EIMFL2::-
1.3:3 0 F’EAII ’ 5.- 41.e 5:’ HEMP:: . ‘.TDELEI’-~ ‘ I::- • FMX - I ‘ - 1 1  •ME’r-IL,::
1340 4 ,5  FDF’NRT ‘.12! ‘.2E15. li.’ -‘

1:35 ,) GO TQ •211 1 •207)  Ir’F I
1:360 20~ F - t iMID = PUI-11D + 1.
1370 PEIU-:E CLEAF’ ::.CPEEI’4
1411€’ 21! I-IF’ lTE~ 9. 406) F’I.iN lL,
1410 4,:~ . FOF’MEIT ’- 11 :- -:~~’ e oM : : T A M T  F O P C E  P E C O ! L  -

‘1421’ — - I N LI L A T 1 0 N- ’ - ’? -  •$ 4  I’ — ,EF T O~1 PDTHF Sl IME 1 FFI~ FIlM NI IMEEF F I ‘I
144” CALL A,:,C:r4T “ I -

,

145€’ r-i ,’AF’ — F- IIVEIP — 3
1- It-’’ UF.’ ITE ’9~~402.:’ - - NIRM: ’.I., . I” . .J=I - .3 “ •. VA L~~I,:’~ I=1~~NVAF’~
147’:’ 4112 F OEMAT - - - - ‘DATA LOAD STATU :: .-

~~~~
, 4 ’. 3~ 2• F8. 2!4~- -‘1’

148€’ I- ,lP!TE~ 9!411.:’ MANFL2
1490 411 FOPMAT .—~~ -F !PENG TABLE IS
15 ii ’:’ T 0.
1510 X 7 :0- 12.
1 SE’ Ci xri 0
1530 XDD 0.
15-32 GUMI D=PIIMID
‘~~ ,Pr— P1OM’~4 ¶e-~~ PM— 7~ ” ‘ 1~Ii *I-4T~~T~~
15:36 PX=TMX
1.5:38
1540 XP 1 00.
1550 FFIPE=0.
1.552 xt’4ULL=xriuL:3.MSEC
1.553 PI~E=VE6.MSEC.t’1SEC
1554 F’t-fO=P1-t06.P1SEC.MSEC
1555 MFCT=1
1560 VP 100.
1570 AP = 100 .
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PAGE 4

MAIN PPO GPAM

1590 PM = G/UMNT
1602 tb 80 I=1!NF’Nt’S:
16(1:3 TDELAV ’:I’=TDELAV ’:I).MSEC
1604 80 CONTINUE
1610 TPPESS TPPE8.MSEC
1620 TPI:3E:S TPI:SE.MS:EC
1630 TINT TII-4T0.MSEC
164’ )  TEND 100.
1642 THOLD=1000.
1650 VtlN~

-1:-’ —

1660 ~MN’2.’ 
— YMN2

167’) YMX -1’ YP1X !
1680
1690 ~=0.
1700 TFOPCE=l000.
1 7 10 TFIIX= I 001’.
1720 TFO=1000.
173 0 F’l=PM
1 7:31 LOUT =0
1731 PMFF=0.
17:32 PMFP 0.
1 760 b:.!AVG= 1).
177€’ i’AA O.
1780 FLOI.W=Sc!PT <2.—PHO::’
1810 P41114=1
1820 BB=Bt’l—MS:EC
18:3 0 ID = 0
1840 rio 805 1=1-MAXOUT
1250 >-:O I) = 0.
1860 DO 807 .J=1 !A
1870
1875 807 CONTINUE
1876 DO 805 -1=1-2
1880 YO~~Ir _l::- = 0.
1890 805 CONTINUE
192’) FTPRN=”PTPIM—S:PC).RTP!M.’VQL’rE’ .VOLTP÷12..x.FTPIM” -.. 1.4
1922 ÷ —PMFF .A2—P1.A1—ëFP.XD
19:30 FT1 FTPAN

1P-5LL l~~’L’.4 I i  PHD 1lI; F,~~p<’ pM ~~1 ~ ‘IlLF~ MF F ~P
1950 ÷ FA-CFPV~. 3PIl AEi1 .Xt’hM-X1M ~ XD2M.X2M~OG2~ AF2-
196 0 ÷ Xti.3M. ::-: 3M~ ‘EFPAN l
196 1 IF’:PO: TPT)581!582~~582
196:3 581 I Tt’ l
1965 POTA =12€i .#O:STPT
1966 GO TO 285 -:
1967 582 F1)TA POST PT
2968 1TC=2

1971 584 110 804 NPNI’=l • NPNI’S
1972 FTMN=FTI—2i:’.
1’~74 FTMX=FTI—21,.
1975 285 IF”’ITC.GT .2.- - .A11tl.~~plFC:T.GT.1.:’ ,:’ GO TO 7:3 H
1980 10 = 1 0 + 1

Xt1’ IO’ T
201,11, “;“O’IO l) =
2010 ‘-/O’-!O-2 :- = FTPA N
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PAGE 5

MAIN PP!1GPAM 4 
-

2020 Y OX ’ IO~~1 = XD
20:3(1 ‘fDX’IO~2 =
20:31 YOX ’:IO--3:’=POTA
20:32 yOX-Io~4

’-’=PrlFF
20:33 PITC=!TC
2035 ‘fOX ’ IO!S)=PITC
204€’ IF’IO.GE .MRXOUT> GO TO 360
204~ 73 MFCT=MFCT÷1

- 
- 205’:’ IF “ IIFCT.LT.21:’ ‘50 TO 286

206u 1”FCT=l
208 0 G(1 TO 286
2090 :3~~i, IIRITE ” 9 40e:) MPI-4D~ NF’Nt’S
~ 100 41:3 FDF’MAT ’-:.-- - - .--’. • • OUTPUT OVERLOADED DUF’ING FIRING OF ‘
211(1 — ~F’O1IND ‘!12.

’ OF ‘!14!’ POUND BURST • • •‘r

212€’ F’EIui F C;LEAR SCREEN
2122 i~fl TO 222
2130 ~33-~ IF’:PLOT.EO. O.> GO TO 290
2140 CAL L CHAIN YPLOT!’)
2150 58~ IF-:PPII’4T.Ec’.0.) GO TO 289
2160 HPITE’9 12:34)PIjNID
2170 12:34FOPMAT <‘P1111 NuMBER ‘ • F4. i 1-  

IIF~~T~ -‘ 4 ”-’ 0 ‘ o ~ 0 “ c~ 0 T 1 0 ~ 0 V

2181 ~ “;“[JX ’ I!4) • ‘f0X ’.I~~S’  ‘1=1! 10.:’
2190 409 F0PMEsT.—’~~’ TIME DI:S’PL TFOPCE ““ EL P1’
2191 + • -‘ ROTA . PMFF ITC’ . 
220’) — “ -..Pl:SEC.’ ‘:114 ., :’ ‘. LE:S :’ ‘:Fp:S ::’ ‘:F’:S P ‘ -

2201 — - ‘:jl~ I5,:’
, C 1 iI — F- ’- I F F F’~ -, F’~’ II F~ 2 F’~ Il F It

2212 PAUSE C:OMPLETE LISTING
2214 GO TO 289
2220 2’~ 0 IDF I 1
2230 IIPITE ‘:9~ 407)
224 iJ 407 FOPMAT ” ’INPUT NEXT P1111 DATA~ 

‘~~?/:‘

225’:’ GO TO 201
22tJ’ 286 C-ALL GP1~:AM ~P0TA~ X1M~ XD1M! X2M! xrl2M~ X:3M• X E’3M. F’TPIM. ATPIM
22Thi — FM FM~ F NH1 ‘IILF HF 2 FRAN ~OLTP,M1

‘ PILL IWPP -’ P F’ P’~~P.’ P 2 AA ’ H’IA ~~ EV~ DELP ~~~
C2 bl — I1LF HF~ VOL ’ FPE ,BB,

TTN T T 11MM NI’,I.iAH b’A ~ i. 
‘I’ 11 BF F

2292 IF’:NNM.EO.2,:’ ISO TO 222
2:39!, C ALL &MFIF’’:.P:S .PSSP!XrXD!AA1!A1!A2 !PDTA~CFF’~ AF2!THETA~XNiiLL!2:392 + PMFF !EIFr PI’E,BBVTINT !T!NNNrLOIIT)
2480 T INT . 0(101
2491) T=T+T IPIT
2492 POTA=SPM.2..TINT~ POTA
249:3 IF”PDTA .GE . 120.) GO TO 921)
25 10 ¶1’ IF’T.lST.TEND) ‘SD TO 222
2512 IF’:T.ISE.THOLD) GO TO 281

- 2530 IF”<T.GE .TFOPC:E>.AND. ‘:T.LE.TFMX.’~ GO TO 252
2540 IF-:-T.GT.TFMXI’.ANr . “T.LE.TFO)) GO TO 253
25.50 IF(T.GT.TFO) GD TO 2~ 1
256 0 IF<POTA.GE .58.35::’ GO TO 900
2570 Gfl TO 281
2580 92’:’ TINT=’120.—POTA,~,<:SPM.2.)÷.0001
2590 ROTA=0.
26110 T~ T— . 0001+TINT
2601 TFOPCE=1000.

BEST AVAIIABLSE ,. CO1?1 108
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• MAIN PROGRAM

2603 TFMX =1000.
2605 TFC=1000.
2610 IF <ITC .EO.2) GO TO 50
2612 !F’ ITC .EO S) ISO TO 919
2614 !1C=ITC—1
261~ GO TO 51’
#618 919 ITC=2
262 0 GO TO 50
2641 915 IIPITE~ 9!6688::-NPND!T!PDTA

~~4c ~ ‘~~ FOPMHT POUND t’4O “4 “NHT F”T ED HT “'ME’ F7 4 El
264:3 ÷ AND Pf-4GLE’ -F8.2)
2645 ITC =5
2647 ISO TO 28!
2t.50 ‘iIi O T INT = -‘5~~: . :35—F’QTA:’ .‘“,:::F’M.2. .:‘ ÷ . 0001
266111 T= T— . ‘:‘O C’ l÷T INT
~‘67Ci F’OTA=SS. -35
2681’ TFOPCE=T~ TPELEiV ‘:MPND,:’
2690 TFMX= TFOPc:E÷T PI::ES
270’:’ TFO=T~~TPPESS+TPELA’1’ ‘NPNrI .?
8701 i5fl 10 281
270:3 252 !F”1TC .EO.4,:’ GO TO 915
2711 IF’ITC.GE ..3.:’ ‘SO TO 281
2712 IF ‘-F F1 7: ‘:NPNI,,:’ - LE. 2..: GD TO :3(~Ii
2720 FFIPE = FMX - NPI-4r’) e ~T—TFOF ’C.E) ‘TPISEI-

ISO TO 155
2732 2~~3 I F ’ IT C .GE..3.’ GD TO 281

FFIF’E = FMx NPNr,-
~.~-TF O—T ) .TP PESS—TPI: S ES .-’

2750 GO TO 155
2752 :3 11(1 ITC=:3
875.3 l- .IF’ITE ‘- 9~ 6677:’ NPNI’ - T~ ROTA
C (54 ~~~‘ ‘FOFMHT FOUND 140 T4 MI F’FED HT F7 4 EIONEI -
2756 — -‘ R O T A T IONAL ANGLE 0F’ !F8.4 .
2760 281 FFIPE=0.
2771’ 155 FTPAI- 1=’F’T PIM— 1-PC) .ATPIM.~~VOLTP, ’1V0LT P÷12. .X .ATP!M’:” ..I.4
2772 • -PMFF•A2—F-1•A1—CFP•Xt’
27811 27:3 Xt’~ M “FTPAF-I — F F IPE~ .PM
27’~ 0 :—:r’iR = :—-:DDN.TINT
8805) - - - :A = ‘ . 5.:~:rEi — 7-I : •T INT - 

-

281t’ ):r’r4 = 7. t’ — XtlFs
282€’ --n = ~: ÷ X A
28-30 1F’ :- - : . EO.O. . :’ GD TO a82
2841.’ :---:p :—: r i- --
285 0 282 IF’- :- ’P.EO. o. :’ GD TO 283

vP = :—: r’ri.-- xri
287’:’ 28:3 IF ‘: 7:j’I,.Ec’ . 0..-’ ISO TO 284
288 0 AR
2891i 284 X = XM
2900 XII XPN
2910 XIII’ = XtlI’M
2911 IF~~”ITc.E 0.1’ .AI-4r,. “POTA .EO.O..:’ .:’ GO TO 584
2922 IF~~ITC’ .EO.1) GO TO 285
2920 950 IF~ PflTA.EO .0 . -‘ GO TO 804
292.5 !F’1TC.C.T.2:-’ GO TO 285
2930 IF”XP .LT .o . : ’  ‘SD TO 285
2940 IF’VP .LT.O. :’ GO TO 485
2950 IF~ NNN. EC’ .-3’:’ Ga TO 28.5

COPY
109 
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MAIN PROGRAM

2960 IF<AP .LT.0. ) GO TO 285
2970 I F ” 'T.GE.TEND) GO TO 285
2972 IF~ FTPAN.GE.FTMN> GO TO :320
2974 FTMN=FTPRN—2 0.
2976 GO TO 285
2978 320 IF’FTPAN.LE.FTMx:’ ISO TO 286
298(1 FTMX=FTRAP4÷20.
2982 GO TO 285
3000 804 CONTINU E
:301 0 TENF=T÷POTAF’ <2. .5 PM)
3011 THOLD=T
:304 0 TFDPCE=1000.
:303 1’ TFMX=1000.
:3040 TFO=1000.
.3 044 FMX <NRND) =0.
:30.50 ‘SO TI] 28.5
‘3060 222 CALL ACCNT ’2)
3070 235 I~IP1TE ’9.410) !O!OAA!TO~t~AVIS
:35)80 410 FOPMAT ’Y -1’~~!3- ’ OUTPUT DATA POINT-: GENEPEiTED)’~~?’.3090 ÷ ‘FLOI.l MAX -F1 0.2~ ’ CIJ.—IN SEE: AT - •F8.4~ ’ SEC.’. -

3100 — -‘FLOI I AVERAGE = “ -F8 .2~~’ CU. —1M. ,:SEC. ’..’.”
312 0 PAII:1-:E Ou TPu T PEADV
3120 60 TO 288
3130 END
.3140 :SIJBPOIITINE ACCNT’IENTPY)
3150 GO TO ~2O1r2 02)V !ENTPY
3160 201 C-ALL DATE<IM-II’!IY
3170 CALL TIME’5E~:)
3180 IHP = SEC’3600.
:3190 MIII ‘:1-EC—FLOAT’1Hp) .36110.’/60 .
:3200 ARM = - AM -
3210 IF(IHP—12) 203-204~205:322’) 205 !HP = !HP—12
‘3230 204 ARM ‘ PM
3240 203 I;IPITE C9~ 401) 1M !DV I’~ !HP M I N  ARM
3250 401 FOPMAT’, ’EIATE! “A2~~’— ’A2~~ — ’A2~ -”
3260 ~ ‘TIMEr ‘I2- ’~~’I2-2A2t.’:3270 CALL CPTIME~ SEC1)
:328 0 RETURN
‘3290 202 CPTPS = CPT1ME’DL’IlI” — S’ECl --
:3:300 ~IP!TE (9V402) CPTPS
3310 402 FOPMAT”/ THIS’ ’SIMULRTION REOIIIPED ‘F6.2~ ’ H~:N c’P’:332 1, ÷ SECONDS . ~‘)‘33:3 0 PETUPPI
:3:34 0 END

BFISUVbUJ~BLE COP’(

110
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VALVE SU BR O U T I N E

1000 :SIIBF’OIIT!NE GVLV4O’PHO G’PG’PS!PM$A1IA2 ,ZP!XULPVAF $ PSSP
1011’ ÷ FA-CFPD,SPP1• AA1VXD!MVX1M!XD2 p l IX2p I~ c’G2VAF2 ,
1 02’.’ — XI’3M~ X3MV SFPAN)
111:30 I:1=.S1”PT ’:PS—PM)
1 041’ C2=SOPT -:PM1’
1050 AF=l!G.A1/ ’:C2÷C2
1065) ZP=PN/PG
1 1170 SLi IA AF/’SC,’PT <2— ’PHO)
1 080 XULF’=PS’PG
109’)
109 1 AF2=062•A2.-’PSSP
1092 :3L112=AF2,5 OPT <2’PHO)
111,0 ‘SFPAN=34.56’ . 080
111 0
1120 GPAF= ’:—:SFPRN+PTPIM.ATPIM:’/Al
1130 FR=C:FPD,-’RI
1140 AA I =A1.12.
1150 XDIM=SFPRN .. 0389
1161’ X1M= .5.XD1M.. 0389
1170 CC2=SFPAN— 1281’O.
1180 CC: :3=SFPAN—25600. ,3.
1190 X EI2M= .0006.CC2÷X D1M
12110 X2M ‘:.~~ 5.CC3.. (b006+XD1M).. 0006÷X1M
1210 XD:3M=CC2. . 00214XD2M
1220
1230 IJPITE ‘9 r 1 099) AF. SLI,:,lEi~ XULPV AF2. :SLI,J2
2240 1099FORMAT I”AF !SUIA.X ULPAF2VSL(J2= ’ 5F8 5.:’
1250 PETUPN
1260 END

BEST AVAIlABLE C(’X- Y
111L_~ - - -  
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CAM S UBROUT INE

1000 SUBROuTINE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~1010 + V FA VSP M - PS ,AA 1 ,XULP ,A FV Z I :SFPAN VOLT P.AP
1020 POTAV=POTA’ISOO.
1030 IF’- • POTA.GE.0.:’.AND. <POTA.LE.58.:35:.” - ’ GO TO 20
10411 ‘F ROTA ~E Si-i -t ’~ PIN]) ROTA LE ~~~-‘ ~~ i~O “0 -‘ l b
1 1:150 IF— ~ POTA.’SE.59.25:’.A11t’. “POTA.LE .62.4:’.’ GO TO 40
1060 IF-:’PDTA.GE.62.4’:- .Ei141,. ‘~POTA.LE.!20.,:- .” GD TO 50
1 070 IF<POTA .GT.120.)I30 TO 70
1081’ 20 XD=S’FPAN.RDTAP’
1 1190 X=. 5.XD.RUTEi~21 (10 GO TO 60
1110 30 PINC =POTAP — . 0389
1120 XD= ‘::SFPAN—21:333333. .PINC) .RINC-÷XDIM
1130 X = - - : ’ .5.SFPRN—7111111. .RINC ) .RINc-÷XD1M) .PINC+XIM
114(1 GO TO 6€’
11511 40 P!NC =POTAI-’— . (1:3950
116€’ XD= ”SFPAN—25600.+6095238..PINC).PINC~ XP2M
‘‘70 ~~

— 5,~ FPAN—’~~~ I’Ij 25b 1,II i, ’~~~~.P’NI mF’F-41 Tl~M •F’MI “~ M11 8(1 GO TO 61)
1 190 ¶0 E’INC POTAP — . 0416
1200 :-:D= -:FPAN.R INC÷xtr3M
121 0 :~:= - . 5.SFPAN.PIHC:+XI,3M) .PIr-lc:÷X31’l
1220 60 P2— ’:—SFPAN ÷PTPIM.ATF’IM.~ VOLTp,.-’ :VOLTP+12. .SF’M.X.ATP!M~ ’ ..1.4:,.’A!
2 222 + —XD’F A, 5PM
123 0 C:3=SOPT <P5:— F’2
1240 C4 =S’QPT ‘:F’8.”
125(1 1:1=—PA 1 .XD* SPM
1260 7V= -: f’—XIj LP.AF. ‘C3—C4) ) - ‘ I (C:3+C4) .AF:’
1270 2=12..S:PM.X—2V
1281’ GO TO 90
1290 70 (:IPITE”9 11,00’
1:300 I000FOPMAT ’ ’ANGLE TOO LARGE -’)
131. 0 I’ I’ I~.=1
132 II 9’~ PETIJPN
1-33’:’ EMIl



/

RAISE 1

: :EPV0 SUBPOIIT IIIE

1000 SUBROUTINE ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
101(1 ÷ XULF’ !AF V V0L1,P~.E, BB,T IMT~ T!NMN 11I:I 1IAA 1.IAVIS•T II BF P-.

• 102 0 EPP=.0005
1 0:3(1
1 040 1
1 05 (1 PA=P 1

- - 11’60 ZV=12. .X—
1 070 OF’= —AA 1 ‘Xli
108 ’:’ IF’-

~~oF’ .LT .1...’ ANr,. -: C’F’ .GT. —1. -,’ ” 150 TO i. ’:’
1 090 EF’F’=. i: 005.AB:S. CF.
1100 10 BI=’: XIJLP+ZV. .AF
111€ ’ B2= ’:XULP—ZV.:’ ,AF
11 20 IF ZV.GT .XULP-’ ISO TO Sc’
11-3 0 IF~ ZV.LT.—XULP’:’ GO TO 5€’1141:, GO TO 7’~i
1150 50 B2=’:’.
1170 GO TO 70
1180 5’) F1 ’i.
1200 71’ VOL=VOL 1—A1.12..X
1210 IF WO L.LT. - 001.~ ISO TO :3A0
1220 BC= ’PI-’E+VOL/BB- - --TINT
123’:’ IF~ F’1.GT 1500.-’ GO TO -325’
1240 81’ C1= .:-C F-T ‘:F’:- —F’l)
125 0 C:2=’SC’PT”P l -
12t- O OI B=E:l .Cl—E ’2.C2
1270 02B=r’F:—BC, IP 1—PA)
128’) ‘:‘ER=c’1B—02B
1290 IF”- ’.OEP.LT.EPP).ANI’. ~c’EF’.GT.—EPp)) GO TO s i:’o
1:3 0 ,) IF- :.J.GE .21’ ISO TO 60€ ’
1310 OMAX =B1.PS’:.P
1320 OMIN=—B2’PS’SP
1.3 3 0 1)11=OR—BC.PR
1340 i’lS=OP÷BC .—lSoo.—PA:-’
135 0 D1 =S ’OFT -’ l . ;:’
1-36 0 D2 =5.OPT ~ 1499.
1370 014=Bl•D1—B2’t’2 -:

1:38 0 c”:’5=F1.D2—B2.D1
1:390 IF <C’lS.LT.OM!N: :’ GO TO .30’)
1400 IF’:’P15.GE.C’M!P4.:’.AND. ‘OI 5 LE.C’14’) GD TO 250
1410 IF ‘.C’,:,.GT .OMAX ? ISO TO :3 05
1420 ‘F ‘ “I  LE I’MH MIII’ I’ l l  ‘E l’u~ 

-
~ 
,;o T0 ~~~1440 61:0 -1=1+1

145€’ 62’) DODP=— .S’’B 1.---’C 1÷B2/C2)
1460 RC= ‘01B—OP—r”:’I’P.Pl—Bc.PA) ‘ ‘:Bc—D~:’Dp
1470 IF’PC.LT. .5) GO TO 635
1480 IF’1PC.’ST. 1499.5:— GD TO 6:36
1482 IF’: .J .’SE.50:~ GO TO :381~b
1490 P~~ Pc.
1500 GO TO 81’
1510 6:35 PI= .S’P1 .25
1520 IF’-PI.LE.l. ’ GO TO 260
1530 ‘SO TO 80
1540 636 !F’V.GT.1) GD TO 250 ‘ 

- -

1550 P1= .5.PI~~749.5
~.560 IF~ P1.GE. 1499,, :’ 60 TO 250
1570 GO TO 80

- 
p
~1 A VM~B1~E cOPY -

113
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I NE

158’:’ 250 P1=1499.5
159’) GO TO 500
160(1 260 P1= .5
2610 GO TO SIlO
‘b~~II ~~ I”~ .— I ’F -”Bi. ‘~~uu —PH~163€’ ,:IMAX=—B2.P-S::’P
164 o IF~ O25 .LT OMRX’~ GD TO -3 0 €’
165’:’ P1 =1499.5
1660 ‘50 TO 80
1670 31 .10 ‘:‘O1’T=—B1—E2.SOPT 1501 •
168 €’ III B=I)OUT
169’: IF - I ’ lS.GE .ODLIT - GD TO 335
17€’ ’) F-t =15’:’l.
1.715) 35’S Db!=Si’F’T “P2— 151,0.: :’
172€’ t,I2=’ l’F~ ‘F’l’
17:3 0 i’1B=—1~1.tit,1—B2,Dt,2
174 0 €‘2F=1’P FC~ ‘ F l—PA ,:’
1751’ ‘‘EF’=’:’ 1 f:— 1i~~p
176(1 IF’ —c. ’Fp.LT.Epp :- .AF-4D . ..rIEF- .GT. _EF’P~~ ‘SO TO 540
1~~7’i r€i ’P~ — . 5’ ’  ~:I.’D])~~+~~~, Dt’2”
2 78’) F-’ j”:’ I B—’~F- —DODP.F’1 ÷BC .PA ’ .—‘ ‘-:BC:—pOpp)
179 ’) 5
1: r,11 1F’P . t ST . . :, ’ , . : ‘SO TO 3~:’)
1210 F-1=P’:
1320 ‘50 TO 326
18s0 - F - ’ 2 = 1~~1’1.
1370 b 5fl TO ~:Cl u!
1830 ~:5)5 F’l =. 5
1 :3911 :3 II) NMN=NNN~ 2
1900 IF ~NNN. El:’. :3’ ISO TO -320
1” lO ‘5(1 TO 54 (1

1’’S’ i, -38’i I-lF-’ITE ’- ’ -~. ‘5b:, (l’: ’ T Y . _b.I-~~P1.F-C.C!1B,C,2F ,EF’E’
1930 15’J OFDF’MAT 140 -::DLUTIOFI—T . -1-I •P1 - Pb -- Q 1 B~ ’:’2B~ ERF’=’

. -
•

194 1’ — F6.$-2I4-2F10.8~ 2F10.4~ F6.:3. • ‘INPUT P1 111=1—REPEAT -J
1942 • ——— 111=2—REPEAT i— — — 2 t’=:3—TERM1NRTE - ‘)

1951’ PEAt’ ‘:‘~.E’ f,fIfi~ F’1
1%’:’ 21’ ’:’’:’FOPMAT ‘:‘F12. 01:’
1 970 GO TO 200
197 1 3:~2 141-411=2
1 972 iSO TO 81)0
198 0 500 IF ‘:NMF-4 .GT. :3’ GO 10 :34,)
2991’ 11111-4=1
2000 GO TO 5’I 1’
2111(1 351’ IIP ITE ~~~~~

. 111,0:’
202 ’:’ 1! ‘:‘OFOPMRT — FLOF:l C:ONDIT IONS NOT MET-
20:3 0 352  I.:.IF’ IT E’9 •  12O(i :- T~ F’A.PI~~ZV-OF ’ .E I.B2.X-Xt l . 2
204 0 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~205€ ’ — - :- . - r -  = -  - :3F1(’ .4 -
2060 ‘ O  TO 540
2070 360 I IF-!TE “9~ 2 300’:’T .X
2080 1’3 00FOPMAT -‘ VOLUME I: NEGPTIV E—T ~ X = - ’ •F8. 4~ F 1€.  4” —
8090 NNN 2
21 00 GO TO 800
211(1 :341, ~;lPITE “9- 14C’u’
212’) I400FOPMAT ” FLOI I CONDITIONS MET’)
2235) 11P41-4=.3

BEST AVAiLABLE COPY
114
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SERVO :StjBPOIJT I NE

2140 ‘SO TO :321
2150 540 c’A=p l.cl
218(1 OAVG= <OAVIS.T+OA .TINT)/€TINT~ T)
2190 IF(T.GE.O.) ISO TO S70
2200 OAA=5)A
2210 TO=T
2220 570 IF:C’P.LT.OAA) GO TO :300
22:30 OAA=r’A
2240 TC’=T
2250 800 RETUPN
226 0 END

~‘3T AVAILABLE COPY

- -
‘

-
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M I S F I R E  ‘ UBPOUT I ME

1001’ 5IIBPOI$TIME GMFIR<RS,PSSP,X,XD,AAI,A1 .A2~ ROTA~ C.FP•AF2,THETA1001 + ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~10112 POTAP ROTA — 90.
101:3 IF’F’OTA.LT.90 ..:’ POTAP = ROTA ÷ 30.
1004 ?ULP = XMULL. ’:.l. — POTAP’60.)
1006 EF” ULP.LT. 0. 0) ?IJLP 0.’)’)
11,08 IF- . ‘ POTA.GT.60.) .AND. <ROTA. LT. 90. ::- ::‘zULP = XMIILL

1 1314 AFC=THETA
1O1S :—:YMCk = X.12.
lO Is IF -‘XINCH.GE. 0.94:” GO TO 12
1017 F’NFF = - 1
101:3 c’DDTI =0.
1019 ODOT8 =
1 (128 RETIJPN
102:3 12 CONTINUE

1025 IF-:”POTA.GE .0.,” .AMD. ’:POTA.LT.:35..:’ .:’ GO TO 4 ( I )
1026 IF ‘PDTA.LT.57 :’ GO TO 41S
11r3 0 T F - ’ROTR .LE.sO .:? GO TO 410
104€ ’ IF “ POTA. LT .  9 111. “ GO TO 420
1051’ IF ‘ ROTA. LE. 120. :‘ ISO TO 4:3 1,
~ i,~ i t  I’’’ — FOTH — b ’ • 1,0’”—
1 071’ GO TO 440
1080 41 (t
1082 LJPF’ =— .66
1 1’84 OFF’ l .5706
I I~~~fl ‘ ‘

11 0€’ ‘SO TO 490
1101 415 S = ~POTA + 23. 07) .. 0006
1102 “DOT = 3.74 — 153 18.3
1103 ‘:‘ = 12. •S.~~-3.74 — 153.18/2. .,S’:’
1104 GO TO 441
111 0 451’ C ONT I MulE
111:3 ~~

‘ = €1 .0
112’) ‘: 11EV” 0.
1121 OPP = ZULP
2 122 OPP - .6

11 ‘3 1’ ‘30 TO 490
1140 4~~0 := --POTA— 89.51 .. 0006

1I~~u 44” ‘i’I’OT = .3.5 — 129.6.3
1!~~0 “

~ 12. ’- -3 .S.S — l29.6,-’-’2. ,S.:~
)

1171’ 44 1 P=’11O(L — ’~’DOT.CFP)-’A2
11.8’) (At1r .:-= -~- llF’T •:p :’

119’:’ CAM’: 1 =-: ‘T’F- T ‘: 15(10.—F’)
120’:’ IF €ThOT) 442~~450~ 446
121.1’ 44s ZVC =— ’~DOT’A2.12.’ ~AF2+CPMC2) -~-ZULF
2212 OPF’=ZULR—ZV C
1214 OPP=— . 8

1215 IF”fDOT.GT. ,,5) I3fl TO 490
1220 IF~~:V’:.LE. —:ULP-’ GO TO 490
1221 461 AN .125

1228 BN ‘- ‘f t’OT•A2.18. ~AN’CAMC’2eA F2) ,- “:AF2.AFc:,CAMC1”'
1223 C - ’AN’~-B11’’2.

1224 D=I:- —:ULP
1225 OPP=A11
22 26 ZULP=C
2227 EJPP =PN

BFSI AVAtU~&E CO1!( : I
116
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MISFIRE SUBROuITINE

1229 GD TO 490
1~~:30 4S0 ZVC= “ — ~‘DOT•A2*12. /AF2+ZULP. ~CAMC2—A FC.CA MC1) :- / - AFC:.CAMC1+,:PMC2
2 2:32 OPP=ZULP—ZVC
1234 OPP ZIILP+ZVC
124 0 GO TO 490
1270 442 ZV C =—~’DOT.A2.12. / AF2.AFC.CAMc .l)—ZULR
1272 OPP=ZULP÷ZV€:
1274 OPP=0.
1280 IF’ VC .GE. ULP:- GO TO 49i)
1290 ISO TO 461
1:300 491’ rHP=1. S762—OPP—y— . 92S
13)2 CHP=1.5762~~OPP—~-’— .925
130:3 IF’ - ”  F’OTP. GE. I,.:’ .fiMr,. ‘ E’OTP.L E lI.,:’ ::’ ISO TO 491
I 

~ T~~ P0TH ‘F c~~ MMII ROTH LE E7 I~O TO 4~~
‘ “ s  ‘F ROTH 1 E  ~~I’ HNr’ ROTH LE ‘~~,1 I~O ~O 1~1306 GO TO 494
1.307 491 C:HP= .12
1308 ‘50 TO 494
1:309’ 492 C-HP= .66

1:310 GO TO 494
L 1:311 4’~:3 C H P . 1 2

1310 494 EPR =. fli,OS
1.3:30
1:340 - J 1
1350 PA=PMFF
1.370 ‘:‘P=—A2.12. .xr

‘F ‘‘P LT MMD liP 5 T  — ‘ GO ~O ‘ii
1:390 EPP= . ,)005,ABS’ -: c’P)
1411 11 11’ ~ 1=’:12. .X+C:HP—1.5?62l’.AFC.AF2
1410 }~2= ‘- . 5762—C HP— 12 . .X.:’ .AF2
‘420 IF’FI.LE.O.) GO TO 60
1422 1F’:PF-’INT.EO O.” I.IPITE -:9.:3211:’ T’POTA-PMFF
l42~ 35 1 FuF’NAT’1:---:! 2-,T=~ F6.4.4x~ 5HPoTA= !F8.4.4x..5HFMFF.,F6.o.:’

PRINT = 1.
1430 IF~~F2.LE .I’.;..~ GO TO 50
1441’ ‘O TI) 70
1451’ 5” E 2 b .’.

GO TO 70
1470 511 E:1=1’ .

1475 PRINT = 0. u
1481’ 70 VOL=2.—A2.12..X
1490 IF’:VOL.LT. .11 1,1.:’ ‘30 TO 360
2500 BC-= ‘:p~ E÷VOL.’BB, ‘TINT
151(1 IF<PMFF.GT.1500.) GO TO :325
152 0 813 ‘1:1=1 OPT IP~~ pMFF)
15:30 C2=:: lIFT 1PMFF)
1S40 OIB=B1.C1—B2.c’2
1550 O2B=OR~ BC:. ‘: PMFF—PA~1560 OEP=’:’1P-02B
1570 !F’l ’:OEP.LT.EPP).AND .”OEP.GT.—ERP)) GO TO 80€’
158(1 IF ’,J.I3E.2:~ GO TO 600
1590 OMAX=P,1.P:::SP
1600 OMIN=— B2*P3SP
1610 O0=I ’P—BC:.PA
1620 O15=OP’BC•<lSOO.—PR)
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