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INTRODUCTION

Larse caliber artillery recoll mechanisms are corprised of three basic com-
ponents: a recoil brake, a counter-recoil mechanism, and a counter-recoil but-
fer, The recoil brake provides a controlled resistance to weapon recoil by
throttling hydraulic fluid through a variable orifice. The counter-recoil mech-
anism, or recuperator, returns the recoiling parts to the initial firing position
by storing and releasing a portion of the recoil energy. The counter-recoil
buffer reduces counter-recoil velocity of the moving parts to zero through a
hydraulic fluid throttling process similar to the recoil brake.

Tdeally, the recoil brake should throttle hydraulic oil so that a constant
retarding force vs recoil distance curve is obtained. Since the area under this
curve represents energy dissipation, a constant force is the lowest retarding
force for a given recoil length, This is desirable and results in reduced weight
of the weapon supporting structure. In addition, weapon stability is increased.

Traditionally, the design of a throttling orifice is based on the highest
impulse the weapon will encounter. Maximum availablz recoil stroke is used to
determine this orifice profile. Thus, maximum recoil stroke should theoretically
occur at maximum impulse. 1In reality, this is not the case.

Variations in maximum impulse due to production toievances in propellant
manufacture, propellant tempcrature variations due to varyiny climatic condi-
tions, manufacturing tolerances in the throttling orifice, and variable hydraulic
fluid characteristics (i.e., viscosity) all tend to upset the ideal force-stroke
relationship. In addition, recoil operation at less than maximum impulse will
not utilize the full stroke available, since the orifice profile was not designed
for these conditions. This results in a non-optimized force versus stroke pro-
file. Thus, higher than necessary force peaks arc applied to the weapon struc-
ture.,

It is proposed that a microprocessor controlled servovalve be used to opti-
mize energy dissipation in the recoil brake regardless of the system variables
mentioned above. The servovalve is envisioned as a constantly variable orifice
operated by a closed loop feedback control system. This report describes two
controi schemes which could be used for a servovalve system. Computer sinulation
of these schemes applied to a computer generated recoil mechanism model demon-
strate the viability of this approach. Novel applications of microprocessor re-
coil control applied to artillery weapons are then offered for consideration.

IDENTIFICATION OF FORCES APPLIED TO AN ARTILLERY RECOIL MECHANISM

For a simple, one-dimensional, recoil mechanism, the motion is governed by
Newton's second law:
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where

IF = sum of all forces acting on the recoil mechanism in the direction
of motion (lbf)

M. = mass of recoiling parts (slugs)

X = acceleration of recoiling parts (ft/secz)

Figure 1 illustrates a free body diagram of forces acting on a typical artillery
recoil mechanism.

R T T T T TR TR T T TR TR T RIERTRRT R T VR AR AN

Figure 1. Forces acting on typical artillery recoil mechanism

where

B {t) = propellant gas force as a functin of time (lhf)

K = recoil system resistance to recoil (lbg)

FF = mechanical friction due to recoil mechanism movement (1bf)

W, = weight of recoiling parts (lbf)
Al 9 = angle of elevation of the weapon (degrees)
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Arbitrarily assuming a positive direction as shown in figure 1, equation |
can bhe rewritten as

M X =B(t) +W sin 6 - K - F (2)
r r

E

Equation 2 forms the basis for a simple, single degree-of-treedom simulation of a
typical artillery recoil mechanism. (The derivation is also presented in refer-
ence |, page 17 and reference 2, page 68).

DESCRIPTION OF FORCES APPLIED TO THE RECOIL MEQHANISM

Breech Force

Breech force, B(t), is described as the input force imparted to the weapon
as a result of propellant ignition. This is also known as breech force since
propellant gas arcts against the weapon breech. This force can exceed one million
pounds in large artillery weapons. B(t) is not constant and is dependent on the
burning rate of the propellant. A typical B(t) profile is illustrated in figure
2.

FORCE
B(#)

TIME

Figure 2. Typical breech force profile

In many instances artillery weapons employ a device known as a ruzzle brake
to reduce the energy imparted to the weapon structure, The device is placed at
the end of the gun tube and re-directs exhaust gases rearward, generating an im-
pulse opposite in direction to recoil momentum. This force is usually incorpo-
rated into the breech force function, in which case the B(t) curve is modified as
shown in figure 3.
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FORCE
B(+)

L//§§;\~MUZZLE

BRAKE
TIME EFFECT

Figure 3. Typical breech force profile with muzzle brake

Weight Component

Also included in the equation of motion is the component of the weight of .
the recoiling parts in the direction of recoil (Wr sin 9)

Recoil System Resistance or Rodpull

Recoil system resistance or rodpull, (K), is defined as all forces (except
mechanical friction) acting in a direction opposite recoil motion. There are
three basic constituents of recoil resistance:

l. Recoil Brake (FB)-—The recoil brake provides a resistive force by
throttling hydraulic oil through a variable orifice. This variable orifice is a
function of the recoil stroke.

2. Recuperator Force (FR)——The recuperator is a counter-recoil mechan-
ism which returns the recoiling parts to the initial firing position by storing,
then releasing a portion of recoil energy. Weapon recoil provides energy input
to the recuperator, As the recuperator stores energy, increasing resistive force
is applied against recoll motion. A recuperator device is either spring or gas

'f: operated. Two characteristic curves of resistive force are possible as shown in
o figure 4,
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Figure 4. Typical recuperator force curves

An initial force is always present in the recuperator in order to "hold” the re-
coiling parts in the firing position,

3., Packing Friction (F_)--Packing friction is the frictional force
resulting from the hydraulic oil seals in the recoil brake and recuperator. It
is often assumed to be a constant throughout the recoil stroke.

For many artillery weapons, recoil system resistance is transferred to the
weapon supporting structure by a single rod. Hence, the term "rodpull”™ is tradi-
tionally used to define the resisting force offered by the recoil mechanism:

Rodpull (K) = Fp + Fp + Fp (3)

Sliding Friction Force

Recoiling parts gencrate mechanical friction due to metal to metal contact.
Sliding friction (Ff) is a function of friction coefficients, recoil distance,
and weapon elevation.

N RECDIL MECHANISM DESIGN OONSTRAINTS

Eﬁ Rodpull Profile

F‘ . The traditional purpose of a recoil mechanism is to reduce forces imposed on
E; the weapon structure due to firing, Since rodpull is the primary resistance
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offered to the imposed breech force, it is necessary to formulate an ideal rod-
pull profile in order to design an effective recoil mechanism. Rewriting equa-
tion 2, considering only the two primary forces, breech force and recoil resist-
ance, yields:

Mrﬁ = B(t) - K (4)

Integration of equation 4, with respect to time, leads to the familiar corollary
to Newton's Law that the change in momentum of an object is equal to the sum of
the impulses delivered to the object

*2 )
Mv, -Mv = tlf B(t)dt - ¢ [ © kde (5)

1f t; is the time immediately before firing, then t = 0; if t, is the in-
stant recoil motion stops, T, then the recoiling mass has zero velocity before
and after the recoil stroke and the equation reduces to

T T
of  B(r)dt = Of Kdt (6)

Thus, rearward impulse delivered to the recoiling mass from the breech force
must be balanced by the impulse from rodpull. Breech force is large in magnitude
but short in duration (figs. 2 and 3). Rodpull force generated by the recoil
mechanism is, by design, smaller in magnitude but longer in duration. In order
to keep the magnitude of K as low as possible, the ideal shape would be a rec-
tangle. This relationship formed by equation 6 can be graphically depicted in
figure 5.

BREECH FORCE
(WITH MUZZLE BRAKE )
FORCE
(Ib)
r RODPULL
TIME (STROKE)
- Figure 5. Breech force/rodpull relationship
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It is apparent from figure 5 that required rodpull force can be minimized by
arranging for the longest possible rodpull duration. This is equivalent to maxi-
mizing recoil stroke.

Ideal Rodpull Profile

Rodpull was previously defined as consisting of three constituent forces:
recoil brake, recuperator, and packing friction forces. Since both the recoil
brake and the friction forces depend on system motion, only the recuperator force
is present prior to and after recoil motion. Taking this fact into account, the
rodpull curve graphically depicted in figure 6 1s a more practical ideal than the
rectangle.

RODPULL
FORCE
FINAL
RECUPERATOR
RECUPERATOR T —
PRE~CHARGE t FORCE

TIME (STROKE)
Figure 6. 1deal rodpull profile

Peak rodpull force can be reduced by permitting longer time and, consequent-
ly, a long recoil stroke to occur. However, there must be a practical limit to
the allowable stroke available for energy dissipation. This 1limit is based on
the configuration of each particular weapon. Large mobile artillery generally
provides from 20 to 70 in. of recoil stroke, (By comparison, a tank might be
limited to 12 inches,)

RATIONALE FOR MICROPROCESSOR CONTROLLED REODIL

The primary constituent of rodpull is the retarding force generated by the
recoil brake., The force of the brake is generated by throttling hydraulic oil
through a variable orifice. 1It is this orifice over which the recoil mechanism
designer has ultimate control. Every attempt is made to design this variable
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orifice so that the ideal rodpull curve (fig., 6) is achieved. Unfortunately,
this ideal curve is rarely realized due to the following conditions:

b
”

oo

1. Variations in hydraulic fluid characteristics, Specifically, tenm-
perature induced fluid viscosity changes affect the Reynolds number and, hence,
orifice discharge coefficients. Consequently, nonideal rodpull curves result at
extreme fluid temperatures.

2. Design impulse 1is 1inconsistent due to propellant temperature and
manufacturing variations which change the B(t) curve.

3. Production tolerances used in machining the variable orifice cause
nonideal rodpull profiles.

In essence, the recoil brake throttling orifice is an open loop control
system designed around ideal parameters which rarely exist. A closed loop, feed-
back-controlled servovalve, placed parallel to the existing throttling orifice,
could adjust for the above conditions and maintain the ideal rodpull profile.

In addition, since orifice area is a function of recoil stroke, it is mech-
anically a fixed system. Since only one area profile is available, it is de-
signed to handle the highest impulse the weapon will encounter. Recoil operation
at less than maximum impulse. will cause a nonideal rodpull versus time curve,
since the orifice profile was not optimized for this condition. At lower impulse
inputs, the recoiling mass stops in a shorter distance than {s available. Thus,
higher than necessary loads are applied to the weapon. The recoil mechanism does
have a finite life and every load is a step to the eventual wear out of the sys-

tem, 1f the recoil mechanism can operate in a fashion which will utilize all
available stroke, regardless of 1impulse, longer recoil mechanism life can be
expected,

MICROPROCESSOR CONTROL CONCEPT

in the basis of the rationale described above, it 1is desirable to control
rodpull with a continuously variable throttling orifice. This could be accom-
plished with a microprocessor-controlled servovalve plumbed parallel to the ex-
icting recoil hrake. A schematic of this concept is shown in figure 7.

Assuming rodpull, distance, velocity, and acceleration are continuously
avalflahle to a microprocessor, a closed loop recoil control scheme could be de-
sirned to aptimize recoil rodpull regardless of the svstem variables,

In order to verity this approach to recoil control, a computer sinmulation of
a tvpical artillery recoil mechaniem, augmented with an electronically controlled
hypass valve {8 present od,
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Figure 7. Microprocessor recoil control schematic

COMPUTER SIMULATION OF RECOIL MECHANISM M178

The recoil mechanism modeled in this feasibility study is designated M178
and is used on the 155-mm self-propelled howitzer M109. Many of these howitzers
are in service, and the recoil system is typical for large artillery pieces. The
M178 is designed to produce one of two lengths of recoil at maximum applied im-
pulse. Long recoil (34 to 36 in.) 1s used at gun tube elevations from 0 to 45
degrees. Short recoil (24 to 26 in,) is used at gun tube elevations from 45 to
70 degrees. This 1is necessary to prevent the recoiling parts from hitting the
vehicle floor at higher firing angles. Two distinct orifice area profiles are
available which permit these two recoil strokes to occur. The mechanics of actu-
ating these orifice profiles are discussed in reference 2 beginning on page 155.
For the purposes of this report, an equivalent single orifice area is assumed.
Furthermore, hydraulic fluid compressibility and unsteady flow are not addressed
in this recoil simulation.

The M178 recoil mechanism was modeled on a system analysis program called
SUPFR*SCEPTRE (ref 3). The original SCEPTRE program was developed by IBM and
sponsored by the Air Ferce Weapons Laboratory at Kirtland Air Force Base. Origi-
nally, the program automatically solved complex nonlinear electrical circuit
problems with very simple input data requirements. The Army Research and Devel-
opment Center (ARDC) sponsored the upgrade of the program, which was carried out
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at the University of South Florida, to include mechanical, digital, and control
systems. SUPER*SCEPTRE retains the simple input requirements but is suprisingly
powerful, 1t can solve multidisciplinary problems with complex interactions, but
only requires minimal setup times and usually minimal machine time. The imple-
mentation at ARDC provides rapid graphical and tabular output, .

The first step in the modeling process is to take the recoil mechanism free
body diagram (fig. 1) and represent it as a mechanical network (fig. 8). oOnly

four forces are included as primary forces in the network, with rodpull repre-
senting the sum of the packing friction, recuperator, and brake forces,

, 2

ROPOE

Figure 8. Recnil mechanism network for SUPER*SCEPTRE model .

Arrow direction is determined by visualizing an electrical analogy between
force and current. Both B(t) and W.sin 6 tend to lift the recoiling mass off its
inertial frame so they tend to facilitate current flow. Rodpull and F¢ resist
this motion, so they are shown impeding the current flow,

The second step is the preparation of the input data list to represent the
mechanical network (fig. B). The following data were used for this list:

® Rodpull (K)--In this case, K represents the sum of packing friction,
recuperator force, and recoil brake force.

® Packing Friction--The packing friction used to design the M178 was
computed to be 2340 1b (ref 2, page 193). This amount is assumed constant
throughont the recoil stroke.

® Recuperator Force--The MI78 recuperator uses nitropgen gas as an ener-
gy storage medium. This torce 1is modeled as a polytropic compression process
(ref 2, paye 188):

VO
Fo = & P [rt‘rx] (7
0 R
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where

T,
]

R recuperator force (lbf)

Ag = recuperator cylinder cross section (1n.2) - 9.724 in.2 for the M178

P, = initial recuperator gas pressure (psi) - 650 psi for the M}78
Vo = initial recuperator gas volume (in.a) - 1,015 1n.3 for the M]178
X = recoil distance (in.) 36 in. - maximum for the M178

n = polytropic exponent (assume 1,6)

e Brake Force--The primary resistance to recoil is generated by throt-
tling hydraulic fluid through a continuously varying orifice. In reality, this
orifice consists of various piston port areas, fluid connecting port areas, and
leakage areas in addition to the main control orifices. For purposes of this
system level model, the concept of an equivalent orifice area is used. This con-
cept can be visualized as an equivalent single orifice with a discharge coeffi-
cient of 1, which provides the same retarding force as the combination of the
various actual orifices in the M178 recoil mechanism, The equation for equiva-
lent brake force (ref 2, page 99) is:

32
v oW
PB = 5 (8)

where

B = brake force (lbg)

Ag = equivalent recoil piston area (in.z) - 32.98 in.2 for the M178
v = recoil velocity (in./s)

w = density of hydraulic fluid (1b/in.3) - assume 0.0313 1b/in.3
A, = equivalent area orifice (1n.2)

gravitational constant (1n./32)

£

o Friction Force (FF)—-Friction force represents sliding friction of

) the gun tube on gun tube slides, In the case of the M178, the tube slides
F} through two ring supports., Sliding friction was computed (ref 2, page 190) as:
r;;

- .

bi Fo = uwW_ cos 9 (67.15 = X)/14.15 (9
-
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where

FF = friction force (lbf)

u = coefficient of friction (assume 0.15)

W. = weight of recoiling parts (1bf) - 4,360 lbs for the M178
8 = :apon elevation (degrees)

X = recoil distance (in.)

e Weight Component (W_ sin 0)--The total weight of the recoiling parts
for the M178 was determined to be 4,360 1b (ref 2, page 181). Although the ML78
can operate at elevation angles which vary from 0 to 75 degrees, the recoil brake
control orifices were optimized for the worst case conditions of the weight com-
ponent which occurs at 45 degrees for long recoil and 75 degrees for short re-
coil,

® Breech Force [B(t)]-- The M203 impulse profile as a function of time
(ref 2, page 209) is graphically depicted in figure 9. Negative breech force
indicates a muzzle brake is in use,

The recoil simulation was used initially to generate an equivalent orifice
area profile, This was accomplished by assigning various constant values of
rodpull and observing the amount of force required to stop the recoiling mass
within the required distance. By subtraction of recuperator and friction forces,
the required brake force was determined. An inverted form of equation 9 was then
used to generate an equivalent orifice area as a function of recoil position.
The SUPER*SCEPTRE input deck, necessary to compute an equivalent orifice area
profile for both long and short recoil, is listed in appendix A. Appropriate
outputs are also listed.

The orifice profile was modified to_incorporate a leakage area in the M178
recoil mechanism estimated to be 0.5 in.“ (ref 2, page 181). This revised ori-
fice profile was put into subsequent recoil simulations in a tabular format. The
final orifice profiles and tabulated orifice schedules for both long and short
recoil strokes are shown in figures 10 and 11, respectively.

ADEQUACY OF M178 RECQDIL MECHANISM SIMULATION

After determining the effective orifice area profile, a check run was made
to observe results. Using the design breech force curve (M203 charge), assuming
a 45 degree weapon elevation, and using the long stroke equivalent orifice area
profile, a plot of rodpull and recoil distance was requested. (The appropriate
SUPER*SCEPTRF. input deck is listed in appendix B.) The peak rodpull generated

12
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was slightly under 80,000 1b (fig. 12). Since the original rodpull which gener-
ated the orifice area protfile was 70,000 1b (app A, input deck), a discrepancy is
immediately evident., This is due to the leakage area present in the MI178 mechan-
ism.

The 1initial leakage area permits the recoiling mass to gain slightly more
recoil velocity than was originally computed in the ideal simulation (fig. 13).
This results in a recoil stroke which is within the 36-inch-stroke limit of the
M178 (fig. 14). Since brake force is proportional to recoil velocity squared (eq
8), the brake force rises to a higher level. In reality, the rodpull of the
production M178 1is 15% higher than the design rodpull of 70,500 1b (ref 2, page
217). Therefore, the results of the model appear reasonable.

A difficulty in assessing the adequacy of the model is the scarcity of good
live firing data to compare with the predicted values obtained with SUPER¥*
SCEPTRE. Live-fire testing of the MI78 recoil mechanism was accomplished at
Aberdeen Proving Ground (APG) intermittently during the period of 8 September
1977 to 22 March 1979 (ref 4). A comparison of the SUPER*SCEPTRE check run oil
pressure output with that of the top left M178 recoil cylinder is shown in figure
15. The live-fire curve exhibits some of the features of the SUPER*SCEPTRE
model. An obvious difference is that the live-fire curve has some large ampli-
tude variations in the 1initial portion of the pressure profile. Discussions
between the authors and cognizant APG personnel uncovered a possible explanation
for these oscillations, Since they occur at about the time the muzzle brake
activates, the accompanying overpressure in the area surrounding the weapon mnay
have caused noise in the data acquisition equipment. These oscillations are even
more pronounced in other tirings. While it has not been clearly established that
these oscillations actually exist, electronic recoil control designers should be
aware of the potential occurrence of oscillations near 300 Hz.

It would be possible to adjust the area schedules to more nearly match eith-
er a desired ideal rodpull or the pressure traces of the live firing, but it
would not be possible to match both, The model, as it stands, is a reasonably
accurate representation of the MI78 recoil mechanism., [t appeared to be adequate
to determine the potential of an automatic control system to improve the recoil
process of the M178; thereforc, it will be used "as is” for the remainder of this
study.

POWDER GYMNASTI CATOR

Any hardware modification to the M178 recoil mechanism would probablv under-
o inftial testing on a device known as a powder gymnasticator, The powder gym-
nasticator is a mechanism which can exercise or gymnasticate recoil mechanisms
without actually firinp the weapon. A schematic of the powder pgymmasticator is
provided in flgure 16.
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FIRING CHAMBER

/- FIRING PISTON

/-RECOlL MECHANISM

This firing piston
ignited in the firing chamber,
simulating recoil.

firings

tor equivalent* (fig. 17).

condition,
period,
brake force calculations (eq 8).

Regardless of

* Gymnasticator impulse curves were
Arsenal, .July 1984,

WEAPON
Nl 1 BREECH
N
N O
N ]
Y /717777777 DIéEaE;;Eﬁg-ziEf
TUB
GUN E /77777777 RECOIL
Figure 16. Powder gymnasticator schematic

A firing piston is attached to the gun tube in place of the muzzle
is placed inside a firing chamber.
driving the recoiling parts
The advantages of this device over live firings are:

l. Firing ranges are unnecessary

2. Cost for firing each round is significantly reduced
Disadvantages of gymnasticators in general include:

1. 1Inability to simulate muzzle brake effects

2. Recoil brake oil pressure profiles cannot be exactly matched to live

0il pressure profiles cannot be exactly matched between gymnasticator and
live fire situations due to differences in breech force profiles.
verified by comparing the design breech force curve (fig. 9), and the gymnastica-
(The smoothed gymnasticator curve discounts oscilla-
tions which may be due to electronic noise.)
gymnasticator curves cause reduced initial velocity of the recoiling parts.
coupled with the fact that orifice
causes a recoil brake oil pressure "dip."”
fied due to the fact that recoil velocity is a squared function

the disadvantages,
proof test recoil mechanisms after assembly.

brake.
A pyrotechnic charge is
rearward, thereby

This can be

Lowered initial force levels in the
This

is at a maximum during this
This characteristic is magni-
in the recoil

area

gymnasticators are used extensively to
It is the author's opinion that any

provided by Aichel Dupont of Rock Island
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e TABLE OF TIME AND FORCE VALUES
SMOOTHED | GYMNASTICATOR
TIME (MS)| FORCE (I ) TIME (MS) |FORCE(Ib )
0 O auogh| O O (0%
3.6 180 3.6 180
6.0 610 6.0 569
6.0 80 6.7 710
. 26.0 0 80 580
1
< R 0 90 310
10.0 405
TR 380
. 12.0 150
191 13.5 280
5.6 |2
GYMNASTICATOR )
STIC ’ 17.0 150
. 19.0 0
—_ 84
. 20.5 90
o 22.0 O )
e 23.5 75
w 26.0 0 J
& ' 0
O
(VIR
I
(@]
Wik
(0 4
m
24
o) 5 10 15 20 25 30
TIME (MS)

Figure 17. Breech force profile based on recoil response--powder gymnasticator
(M203 equivalent)
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electronic recoil mechanism test would initially be carried out on a powder gym-
nasticator. Theretore, the powder gymnasticator curves were used for many simu-
lations. In order to verify that the gymnasticator curves would not cause irra-
tional output in the MI78 recoil model, a check run was made. Recoil distance
(fig. 18) did not exceed the 36-in. allowable stroke., Peak rodpull (fig. 19),
while high at 90,000 1b, was not unrealistic.

CONTROL ALGORITHMS

Level 1 Control—Maintain a Preset Rodpull

The initial electronic recoil algorithm was designed to maintain a prese-
lected rodpull. 1f actual rodpull were less than the preselected value, the
bypass servovalve would remain in the closed position. If rodpull were greater
than the preset value, the valve would shift to the full open position. The
valve did not immediately respond to input signals but operated with a time delay
as shown by:

a 1
ac =7 (A T A (10)
where
Aa = actual servovalve area (in.z)
Ay = desired servovalve area (in.z)
Ay =0 in.2 when actual rodpull < desired Todpull

Ay = ! in.? when actual rodpull > desired rodpull

-
[

valve time constant (assume 10 ms)

The valve used in the simulation had a flow area of 1.0 in.z, which was
chosen arbitrarily but appeared to be an adequate size. The 10-ms time constant
is only an estimate of what might be possible with a servovalve of this size.

The level 1 control scheme {s similar to a recoil device known as a St.
Chamond mechanism (ref 1, page 13). The St. Chamond mechanism consists of a
pressure relief valve plumbed into the recoil brake. A preset o0il pressure is
maintained by the opening and closing of a spring loaded poppet valve.

LLevel 1 control can be visualized as an electronic S$t. Chamond mechanism,
Since the servovalve reacts to rodpull instead of recoil hrake pressure, control
is improved. This is due to the fact that maintenance of constant rodpull does
not equate to a constant brake pressure since there are variations in recuperator
and friction forces,
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t,- /2 i Xf B(t)dx Wr sin 9 (Xmax X) (14)
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The control algorithm described above is very simple, yet it has the poten-
tial for true optimization of each recoil stroke. Assuming that the input im-
pulse is known prior to firing the weapon, a value for rodpull could be mathe-
matically or empirically determined which would cause the recoiling mass to use
all available stroke. Thus, an ideal rodpull curve (fig. 6) could be generated
for each input impulse.

Level 2 Control-—Compute Rodpull During Recoil

Once it has been demonstrated that a servovalve can maintain a given rodpull
(level 1 control), a method to determine the required rodpull dynamically is pro-
posed. This approach has the advantage of not requiring advance notice of what
impulse is to be expected since required rodpull is computed during the recoil
stroke.

This scheme equates the mechanical energy of the recoiling mass to the a-
mount of work necessary to stop the recoiling parts. This work-energy relation~-
ship is established by integrating equation 2 with respect to distance. Recall-
ing equation 2

er = B(t) + wr sin 8 - K - FF

distance is introduced with the following substitution:

dv dx dv vdv (11) 1
dt  dt dx ~  dx

therefore, equation 2 becomes

vdv
MYE(-—B(t) +wr sinO-K—FF (12)

Integration with respect to distance yields

I/, Mrvz lf

_ 2 2 _ 2000 2 .
= [ “B(t) dx + : Ji W_sin 8 dx - [ “xdx | / Frdx (13)

By selecting an initial integration condition at some arbitrary distance (X)
where the velocity is V, a final condition at maximum recoil stroke (Xmax) (where
recoil velocity is zero), and assuming that rodpull (K) is to be maintained at a
constant value, equation 13 becomes
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This . ation can now be solved for the ideal rodpull (K)

X X
~ 1 2 max max .
= —_— M + - + W
K X oX [VZ LV Xf B(t)dt XI FFdx] , sin 8 (15)
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The intent of control scheme 2 is to compute equation 15 during weapon recoil, ;
Therefore, it is desirable to simplify the equation to reduce computation time.

A comparison of forces used in equation 15 as a function of recoil stroke is
depicted in figure 20, It is evident that the friction and weight terms are not ]
large contributors to the work-energy relationship. Realizing that friction '
tends to reduce rodpull force, while the weight contribution tends to increase
required rodpull, it would be prudent to include the weight computation and, to
simplify equation 15, neglect friction.

- Further simplification of equation 15 can be obtained if the breech force

b - component is ignored. This may appear radical, since the breech force is the
= largest force applied to the weapon; however, it acts for only a fraction of the
b total recoil stroke., The computed value would only be correct after B(t) becomes
) negligible, however. This approach would require the servovalve to control rod-
‘ pull at a preset value until the majority of breech force has been applied. This

-t

value could be the maximum rodpull the weapon will encounter.

Incorporating these decisions, equation 15 is rewritten:

1 1 2
X =X [E'Mrv ]
max

K = + W sin 6 (16)

The obvious question is: At what point during recoil should control transi-
- tion from the preset rodpull to the calculated rodpull computed by equation 16?
- This could occur when the acceleration of the recoiling parts changes sign from
positive to negative. If the weapon employs a muzzle brake, transition would
occur when the muzzle brake activates. If no muzzle brake is present, as is the
case with the powder gymnasticator simulation, acceleration will change sign when
breech force is reduced to a level below the combined rodpull and frictional
forces.

Ty
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There are both physical and computational problems with equation 16 during
the final portion of the recoil process. As recoil ends, velocity and (Xmax - X)
approach zero., In order to maintain the high brake force implied by equation 16,

:f: the orifice area must be reduced. When the required orifice area is less than
;fj leakage flow in the recoil mechanism, the brake force rapidly diminishes. Final
o stopping is provided by the recuperator and friction forces. This results in the
f. recoiling mass never stopping at precisely the specified x Which, in turn,

causes equation 16 to become undefined as Xmax is approached. To prevent this, a
controlled closure of the servovalve was provided in the control algorithm at a
stroke of 2 inches before the desired . For simplicity, a linear closure of
the valve was programmed. (The optimum method to effect closure was not included
in this study.)

*
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Figure 20. Magnitude of forces in recoil process
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For purposes of this study, the preset rodpull was arbitrarily set at 70,000
1b. Transition from preset to the calculated rodpull (eq 16) occurred when the
acceleration of the recoiling parts switched from positive to negative. A tran-
sition function was incorporated (fig. 21).

CALCULATED
VALUE

RODPULL

PRESET
VALUE

A—

+ 0! 0 =0l
ACCELERATION (IN/SEC?)

Figure 21. Transition function for calculated rodpull

The selection of the transition function profile is arbitrary. Future stud-
ies should investigate the sensitivity of recoil performance to both the value of
the acceleration at which transition occurs and the shape of the transition func-
tion.

CONTROL SIMULATIONS
Level 1 Control--Smoothed Gymmnasticator Impulse

A SUPER*SCEPTRE simulation was run using the St. Chamond approach to recoil
control. The smoothed version of the gymnasticator input (fig. 17) was applied
to the M178 recoil model at 0 degree weapon elevation. The desired rodpull was
set to 75,000 lb. The servovalve was commanded to shift to the full open posi-
tion when actual rodpull was greater than the desired 75,000 1b using the ramp
switching function shown in figure 22.
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Figure 22. St. Chamond switching function

The error signal boundaries (-0.001 and + 0.001) were arbitrarily assumed.

The SUPER*SCEPTRE input deck for level 1 control is listed in appendix C,
and selected output curves are shown in figures 23 through 26, It is immediately
apparent in figure 23 that the recoil motion exceeds the 36 in. allowable stroke
of the M178., This is rational because the original M178 recoil simulation re- "
quired approximately an 80,000 lb rodpull force to stop the recciling parts. The
simulation does, however, indicate the type of response possible with the St.
Chamond control algorithm (fig. 24). ’

Figure 24 depicts the almost ideal rodpull curve possible with this ap-
proach. The 1initial dip in the profile is due to the gymnasticator characteris-
tics described earlier and is unavoidable if the gvmnasticatcr B(t) curve is to
be used. The OPEN-CLOSE commands to the servovalve are shown in figure 25, while
figure 26 shows the actual servovalve area when the time delay is taken into
account.

Level 2 Control--M203 Propelling Charge

A SUPER*SCEPTRE simulation using the M203 propelling charge with level 2
control was requested., The appropriate input deck is listed in appendix D.

A comparison of the effect of level 2 control on rodpull for the design
breech force is shown in figure 27. Since the original M178 recoil mechanism was
designed to attenuate this particular impulse, the ecffect of control is not dra-
matic; however, some characteristics of the control scheme are demonstrated. Of
particular note 1is the control to the preset rodpull of 70,000 lb, followed by
transition to a higher rodpull and, finally, the effect of controlled valve clos-
ure,

30
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A greater insight into the action of the control system is shown in figure
28. This graph depicts the relationship between desired rodpull and actual rod-
pull, with the servovalve position superimposed. Whenever actual rodpull is
greater than desired rodpull, the valve position curve has a positive slope. A
negative slope indicates actual rodpull is less than desired. Zero slope, found
in the initial part of the simulation, indicates the valve has no activity since
the actual rodpull has not yet reached the preselected value. When the muzzle
brake activates, acceleration becomes negative and the control system then com-
putes rodpull based on equation 16, Since at this point acceleration changes
abruptly from positive to negative, it is implicit that recoil velocity peak
also. Therefore, desired rodpull also experiences an abrupt peak. After 40 ms
the muzzle brake action is exhausted, and the continued slight decrease in de-
sired rodpull is due to the persistent friction force, FF‘

Level 2 Control--Smoothed Gymnasticator Impulse

A more interesting control problem occurs when the recoil mechanism is exer-
cised by the powder gymnasticator., A SUPER*SCEPTRE input deck for this condition
is presented in appendix D, A comparison of uncontrolled versus controlled rod-
pull is shown in figure 29. The gymnasticator input is actually a more severe
load than live firing. The overall gymnasticator impulse delivered to the recoil
mechanism is slightly higher but the initial force is lower. Furthermora, the
gymnasticator impulse does not simulate a muzzle brake but delivers lower force
levels over a longer period of time.

Consequently the recoiling parts do not achieve as high an initial velocity
as the live fire simulation, but this is compensated by higher velocities as
recoil stroke continues. The higher velocities cause the uncontrolled recoil
brake to apply more rodpull than on an actual firing, since the brake was not
designed specifically for this input impulse. However, the servovalve control
computes that lower values will be required than the brake is supplying. The
valve opens, and rodpull peaks are eliminated.

Level 2 Control-—Short Recoil Mode (Smoothed Gymmasticator Impulse)

One of the most dramatic test cases to demonstrate the usefulness of the
automatic control process occurs with the recoil mechanism in the short stroke
mode. Using the gymnasticator impulse input, the control system is commanded to
permit a longer recoil length to occur. Since the short stroke orifice area pro-
file ends at a recoil length of approximately 24 in,, any increase in recoil
length will be generated exclusively by throttling oil through the servovalve,
Therefore, the control system is exercising full control after the 24-in. recoil
length 1is reached. Arbhitrarily assuming that 31 in. 1is available, a simulation
was run. The SUPER*SCEPTRE input deck for this test case is provided in appendix
D. Rodpull profiles for both uncontrolled and controlled recoil are shown in
figure 30, A slight rise in rodpull is evident at the point where the short
stroke profile ends, since the control valve must rapidly adjust to take all
remaining flow except leakage. This is a rather severe task, but the system
manages to maintain rodpull fairly constant at a level approximately 33% of the
uncontrolled amount,
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FUTURE APPLICATIONS OF MICROPROCESSOR RECOIL CQONTROL

The concept of closed-loop feedback control applied to recoil mechanisms has
many ramifications. Some areas of interest are described below:

1. Variable Recoil Length--Many artillery recoil mechanisms have provi-
sion to shorten recoil stroke for high elevation firings. This is necessary to
prevent the recoiling parts from hitting the vehicle floor or, in the case of a
towed artillery piece, the ground. The mechanism necessary to accomplish the
reduction in stroke adds considerable mechanical complexity to the recoil system.
This can be alleviated by providing the microprocessor with an input of weapon
elevation. The microprocessor can then perform the trivial trigonometric calcu-
lations to determine available recoll length. Rodpull would then be adjusted
ac¢cordingly.

2. Counter-Recoil Control--The servovalve system used to control the
recoil process can be applied to control counter-recoil velocity. Throttling of
hydraulic o0il can be programmed to insure consistent buffing action and return-
to-batteryv. This eliminates the need for separate counter-recoil control pas-
sages.

3. Elimination of Precision Control Orifices--Traditional artillery
recoil mechanisms employ control rods or grooves to throttle oil. These orifices
are precision machined which makes them costly to manufacture. Furthermore,
design of the orifices is often done by tedious iteration with prototype hard-
ware. Precision control orifices can be eliminated by the throttling servovalve.
The resulting recoil mechanism would then be mechanically very simple. In order -
to reduce servovalve size, a very simple fixed throttling orifice might be in-
stalled, and the servovalve would provide the fine adjustment.

4, Adaptability to Increased Weapon Impulse--Since recoil mechanisms
are designed to attenuate a specific impulse, any significant increase in this
impulse (for purposes of increasing projectile range, perhaps) would necessitate
a costly mechanical redesign. A microprocessor-controlled recoil mechanism could
easily adapt with only a software change, as long as the resultant magnitude of
the rodpull is within the maximum allowed for the gun,

S. Lightweight Weapons~-Effective lightweight, long-range artillery
pleces may become a practical reality with microprocessor servovalve control. If
consistent rodpull can be guaranteed, structural safety factors can be reduced
significantly. This equates to large welght savings.

The weight saving generated through reduced safety factors 1is of '
little value, however, 1if weapon stability cannot be maintained. An artillery
a piece must remain rotationally stable throughout the recoil stroke. Practically
’ speaking, this constraint insures that the gun will not jump when fired. While
o stability is, to a large extent, based on the external configuration of the weap-
on system, it can constrain the design of the rodpull force profile. Consider

Li the free body diagram of forces acting on the weapon in figure 31.
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Figure 31, Forces acting on weapon structure

Summing the moments about point A shows that the gun will remain
stable as long as the counterclockwise moments from the weights of the recoiling
mass and the carriage exceed the clockwise moment from the force that the recoil-
ing mass exerts on the carriage, which is primarily the rodpull. The condition
for stability is:

Note that as the recoil progresses to the right, the counterclockwise moment from
the recoiling weight decreases due to the moving center of gravity of the recoil-
ing parts; therefore, the stability condition is the most critical at the end of
the recoil stroke. While this condition does not override the primary goal of
keeping the rodpull force low by making it as constant as possible, it demon-
strates that rodpull forces should not increase during the final portion of the
stroke., It would be entirely possible for the microprocessor to tailor the rod-
pull profile to improve stability of a lightweight weapon.

Further reductions in weapon weight through reduced rodpull are possible by
applying microprocessor control to the concept of soft recoil. The soft recoil
approach reduces rodpull by 1imparting a forward velocity to the recoiling parts
prior to firing. As firing occurs, the moving parts must be stopped from forward
motion and driven backwards. Much energy is required to accomplish this, thus
reducing overall rodpull, (A more detailed discussion of this approach is pro-
vided in reference 5.) Mechanically, this system is verv complex since provision
must be made for misfire conditions, The microprocessor system could orchestrate
the entire process, eliminating much of the heavy mechanical hardware.

Microprocessor recoil control is not the answer to all future recoil mechan-

isms. [t provides a high degree of finesse in controlling rodpull which may not
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be necessary or desirable in large artillery weapons where weight and stability
are not concerns, However, if precise rodpull control is necessary for any of
the reasons mentioned previously, then microprocessor controlled recoil is a
viable alternative,

CONCLUSIONS

This feasibility study demonstrated the viabhility of wmicroprocessor control
for a typical artillery recoil mechanism. Since this effort consists of an add
on to an existing syvstem, it is difficult to demonstrate the benefits of control
at the very highest breech forces available. This is because the recoil system
was actuallv designed to provide optimum recoil at these levels. Automiatic con-
trol should smooth out some of the peak stresses which occur at any off-desiyn
point such as those which occur when a gymnasticator is used. A level ? control
system should respond well to lower impulses, keeping the stresses low enough to
use the entire distance availahle for recoil. A very dramiatic control exercise
is seen when the recoil system is in the short mode and the control systen is
commanded to use a recoil distance longer than the usual short stroke distance.

This study is only a beginning. The work that remains is for the character-
istics of an actual servovalve to be placed in the model, then sensitivity stud-
ies can be made to determine the best method of controlling the servovalve,
Various end of recoil models should be investigated to determine the best method
to bring the recoiling mass to a final stop. Finally, a study should be per-
formed to determine the best way to handle the preset value of desired rodpull
and to determine if there is a better method of switching over to calculated
desired rodpull. The method would have to be satisfactory for both live firing
and the gvmmasticator simulation.
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APPENDIX A

EQUIVALENT ORIFICE AREA COMPUTATION
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SUPER-SCEPTRE INPUT DECK
EQUIVALANT ORIFICE AREA COMPUTATION
LONG RECOIL—-MI78

e eI

LTt Y -

TABLE 2 BREECW FCRCE FOR DESIGN RUN - QRE = 8OO MILS
ORIFICE AREA CALCULATION FOR LONG RECOIL
ELEMENTS

M1,1-2X1(PUT/PGR)

Ry,2-1TRBLE 2 (TIME)

R2,2-1sX2(PUTESIN(PANG))

R3,1-2+PROPL

R6,1-2=X?2(PMULPUTXCOS (PANG)X(67.15-6M1)/14.15)
DEF INED PARAMETERS

POAE=30d.

PUT«4363

PGR« 386,

PIEeX3(4.3ATAN(1.0))
PANGeX4(2.IPIEXPQAE/6400.)

PAR*9.72

PPJ=65¢

- PUQ=1015.
PNe1.6
"Q PABe32.98

PUFs.2313

PAE=1,

i PMUs@. 15

- PROPL«70000

b PPAC=2340

PRE XS (PARIPPR/(1.~PARISM1/PURIIEPN)

BF 0« X8 (PROPL-PRE-PPAL)

POR<X3(UM1ESQART( PUFXPABX13/2/PCR/PFO))

QUTPUTS

SM1,UN1,R1

POR.PFO . PRE

POR, PLOT(SM1)

FUNCTIONS

TABLE 2
9.,32300,.002, 184000, . 006, 1416000, . 007, 1390000
.008, 1156000, . 009, 803000, .01,589020, ,011,443000
1912343000, .0129,276200, .013, -148000
-0141,-130000, .0156,-109000,.0175, -85000
~9211,-57900, 024, -42220, .01, ~204¢0
-0373,-11100, .0445,-5759, ,0526,-2850, . 0648,-1110
-075,-533, . 0861, -253, .2981,-120,.1123,0,.5,9
RUN CONTROLS

STOP TIME « .15

MAX INTEGRATION PASSES « 1E20

MINIMUM STEP SIZ2E  (E-30

COMPUTER TIME LIMIT » 1

Esgmxnnrs IFC(UML.LT.@).AND. (TIME.GT.0.01))
SEOR
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TABULAR OUTPUT
LONG RECOIL

£0+3E€2v9°9
p0+3LL701°8
89+36LS1€°C
S2+3000€0°Y
20+39916L°9
03+355932°¢C
20-300001°1

EQ+3¥2T1ES°9
¥0+38821°°9
0+325686°2
$0+3000v¥'S
co+3r¥Ep1°9
0+32Tyr1°2
£0-300085L°'8

E0+320rp¥ '3
¥d+339121°9
20+368v8p°2
90+39¢5¢L0° 1T
20+325811°'S
00+390182° ¢
£Q-3521€2°8

£Q+31,88€°3
vQ+3L1L21°8
20+36¥938° 1
908+397e6€°1
20+3ER1EB E
10-39¢8E2°¢
E0~35LE66°9

E£0+3SE2EE"S
Poe3LL2ETY
10-3€35€S°9
9¢e3ESL70° T
20+3682vE" 1
S0-3.E6Lr° T
£e-35290L°y

E@+388L7E°9
v0+322vE1°8
£0-326226°8
§0+32219€E" ¢
29+32v828° ¢
r0-306586°' 1~
€0~-35L89C'T

€0+36€£929°9
¥9+39CEQ1°S
00+364182°€
504300552y
20+36822L'9
00+325090°C
20-305L11°%

£0+389215°9
vo+3ELPTIT9
20+32€026°2
Se+320001°¢
29+3.5086°S
20+4310296°1
£Q-30005»°6

£C+39»9€EX° S
vQ+35£227°9
00+308L20°2
904378211
22+38£186°y
e+30cL502°1
£EQ-3s2180°8

£@+3986¢LE°9
y2+372821°9
ge+3r122L'Y
90+30696€°1
20+3925¥S°€
10-3pL6EE°9
£0-30205.'9

£0+38322€°9
ro+3CLEET Y
19-3228.6°2
§0+352.v8°'9
10+324571°9
20-3ETIPER P
£0-352959°¢

£0+3568L3E°9
PR+32PET*9
EQ-3pi95L "1~
»0+3v8629°6
10-319329°¢-
po-326v18°p~
rd-385LE0°8

£0+368519°9
»0+31p901°9
00+328¢.92°€
Se+300S00°y
20+3550L9°9
00+3209968°'2
20-30520%°

EQ+3BE1RS°9
#0+398511°9
09+36¥398°2
50+305215°¢L
20+3518L8°S
20+35L058°1
£o-3e5292°'6

£0+31E.2P°9
vo+3L2€23°9
Q0+31.6EE° 2
90+328081°1
20+328008°¥
Qe+38s€11°1
£@-35.€68°¢L

£0+3EB69E°9
vo+31062%°9
20+33.¥55°1
909+3eever 1
20+3L9367°EC
10-35162€°S
£0~22005¢'9

€0+32002¢€°'9
¥o+300vET1 9
10-30£009°1
50+352€€0°S
1@+315982°'¢C
20-3898390°2
€0-35295¢°€

€@+3L6L1€°9
¥0+302vLT1°9
€0-389008°C~
PC+3PEYSE L
10-315528°L-
»0-321ELQ €~
Pd-30SLEr°S

EQ+3992685°9
¥0+3€L901°9
20+30.881°C
§0+352988°¢
20+3¥5955°9
02+3630b,°2
20-35.890'1

€0+32526¢°9
#2+35.911°9
22+3v0128°2
S§2+3052r8°¢L
20+33€58L°S
09+3.2€8¢° 1
£0-3es213°8

£@+35vE1v°9
¥@+359¥21°9
go+300181°2
90+390152° 1
20+36196k°»
10-32L00L°8
£Q-3SLEBS5°L

€0+43.2v9€"9
¥0+3.5821°9
0+3€S9pp° 1
gd+381800° 1Y
20+3€9596°2
18-31515¢°y
£0-205292°'9

£Q+32681€'9
yR43TIPET"S
20-385.08°8
S0+352L0L°€
10+4318828° 1
€0-326E9+°6
£0-352909°2

€0+386L1E°9
»0+302¥ET"9

€0-388207°E-

r0+320L99°5

10-3v5886°9~
»0-3EFPE2° 1~

¥0-305LB1°E

€0+36¥2L8°9
rd+35.801°9
00+396161°€
§0+352v2€°S
20+3828€E¥°9
00+32L505°2
2de-3s.8¢€0°1

E0+35188¥°9
¥0+361L71°9
00+335L8L°2
§0+305.L02°8
20+32ELEL"S
00+39002L°1
€0-305.E0°'8

€0+32120v°9
¥3+36.521°9
00+38¥ESO 2
92+36¢21E
20+39Evi2°Y
18-301.65°8
€@-3521EE°¢

€0+3»009t°9
vé+3c00E1°9
00+3L968E° 1
90+380cEiv°1
20+31p16L°2
10-329¥61L° P
£Q-305211°9

£0+30587€°9
PR+3STHEL"S
20-309¥0S°S
§0+352€8¢.°¢
10+3rvREL"1
€0-390v21°§
£0-35290€°¢2

E@+30081€°9
¥2+302v€1°9
£e-390812° 2~
P2+3L660S°Y
18-392555°p-
S0-3EE6ELO P~
r2-305L89°1

(GIT41i8NF LW
LT o UNdINO 40 SI0wd WI0L

€0+3L9(55°9
¥0+3€2011°9
80+3S5+680°C
£0435.259°S
20+30LEYE Y
d0+32810v°2
@9-3s2910°1

€0+30908¥°9
PA+3¥6L11°3
00+3E8vSL 2
S0+31ESTP°8
20+3€1059°S
00432€5¢9° 1
€0-352906°8

€0+30096€°9
»2+430¢321°9
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20+3769v0° ¢
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€e-352181°¢L
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90+435131E° 7
90+3€0S51y° 1
20+30%20L°2
10-32¢CIT°Y
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€0+32EBTE"9
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£0~35L20€°E
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€0-3s6€01° 1~
P2+38886L €
18-302.92°2~
90-3¥8912°8-
5§0-300005°¢

€0+3vBLVS°Y
re+312131°9
90+ 3Ir8190°¢C
50435L148°S
20+3¥E9L2°9
00+3r2.0€°2
2e-3s52100°1

E9+36L65+°9
»3+3220721°9
00+328819°2
50+33591,°8
20+3L02L€°S
00+30SBEY" 1
E@-3521€ES5°8

E9+38S16E°9
¥0+3¥8921°9
09+3v0606°1
904316ELE"T
20+4392818°¢
10-3LEB2S°L
€8-35(893°¢L

€0+399¥SE°9
¥o+3E50E1°9
@o+3ivore-1
90+3E1LBE"T
20+3189vS°2
10-32969L°¢C
E@-352906°S

€3+431281€°9
»Q+381vE1°9
20-320212°¢t
S0430€918°1
0043559659
€£0-315e61°2
£0-35.836°1
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vcouomvnunw
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TABULAR OUTPUT - CONTINUED

LONG RECOIL

$0+399840° 1
PO+39ELTL"S
29+39038E"'Y
EQ+3ETr30° 1~
20+3918p.°2
10+32vpEB 2
20-380195°9

EQ+3IriE8L'S
»0+369.88°S
90+322€91°2
€o+3ey88L° 8~
20+3¥02SE° Y
10+3E1EPE° Y
20-360190°Y

£9+3€EL60°8
$0+3L2356°S
0@+33216p°2
po+3.1250°2~
20+3Sr140°S
T@+311005°7
20-360960°€

€£0+35908€° L
r0+396L20°9
20+326228°2
PO+ 3¥E62L ° S~
20+329058°S
0+380,99°6
20-360121°2

€0+30LEL8°9
v@+3€98L2°9
20+3v8r3E°E
§0+3Lv692° (-
20+3506.8°9
B0+3BEESE"S
20-3809ry '3

£0+35.59L°9
¥0+3Ev880°9
08+38E98y° L
5043501Lh 1~
20+3vBEET L
00+3Ev¥iLl°Y
20-3Lv88E°Y

yo+39vE920° 1
»3+3996CL°S
@2+318v6vr°1
€0+3€8975° 1~
20+4355896°2
19+3601EL°2
20-360102°9

€0+3S££59°8
¥8+399008°S5
00+30€222°2
#@+3565210° 1~
20+3529L¥'y
10+4389€98° 1
20-360198°€

E0+3LLEPE L
»2+329:L8°S
eo+3082L5°2
PQ+3L190L° 2~
20+30EET2°S
10+39¥26E° 1T
20-350988°2

E0+32ET62°L
#0+3L83€0°9
00+328886°'2
¥Q+3L00v9°9-
20+362680°'9
00+308v¥5°8
20-380100°C

€£0+3ESEES’9
#04359280°9
@0+359802%°€
S$0+35822€°1-
2R+306R.6°9
Q8+3€8566°»
2%-36SE6E"T

€0+4372€9L°9
»3+389€80°9
00+33E68v°E
5@+32¥3cr 1~
20e3ETRPI L
00+3101S€°»
20-38120€° 1

£0+3152568°6
PO+35L0LL°S
00+35€0r9°1
£0+392.12°2~
20+38v.92°€C
10+318185°2
20-36012L°S

€0+399995°8
r0+3vE606°S
20+35€292°2
pR+39L701° 1~
20+3.2095 ¥
10+39v508°7
20-3601yL°C

£0+38868L°¢
»0+3202.88°S
99+312099°2
»9+3L109E°E~
SO+ILELBE S
10+3.0182°1
20-3609.9°2

€9+398102°¢L
vo+3185k2°9
00+32596850°C
ro+3rL3iSeL-

.2Q+3E6LEC"Y

g0+382502°8
20-360188°1

£0+315018°9
»@+356¥80°9
20+305rEv°E
SQ+3v6SLE 1~
20+301520°L
20+326S8L ¥
c0-365e9E°1T

£0+34219L°9
¥0+328680°9
20+30116¥°C
SQ+3698Lv° 1=
20+3ELENPT L
00+329LEE°Y
20-31€00E"T

£0+38519.°6
r0+30806L S
00+3ESTEL T
£0+396v59° 2~
20+432€SSP°€
10+38608¥°2
20-36012»°S

€0+392v1v°8
¥0+3L5v28°S
00+380vEE"2
$0+329€0P° 3~
20+30601L°y
18+3€121L° 7
20-3601ES°E

£0+31910L°¢L
y0+3rBSE6°S
00+39c214°2
#0+38BEEL E~
2043+0805°S
1043¥9512°1
20-3609s55°2

€a+33L8v1'L
»0+320150°9
00+3€1901°€
#0+391291°8~
20+306SEE°9
P0+36LEEL L
20-360328°1

€0+312€6L°9
¥0+389980°9
Q0+3TEFSY E
50+33L21T9° T~
20+3299%0°¢
Q0+3LEL29°Y
2e-360ivE"T

€0+308BESL 9
r@+329062°9
00+36E16¥°E
50+30009.°2
20435Lh¥ 1L
00+3BBE92 ¥
20-300082°'1

€0+38..88°6
vo+322L08°9
02+398v08° 1
€0+4319891°E~
20+4325909°'¢€
10+3¥298€°2
20-380181°S

£Q+3CEEB2'8
$0+3L9LEB°S
00+30LL6E°2
¥O+3¥E699° T~
20+353¥98°#
10+391929°1
20-3601SE°E

£0+39€5€3°L
¥0+334200°9
0+31vESL 2
YO+3L1r10° 0~
20+399€65°S
10+389591°1
20-36099¢°2

£0+35L001°L
¥0+3E6550°9
@+3S¢Lhp1°E
¥+362.9v9°8-
20+390L1¥°9
@0+31215€°L
20-3609vL"Y

€0+35918.°9
»3+3€8.80°9
00430.LL90°E
SO+30LLEY " T~
20+30.980°L
904391125
20-38092E° T

€0+328ETL°9
¥0+329v80°9
00+3088EV°E
S@+3E80ST°E
20+3806E0° L
00+35»168°€
20-3es¢ce2° 1

$1Iu 908 » 300 - NNY NOIS3Q ¥0: 3IW04 o
- W3i€2.€ 1

(g3141480F LMOLIN)
L1 = INdINO 40 $IDWd WI0L

£0+36v€S2°6
»0+3590+8°S
00+391ESE° T
€0+32v€98° -
20+380416°C
10+38.512°@
co-3ceteL v

£0+3.8561'8
#0+31¥996°S
00+3121v¥°2
v0+38¥998° T~
20+3029E6° ¥
10435¥495° 7
20-3s80te2°€C

E@+IrTI6S L
#0+368900°9
00+30118L°2
¥0+320102°'y-
20+4300259°S
10+43561E1° Y
20-3609e¥°2

£0+38€010°L
¥0+396¥90°9
00+300.22°C
50+366602° 1-
20+3€8685°9
00+3L80L5°9
20-350929°1

E@+IEPPLL Y
¥0+395880°9
20+3919¢Lv°E
G0+3r9250° 1~
coe3Tr211°L
Q2+395vS5k° ¥
2e-32.91€° Y

€0+32v169°9
¥Q+398960°9
00+308v0r €
S0+3LTHLEE
20+3511.8°9
00+382189°€
20-305.02°1

€0+31£5868°8
pO+3LP0L8°S
00+3Er580°2
€043L0500° L~
204308681
1043€95v0°2
20-360182°¢

Ee+3r1lp1-8
¥2+3681S6°S
00+3,8890°2
Y2+361L56° 1~
20+38Ev66° ¢
10¢3120€5° 1
20-360951°¢

E0+31E69°¢L
¥2+3.0610°9
@@+3c60398°2
¥0+36C08@° S~
20+321028°S
10+32€L€0° 1
20-3601v2°2

ER+3IEVBIE9
¥0+390¥L0°9
00+31891L°€
§0+3L9591° 1~
20+3628LL°9
00+32069.°S
20-36090S°1

€0+39989.°9
r0+3r1680°9
00439628 °€
504316099 ° 1~
20+389921°¢
P0+3L170%° ¥
20-32260E" 1

€0+318€99°9
yQ+319660°9
Q0+35LLSEE
59+¢3000€L €
20+36£9.8°9
00+36S12¥°€
20-3000L1°1
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TABULAR OUTPUT —conTiNUED
LONG RECOIL

y0+3.0v87° 1
PO+3E818S S
. 10-3.0155»
20+3,E800 " 1-
18+325516°8
10+35906€°€
g0-380129°6

r2+3280L1° Y
»24381585°§
1@-3€8c20°9
20+3LETPE =
20+32€181°%
10+3080vE°C
20-3601Iv1°8

¥3+322981°1
¥2+38.119°8
12-32v06¥°L
20+ 3LEELY 2~
2043SETLY° Y
te+3viLic
20-350199°8

ro+30SvET"T
»0+30S1E9°S
10-3SrES6°8
20+3E6T19°E~
20+32819L°1
104355881°¢
20-360181°8

Ll = UINdINC 40 $30¥d TWi0L

vo+386702°1
»0+320095°S
20-3€6612°7
10+38€L2y° 1~
20+32198€°2
10+39¥9S¥°E
19-311901°17

PO+3E6TTI1°T
»0+3.0059°S
ge+3021v0°1
20+3v.228° -
20+3£4250°¢8
10+366L01°C
20-360%10L°L

(a

p0+39.661°1
#@+3¥2395°S
10-35p685° 1
70¢31LE8P "S-
10+3ve621°E
19+39€E8rv°'E
10~-311859°%

¥0+328980° 7
»0+3026L9°S
29+385981°1
2043€.L06° 9~
20+3BLyvE"R
10+35v200°E€
2e-360122°¢
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SUPER-SCEPTRE INPUT DECK -
EQUIVALANT ORIFICE AREA COMPUTATION
SHORT RECOIL - MI78

MECHANICAL DESCRIPTION
ni@9 RECOIL SYSTEM -

TwBLE 2 BREECH FORCE FOR DESIGN RUN - GAE « 1333.33 MILS

ORIFICE AREA CALCULATION FOR SHORT RECOIL
ELEMENTS

L. 1-2ex1 (PUT/PGR)

Ri,2-1TaBLE 2 (TIME)

Ra.a-x-xa(PJTxSIN(PANG))

R3,1-2+PRDOPL

RG, 1-2sX7 (PMLIPUTICOS (PANG )X (67.15-5M1)/14.15)

DEF INED PARARETERS

PGAE*1333.33

PUT4350

PGRe383.

PIEex3(4,XATAN(1.9))

PANGeX4(2.5P]ESPGRE/6400.)

PARe9. 72

PP+65Q

PUR=1015.

PNe 1.6

Paa-ae 8

PLFe.0313

PAEeL.

PMU=0.15

PRDPL«120000

PPAC=2340

PRE «X5(PARIPPO/ (1. -PARZSN1/PUQ ) XIPN)

PFOeX8(PRDPL-PRE-PPAC )

POR X9 (UM1ESGRT (PUF SPABSX3/2/PGR/PFO))

OUTPUTS

Smy,UML,RY

POR.PFO,PRE

POR, PLOT(SML)

FUNCTIONS

TABLE 2

9.,32300, .002, 184000, . 006, 1416000, . 007, 1390000

.008, 1156000, .009,809000, . 01,58 9000..011 443000

.012,343009, .0129,276000, .01 5

.ex4x.-xaeeoe..olés.-togeeo
.8211,-57900, .024,-42200, .031,
.oava.-:xxee,.o44§ -575@, .0526, -2890 .0543.-1110

5,-533,.0861,-253, .0981,-120,.1:23,0,.9,0

nuu 60N’ROLS

STOP TINE .15

MAX INTEGRATION PASSES €20

MINIMUM STEP SIZE » 1E-30

CONPUTER TIME LIMIT « 8

Esgnxnars IF((UML.LT.0).AND. (TIME.GT.0.01))

SECR
8
DBEND
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TABULAR OUTPUT
SHORT RECOIL

€0+38.929°9
rd+320E01°6
00+32:.609°2
§0+3200€0°)
20+3rivis°9
00+32v852°EL
20-3000r1°1

€R+3v¥81S5°9
#24390951°6
00+32L19€°2
$0+3000vv°9
22+3r1278°S
00+3.v820°2
€23-30005L°8

€0+38L5Er°9
¥0+32»22:°8
00+38LE96° T
90¢39¢5.0° 1
20+322816°»
@2+3r9861°1Y
€£0-3521€2°'8

£0435828€°9
$2¢370021°8
02+31ET19y° 1
90+39106€°1
20+398099°¢€
V@-3SLEXPI'Y
€Q-35LE65°9

€Qe3€LE2E°9
$2+3EQLET°S
12-325708" 4
Fe+3e8c10°3
20+35€822°3
12-3v8622°1
£e-3s29eL°¢

EQ+33LL1E°9
¥0+3229E1°6
£0-398186°S-
SQ+3e219E° 7
2@+379106° 1~
£Q-3pSLep e~
€0-35.89%€°

€0+3€5019°9
p2+358v01°8
Q0+3:28.9°2
SQ+30eSS2°y
20+35805¢°9
09+395218°2
20~-305L11°1
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SHORT RECOIL
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APPENDIX B

M178 RECOIL MECHANISM MODEL

o 55
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PR WESRS k,b-._‘\-_!--- AA‘.lL&L‘.-’l Ty PV Y ORI R Sy i

SUPER-SCEPTRE INPUT DECK
M178 RECOIL MECHANISM MODEL

R CorL sveren <o

R -

?égfs 2 BREECH FORCE FOR DESIGN RUN = GAE = 809 MILS
FIRING WITH KNOUN ORIFACE AREA

TABLE 1 HAS DUPONT GYMMER DATA

TABLE 4 HAS SIMPLIFIED GYMMER DATA
ELEMENTS

M1, 1-2+¥1(PUT/PGR)

R1,2-1TABLE 2 (TIME)

R2,2-1 -XE(:ETxSIN(PANG))

R3, 1-24PRD

R, 1-29X7 (PMUXPUTECOS(PANG )8 (67.15-5M1)/34.15)
DEFINED PARAMETERS

PGAE*800.

PUT4360

PGR=386,

PIE+X3(4.3ATAN(1.0))
PANG=X4(2.XPIESPQRE/6400.)

PAR=Y, 72

AT

PUO*1015.

PNe1.6

PAB*32.98

PUFe,0313

PRESTABLE 3 (SM1)

PMU*D. 15

PPAC=2340

PRE «X5 (PARTPPA/ (1, ~PARTSM1/PUR )XXPN)
PBR«X8 (PABX23IUMIIX2XPUF/PAERSR/2. /PGR)
PRDPL eXg (PRE +PPAC+PBR)
PRESS*X18(PBR/PAB)

OUTPUTS

SM1,UM1,R1

PRESS, PRDPL , PRE

PAE, 6L01<snx)

FUNCT 108G

TABLE 1

=1.,0.0, 0, .0038,1180000, .006,610000, .016,80000, .026,0.

137-6.9,0,.0036, 1180000 .0060,560000, . 0067 7xeooo
.0080,552000, ,009, 310009, .01, 405028, .0110, 38
.012,152200, .0135,230000, .0156, 12000 .oxv.zseooo..ozs.o
12§°§ 90009, .022, 9, ,0235, 75000, . 026, 0

o..aaaoo..eea 184000, . 006, 1416200, . 097, 1390000

.998, 1155000, . 009, 809008, .81 S§3890. 911, 443000
.812,343900, .0129,276000, .013, -14800

.0141,-120080, .0156, -1030800 .oxvs,-aseeo
.0211.-57900,.924 -42200, .091,-20400

.0373,-11100, .0445,-5750. .0526, -2390 .esos.-zxxo
+23.&-333..oésx,-asa..oséz,-zao..uaﬁ 2,.9.0

319.,8.5.0.,0.5,.53,1.55,1.11, a 34 65.2.75.2.14.3.90
3.06.3.28,4.26,3.49.4.63.3.45.5.35.3.35.7.35.3.19
11.3,2.78.15.3.2.47.20.5. a .09, 3 o, 19.31.1.1.04
33.4.0.602, 3. 0,0.50,40.0,0.50

RUN EONTROL

STOP TIME o .15

MAX INTEGRATION PASSES » 1£20

MINIMUM STEP SIZ2E » XE 30

COMPUTER TIME LIMIT o

EE%HINATE xr<zunx.Lr.o>.Aun.(Txns.cr.o.ox))

;EOR
DBEND

- g -~ N T -.'.-_-.
PUR P IR Ce e e e
P PN B R L

W W W W Iy
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APPENDTIX C

ST. CHAMOND RECOILL MECHANISHM MODEL
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SUPER-SCEPTRE INPUT DECK
S+ CHAMOND

133«MECHANICAL DESCRIPTION

119+M139 RECOIL SYSTEM -

129+QRE « & MILS

130+FIRING WITH KMOWN CRIFACE RREA
1400 WITH AUTOMATIC CONTROL URLUE

1€ JITH LEVEL 1 CONTROL ONLY (ST CHAMOND)
162=3ET PSRDOPL TO DESIRED MAXIMUM RIDPULL
172+USING SMOOTHER DUPONT DATA FOR BREECH FORCE
18Q«ELEMENTS

199eM1,1-2a X1 (PUT/PGR)

299«R1,2-1+TABLE 1 (TIME)
2104R2,2-1eX2(PUTESIN(PANG))
220Q2R3,1-2+PRDPL

230°R5, 1-2=X7(PMURPLITECOS (PANG )X (67.15-5M1)/14,15)
c40«DEFINED PARAMETERS

250-PQRE*Y.

2602PUTe4350

270+PGR*386.

CB8A«PIE-X3(4,.XATAN(1.0))
CDePANG=X4(2,.5PIESPRRE/6429.)
39QsPRARG .72

310«PPO+550

320+=PUR=1015.

330«PNe1.8

34Q.PAB=32.92

35Q«PUF« 3313

360+PARO=TABLE 3 (SM)
370«PE=X12(PRDPL~-PDRDPL)

380=PSRDPL=70000

390«PDRDPLeXL3(PSRDPL !

400+PAT=TABLE 4 (PE)

412=PAD 217 (PAT)

428=PTAlUe .01

430+DPAR=X16( (PAD-PAR ) /PTAU)

449°PAA-Q,

4502PCNey

469-PAE=X15(PRO+FONIPAA)

47Q+PMUR. 15

480+PPAC<2348

490=PRE*XS (PARSPPO/ (1, ~PARISML/PUS)IBEPN)
SO0*PSR=XB(PHRIIIIUNLIXIEPYF /PAEXS2/2. /PGR)
5$10-PROPLeXQ(PRE+PPAC+PBIR)
S52A+PRESS* X1 FPBR/PAS)

530«0UTPUTS

$49+5M1 ,PDRDPL, PRDPL, PRA, PAD

569-PRESS

r ¥ F’I 1 ey
L
. o
'

ey




| aha B Siie “Sin Rien* Saa it e 8

LTy
i

-
ey
ha}

-
1
W

-
'. B DRy .o
s " A

L ot Al e i Jn et 4

@

AR |
.

" ¥ V¥
-
Q

ra

P

=

TR, — PR ” T e R

S+ CHAMOND, INPUT DECK - coNTINUED

e

ggg'- LS. 8. 0,.0036,1180000, .006, 610000, . 016, 80000, . 926, 0

eaa-mﬁl.s

510¢ o..aasoo..ooa 184000, .006, 1416000, . 907, 1390000

630,208, 1156000, . 009, 805000, . 91,589090, .011, 443000

630,012, 343000, .0129,276000, .013, -148000

640¢.0141,-130000, . 0156, 109000, 0175, -86000

§53+.0211,-57900, . 024, -42200, .031 , -20400

660¢.0373.-11100, .0445,-5750, . 0526, -2890, . 0648, -1110

§70+.075,-533, . 0861, -253, .0981,-120,.1123,0,.9,0
65,2.75,2.14,3.00

€80. TaaLé

€99+-1¢.,0.5,9.,9.5,.53,1.55,1.11,2.34,1.

2093.06, 3 aé 4.26,3.49,4.63,3.45,5.35,3.35,7.35,3.19

710¢11.3, a 8,15.3, e 47,20.5,2.09.30.0,3.19,31.1,1.04
.603,34.0,0.50,40.2,0.50

7ao-raaLé 4

220433.4
240+-120000,0.,-.001,0.,.001,1.,100000,1.
750 TABLE S
760+-10020, 0., 10020, 0.
770«TABLE &
786:-1.0,0.0, 0036, 1180000, . 006, 560000, .8067, 710000
790+.008. 530000, . 009, 310000, . 01, 425000, .011, 380000
800-.012, 150000, .91 35, 280220, .2156, 12020, . 012, 153000
§é°"318 "0, .0205, 90000, . 022,90, .0235, 75000, . 026,09
830+TABLE 7
840:-106,0,2,0,2,1,100,1
850+RUN CONTROLS’
_ 860sSTOP TIME s .1S
870MAX INTEGRATION PASSES » 1E26
880MINIMUN STEP SIZE » 1£-30
890<COMPUTER TIME LINIT = 1
900 TERAINATE TFC(URLLT,~1).AND. (TIME.GT.0.01))
91@sMECHANICAL RERUN DESCRIPTION
920-DEFINED PARAMETERS
930+PSROPL=75000
940-REGHANICAL RERUN DESCRIPTION
950+DEF INED PARAMETERS
960+PSRDPL =50000
97Q«MECHANICAL RERUN DESCRIPTION
980-DEFINED PARAMETER
99-PSROPL90000
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= APPENDIX D

FULL AUTOMATIC CONTROL MODELS
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SUPER-SCEPTRE INPUT DECK
AUTOMATIC CONTROL - M 203 IMPULSE

Htuﬂngé'n'nggg:;:TION
Mi73 RECOL
E1PEING UITH KNIUN onxra’t AREA (LCNG MODE)
AUTORATIC CONT?OL-FULL L2
ELEVATION - 45 DEGREES
USE *23) CARGE DATA (TABLE 2)
cLEnENTS
M, 1-2x](PYT/PGR)
R1,3-1«TABLE 2 (TIME)
R3.2-1ex2:PUTESINCPANG))
R, 1-2+PRDPL
R5.1-34X7 (PAUIOUTECOS (PANG )X (67.15-5M11/14.15;
O;FXNED PARANETERS
PJAE«800.
PUT+43560
P(R-18E.
Pi€sx3(4. ATAN(L1.0))
) PANGX4(2.8PIELPQAE /6400)
a3 PAR+9.72

b PP-gSe
PYQ-. 1015
PNe} .6
PRB+32.98
X PUFs. 0313
S PRO«TABLE 3 (SM1)
PEex312(PRDPL-PDRDPL)
3 PSRCPL72000
. PSUITCHeTABLE § (AM1)

PxLEFTex1B(PSX-5m])
PSUZ2eTABLE 7 (PXLEFT)
PCROPL=X14(PUTEUNIBUNL/PGR/2/PXLEFT+PUTESINCPANG))
PSxe35,
PDRIPL=X13((1-PSUITCH)SPSRDPL+PSYITCHIPCRDPL)
PAT«TABLE 4 (PE)
PAL«Xi7(PATIPSUR)
PTAU- .0}
DPAACX16( (PRD-PAA)/PTAL)
PAR«Q.

. PONe]

PAE+*X15(PAO+PONIPAA)
PNL=Q.18
PPAC+2349@
PRE *X5 (PAREPPO/ (|, ~PARISML /PVO IZEPN)
PBReXB(PRBII3SUML 2R2IPUF /PAESX2/2./PGR )
PRDPL*XQ(PRE*PPAC*PBR)

PRESS »X18 (PBR/PAD)

OUTPUTS

SM1,UNL R

:ncss ;§D?L,

PSWUiTCK,PDRDPL,PCRDIL

FUNCTIONS

TABLE 2

0, 32200, ate, 184000 .006, 1416300, .007,1390000
.088,11860 .toé 800, .01 509060..011 443000
012, :43090,.0:29 276 oe. oxi -148000
0141,-130000, 0166, -109000, .81 7s,-|s
.oaxx,-svooo..oza -ozeoo,.oﬁx,

373,-111 .04ef -6750 ac.-aloo .ocat.-xx:o
iaut o&sx,-zﬁ:,.nh.-m..mi 0,.5,0

J10.8-8.0.,0.6,.82, 1,65, 4 1.11,2.34,1.66,2.76,8.14,2.00
. 26,4°26,9.40.4.63.3.45.6. RN HERT

11.3, E 78,15.3,8.47,20.5,2.06,3¢.0,4.19,31.4,1.04

gz.'é .602,34.0,0.5, 48, 0,0.50
.00000.0 ~-.901,0,.001,1.,100000,4,

TA)E B

-xoaee 1.,-.01,1,.01,0,10000,0

TAY.E ?

-109,0,1,0,2,1,100,1

RUM "AN RO.S

/‘av chlp PQ ors

xPLOT DIMENSION o @,

vPLOT DIMENSION « §.

§T0P TIME.. 1S

PAX INTEGRATION PASSES=1E20

PINIPUM STEP G12€«1E-30

COMPUTER TIME LIMITes

TERMINATE IF((VYMi.LT.~1).AND. (TIPE.GT.0.01))

mECHAN]CAL RERUN DESCRIPTION

CEFINED PARAMETERS

PONeQ

END

SEOR

8
. DREND

DA S el gl g gt S

Dk ek

Te ‘11

YN RN v Y
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SUPER-SCEPTRE INPUT DECK
AUTOMATIC CONTROL
GYMNASTICATOR (MPULSE (LONG STROKE)

MECHANICAL DESCRIPTION

ni?3 RECOIL MECWANISA

£1AING UITH KNOUN ORIFACE AREA (LONG ™MODE)
AJTORATIC CONTRIL-FULL LEVEL2

ELUARTION - @ .

USE SMOOTHED GYNMER DATA (TABLE 3)
ELENENTS

My, 1-2ex3 (PYT/POR)

Ri,2-1+TARBLE 1 (TINE!
R2,2-1°X2(PUTESINIPANG))

R3,1-24PROPL

RE,1-2+X7(PMULPUTICOS (PANG)8(67.15-6M1)/14,15)
DEFINED PARAMETERS

PGR«386.

PIEexI (4. SATAN(1.0))
PANGeX4(2.SPIESPQRE/6420)

PARS.72

PPReESe

PUC=101S.

PNe1. 6

PRB*32.08

PuF+,0313

PAO+TAPLE 3 (5M1)
PE+x12(PRDPL-PDRDPL)

PSRDPL=70080

PSLITImeTARLE S (ML)
PXLEFTeX:8(PSX-SM})

PSU2-TABLE 7 (PXLEFT)
PCRDP_eX14(PUTSUNIZUML /PGR/72/PXLEFT¢PUTESIN(PANG )
PEXe3S5 .
PORDPLeX13((L-PSUITCN)IZPSRDPLPSUITCHEPCRDPL )
PAT«TABLE 4 (PE)

PADsX17(PATIPSE)

PTAU. .04

DPARRXL1G( (PAD-PARI/PTAL)

PAA«S.

PONey

PAE*Xx 1S (PAC+PONSPAA)

PAU-2.15

PPAC2349
PRE*XS(PRRSPPQ/ (1 .-PARES"ML/PUO IBSPN)
PBR-x8(PABXEITUN1B323PYF /PAERS2/2. /PGR)
PRDPLeXS (PRE+PPAC+PIR)
PRESS*X10(PBR/PAB)

OUTPUTS

SA3, UM, Ry

PRESS, PRDPL, PRE

pAA,PAD

psuiTCH, PDRDPL, PCRDPL

FUNCTIONS

TASLE 1
“.1,0,0,8,.0036,1100000,.008,850000, .016, 50000, ,026,0

9
.0373,-11100, 0445, 6750, . 0526, 2108, . 0848, -1310
ASLE 3

".o'.-‘ .-‘.c‘ .‘3.‘-“;’-’1'.-3‘.".‘,'-7‘0'0“010..
3.06,2.88,4:26,3.40.4.6),2.45.6.36,3.36,7.35,3.19
14.3,2.78,15.2,2.47.20.5,2.05,20.0,1.19,33.1,1.04
32.4,0.602,34.4,0.8,40.0,8.80

TasLt 4

"m,.,’...‘... -‘.‘a‘nu‘“..‘n‘c

TABLE

1
-10000,1.,-.01,1,.0¢ L]
T.'L: ‘ ’ l.'l. .‘.

-102,0,1,0,2,1,100,1
RUN CONTROLS

CALCOMP PLOTS

XPLOT DIMENSION o 8.

vPLOT DIMENSION o 6.

$TCP TIMEs. 16

Max INTEGRATION PASSESe1ER0

MINIMUN STEP $I2EeiE-30

CO"PUTER TIME LIMI%ey

TER™INATE IF((UM1,LT.~1),AND. (TINE.QT.0.01))
MECHANICAL REAUN DESCRIATION

DEFINED PARARETERS

PONeD

END

ZEOR

:

DREND 68
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SUPER-SCEPTRE [NPUT DECK
AUTOMATIC CONTROL

GYMNASTICATOR IMPULSE (SHORT STROKE)

A LS OfL PECRAISA
N1 5
FISINS WITA KNOUN ORIFACE AREA (SHORT MODE)D
AJTONATIC CONTROL-FULL LEVELR2
ELELATION - 3
USE 3MOATMED GYMMER DATA (TABLE 1)
31 IN. ALLOVABLE RECOIL
ELEMENTS
PL,1-2241(PYT/PGR)
R1,2-1TABLE 1 (TIMED
R2,2-1¢X2({PUTEISIN(PANG))
R3,1-2+PRDPL
ko, i~2+ X (PAUSPUTECOS(PANG)IE(87.15-5M1)/14.15)
DEFINED PARARETERS
PQAE 9
PUT+4360
PGR+386.
PLE*X3(4.3ATAN(1.0))
PANGex4(2.2PIEXPQAE/6400)
FRAR=9.72
PPO«650
PyUe1d15.
PNel. 6
PAB=32.98
PUFe.0313
PRO-TABLE 6 (SM1)
PE+x12(PRDPL-PDRDPL)
PSRDPL=50090
PSUITCHeTABLE S (AM1)
PXLEFToX18(PSX~5ML)
PSu2TABLE 7 (PXLEFT)
:g:bgg-éx4(PUTIUH:tuﬂl/PGR/a/PXLiffoﬂuTlSIN(PQNG))
PORDPLeX13((1-PSUITCH)IXPSRDPL4PSUITCHIPCRDPL)
PATSTABLE 4 (PE)
PaDexX17(PATEPSYR)
PTAU-.01
DPAR=X16( (PAD-PAR)/PTAU)
PRA#Q,
PON=1
PhE‘XlS(PROOPONlPAﬁ)
PMU-Q.
PFaC-2340
PRE XS (PARSPPQ/ (1. -PAREISAL /PUQ )XEIPN)
PBR=X8(PABIZITUMIXIR2XPUF /PAESS2/2. /PGR)
PRDPL«X9(PRE +PPAC+PBR)
PRESS=X18(PBR/PAD)
OUTPU?S
SM1,un
:ness r&m,ue

nui'rcn pmm. PCROPL

FUNCTION

TABLE o

plg0 0:0. 0036,1100000,.008,610000, .014,20000, 028, ¢

uiu

;::0.“ .0,-.001,0,.001,1.,100000,1,

'l..“ ‘a,'-.‘.l, 0.".1‘“..'.
;:::t fl $,0,0,1,100,1
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SUPER-SCEPTRE INPUT DECK .

-~ CONTINUED -~

'l.o ‘v . o..‘“l.t o‘ .‘ '
KTl T T {og ol 54es T 0843, . 0744, 1. 1044, . a1,

.§785,1.3455, .8644,1.4613,.69816,1.408,.738,1.8487,.7943,1.8
.9039.1. 7212,’ -.J". l-l‘il.ﬂ.&l 9104‘1 .1988, 1

1.350.2.062 1.8.2038, 1 .o&l,a e
1.7‘5.3.3577 i'eeet. R 5.803617.84 ist
2.276.2.4356,3.414.3.4718.2.062,3 .sxco.a.cxo.a.
a.s:a.e.svez,:.osn.a.losv.:.ac 2. saso.:.s'a.n.ocoo
2,705 2,894, 4.061.2.7310. 4. 138, 2.7306,4.145,3.7089
4.176.8.7261,4.1§3,2.7329, 4. 106 4.207.0.7087
€409 8.6561.4.560.2.6776,4.769,2.653,5.105,8.6119
s.493,e.sss4.s.a¢o.a.4093.3.900.2.4005.7.337.e.3301
7.974°2.3167.8.457,2.246,9.119,2.1799.9. 763, 2.1167
19.61,2.0382. 19.52.2. 0062, 11.36,1.0626,11.94,1.5071
12.91.1.8136,13.83.1. 7249 14.09.1.7004. 14.40.1.6699
14.89.1.6218.15.60,1.5509,16.39,1.4703,16.82,1.4249

17,44 1.3576.18.22.1.8690,19.46,1.1163,20.68, . 8454
21. éééasos J51.81, 7546, 20.60, .6855,23.97,.5,40.00, .8

CALCOMP PLOTS

XPLOT DIMENSION » 8,

vPLOT DIMENSION « 6.

STOP TIME-.16

MAX INTEGRATION PASSES~1E20

RINIMUN STEP 3!25-1(-30

COMPUTER TIME LIMNITel

TERMINATE IFC(UMI,LT.~3). AND (TIME.CT.0.01))

MECHANICAL RERUN DESCRIPTION <

DEFINED PARAMETERS
PONed

END
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M1

Rl

R2

R3

R6
POAE
PWT
PGR
PLE
PANG
PAR
PPO
PVO

PN

PAB
PWF
PAO

PE
PSRDPL
PSWITCH
PXLEFT
PSW2
PCRDPL
PSX

PDRDRL

AR " Sl el Mal et 4 ———

SUPER*SCEPTRE SYMBOLS

Mass of the recoiling parts (slugs)
Breech forece (lbg)

Weight force component (1bf)
Rodpull (lhf)

Stiding friction (lbf)

Angle of elevation (mils)
Weight of recoiling parts (lbf)
Gravitational constant (in./sz)
1 (constant)

Angle of elevation (radians)
Area of recuperator piston (in.z)
Initial pressure of recuperator (psi)
Initial volume of recuperator (in.3)
Polytropic exponent for recuperator gas

Total area of brake pistons (in.z)

Weight density of fluid (1b/in.>)

Equivalent orifice area (1n.3)

Error between actual and desired rodpull
Initial value, desired rodpull (lbg)
Switching function

Amount recoil distance remaining (in.)
End of recoil control function
Calculated desired rodpull (lbf)

Maximum recoil length (in.)

Ppesired rodpull (lbf)

71

el




T
A

.
b, .
o
[
aﬁ
PAT Servovalve desired area (in.z)
PAD Desired servovalve area with end of recoil control function
PTAU Servovalve time constant (sec)
NDPAA Differential equation for actual valve area
PAA Initial value of valve area (in.z)
PON Flag for automatic control (1 = on)
PAF, Total brake orifice area (in.z)
PMU Coefficient of friction
PPAC Packing friction force (1bf)
PRE Recuperator force (lbf)
PBR Brake force (1bf)
PRDPL Total rodpull (lbf) .
PRESS Brake hydraulic pressure (lb/in.z)
SM1 Reccil distance (in.) ‘
VMl Recoil velocity (in./s)
AM1 Recoil acceleration (in./sz)
Table 1 Smoothed gymnasticator data
Table 2 M203 charge breech force profile
Table 3 Long recoil-existing orifice area versus recoil distance
Table 4 Servovalve area desired versus error (PE)
Table 5 Switching function versus acceleration
Table 6 Short recoil-existing orifice area versus recoil distance

Tahle 7 Fnd of recoil control fuunction versus distance left
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