
AD—AOfl 203 ILL INOIS (MMIV AT URSANA—CNA PWA IG4.I DEPT OF MECHANICAL —flC F/s 1W6
PRELIMINARY STUDY OF A RECOIL MECHANISM USING COILOIS FR ICTION. LU)

I: uNc LAss IFTr: 
C CUSANO. H .1 SOWER DAAKIO—7s—c—0152

PU EJ fl~~~~Dfl
S!!ti C1ION~ 

I

_ 
_ _  

4
_ _  

_ _ L111~~M
S



I ~ L ’
_____ I— l.i~. .‘:

I i  F. ‘
_______________ I 8

11111’ .25 IllII~ IIIll~:6



1 . 
_ _ _ _I~ ~~~ ~~~~IMINARY~ TUDY OF AjEcoIL~~Ec~ NIsN~~ INs couLoNB FRicm*~~~~

I ( )  C.,tusano~~ roJect Direc tor 
-

I ~5. J./So er1 III) Research Assistant
Departeent of Mechanica l and Industrial Engineering

I . 

~kiivers lty of Illinois at Urb.na-Ch~~,a1gn
Urbana, IL 61801

I (~)j~~nal ~ep~~ or Research performed under I~)1II~1I7
,5 auK1 .-7e_c-Øl~~]

I Department of ~~U.S. Army Armament Research and Developeent Co snd

I Dover , NJ O78O1

I . .

~~~E7 ~~
79 08 120 0079

~~~ 
133

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



—

I-

is

TABLE OF CONTENTS

Page
Ii

1. INTRODUCTION -~~

2. BASIC FRM ANALYTICAL CONCEPTS ‘4

3. FRICTION MATERIALS TESTING 13

REFERENCES —--52

APPENDIX A: RECOIL SIMUlATION EQUATIONS 53

APPENDIX B: COMPUTER RECOIL SIMULATION 55

APPENDIX C: FORCE AMPLIFI CATION 68

APPENDIX D : COUNTER-RECOIL SPRING 74

APPENDIX E: FRICTION MATERIAL IMPULSE SHEAR TESTING---76

‘ Ii

i
. 1  ‘•

I~; ~~Dt~~~.1hUt~t9fl/ ,

L 1 Avau1~~
t 1tt

~ 
Code5 —

kvatl aLtd Ior
flat. ~~~~



• _________________

5-4 . ~S • S.

~~~~~~~~~~~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~ .~~~~~~Z ._._.; ~~~~ :~~~~~~~
__

~~

- .. -. ~— - - . —~~.~~-— $~-z.~ ~~_:. — .

.~.
- -~~~~ • - . • - 

~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~z. ~~~~~~~~~~~~~~~~~~~~~~~~~~~

~ • :~~~~4 ~~~~~~~ •~1- -

~~~~ 
- . . .~~~~~~, ~~~~~~~~~~~~~~~~~~~~~~~~ 

S
.~~~~~~~~~~~~~~~~~~~ : ~~~~~~~~~~ ;: ~~~

-

~~~~~~~~~~ 
• 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~ .- 
~~~~~- ~~~~~~~~~~~~~~~~~~~~~ . r - ... .

,... F ~~~~~~~~~~~~~~ ~~~~~~~~~~ •~~~~~~~ 5 . • ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

.
••. 

~~~~~~~ 
~~~~~~~ .. .~ 1~ 5 - .  .~~~~ ~~~~~~ ~~~ .:_z ~~~~~~~~~~~~~~

,
- ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~ • _( • ~~~~ 

~~~~ • ~~~~~~~~~~ ~~~~~~~~~~

~~.,.S,.. ~~~~ 
~~~~~~~~ 

S’ ( ~~~~~~~~~~ - ~~~~~~ -~~~~~~~~ tf~ -: :~~~~~~~~~~~:. ~~~~~~~~~~~~~~~~~~~~~~~~~

~ ~~~~ ~~~~~~~~ ~~~~~~~~~~~~ ~~~~~~~~~~~ t -

~~~~ 
-~~~-y a  

~~~~~~ 
s-~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

_ _
~~J... : ~~~~~~~~~~~~~~~~~~~~~

~~~~ -‘e ~~~~~~~~~ ~~~ 
. .; -  - , ~~~ ‘

-- .~~~- : ;~.-~ ~~ . - i _ : : r~ - : 4 ~~~~~~~- ’~~.

‘ f~~~~ ~~~
. . st

~~~~~~~~
4 5 ’ Z - J ~•s ..~~ ~ f- ~~~~~~~~~~~~ ~~~~ t~~~~~~~~~2~~~~~

~~ -~‘‘~~~~~ ‘, - .,- - ,,  ;- -,~~ -~ ~~~~~~~~~~~~~~~~~ 
~~~~~~~~ i~~~~

-;~~~~~~: , ~ ~~~~~~~~ 
-
~~~~:~~~~~s~ ~~~~~~~~~~~~~

-;_. -.~~~~
- ~~~~~~~~~ .. 

~~~ 
- -

~~,;~~
- . -

~ : 5 . 
~~~~~~~~~~~~~~~~ ~~~ ~~~J :’~i

. ~~r,; ~~~r-~~; ~ ~~~~~~~~~~~~ ~~~~~~
-
~ Y ~~~~~~ :~~:~~~ f ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

r~ . ~~~~ ~~~~~~~~ ~~~~ : - ~~ . ~~~~ ~~~~~~~~~ -~ r~ c~ L~ syste~ is ~~

~r~~~V , ‘~~~
, ‘- ‘~~~~‘4 ?~~ i :,y~~. A ~~~~~~~ f~~iiure ec ~ riy~fir±ug~~~3y cause .:.~t~~~~i-

‘~j.~,l• ‘~ ‘~ I~~~~ S~t.I~~’ .1i mi gt~ nr~d/(,D ~M-rnonnel injury .

~~~~~~~ hy’1r~~-pneumiitic recoil systems basically meet all

‘it ha’ ~I” .v ’~ ,-~ .j i~l , ’cn rnn t r ~,~ the  ~omparat lve simplicity of conceptualized J
PPM ~~~~~~~ qh , , n ld  i i  lo w ~uper 1or performance in all three logistic

~ 
~~~~~ øt n l ø 4  nI~ ’v~i . II~M I I Ir i/ n erv ico interval would be a calculable

t ,w ’ l l i i i  s i t  ~hø ~~~~ l”n rnAta~rln] wear rate and not a statistical es-

~
t a ’r t~, t I v . a  ~e~*t l i l a  be! ore failure . The simplicity and — ,~



-

2
5-
’

mechanical nature of FRII design should permit less complex service

procedures.~~ Simple separation of the friction rubbing interface and use

of corrosive resistant friction/rubbing materials would facilitate long-

term storage. Also, FRM operation will be insensitive to ambient tt~m-

perature extremes , and the simplicity of hardware design should prove

rugged and reliable enough to withstand any type of field transportation .

The main disadvantage of the FRM system is the effective appli-

cation of the extremely high loads required for its actuation. In

addition, a friction material would have to be selected which can with-

stand the severe operating conditions which exist in such a system.

This study, therefore, will center about three primary considerations:

friction pad loading methods, variation of coefficient of friction with

temperature, load and speed, and the effects of surface contamination on

the coefficient of friction. Basic concepts relative to the first topic

and experimental friction results pertaining to the latter two topics

are discussed in the following chapters.

As previously stated, simple and reliable mechanical means must be

• - devised to generate extremely high normal forces for friction pad load-

ing during recoil. The fri~ction pads must be loaded before 03 at the

instant of firing. Means must also be devised which will remove this

actuating load at the end of recoil so that free FRN counter-recoil can

take place.

While FRM friction materials must demonstrate good physical strength

to withstand high normal and impulsive shear loads and resist edge

shatter and scoring, the most important characteristic of these materials

will be to maintain a moderate coefficient of friction with minimal

L. variation with temperature, load, and speed. Excessive friction fade

resulting from extended high temperature and high energy operation

~~
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C
will produce unacceptable recoil travel, and friction squeal/grab may

cause lock-up of FRM systems with a high degree of seif—energization.

1’ Contamination (water , oil, dirt, etc.) of the friction interface

will cut the coefficient of friction drastically and produce catastrophic

• FRM performance . Although limited friction recovery from small amounts

of contamination may be expected, hardware design should attempt to

prevent any contamination at all.
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2 BASIC FRM ANALYTICAL CONCI PTS

~ I-1. The primary function of a recoil mechanism is to act as a shock

-‘ absorber hetween the recoiling mass and the cannon mount by dissipating

the sudden breech force impulse over a longer period of time. Tra-

ditionally, reco:l mechanisms allow impulsive acceleration of the i-c-coil S

mass , decelerate that mass over the length of recoil travel and also

provide means for bringing the recoiling mass back to its firing position.

Frictional braking is commonly used in au~ - ’inotive, aircraf t, and

industrial applications to dissipate high kin-. - energy levels by non-

conservative frictional heat generation. An } M would use this type of

braking system during recoil* but would also require a secondary par-

tially or totally conservative subsystem to store a portion of the

recoil energy for counter-recoil.

To best determine the feasibility of an FRM , some very ~-implc

design concepts will be discussed. An FRM with a linear, as opposed to

rotating, friction surface with constant or near constant friction pid

loading is the basis for most of the following discussions.

Recoil Simulations- -Equations for the recoil force and computer

integration of recoil mass motion were used for various FRM simulation

purposes. All required physical data and breech force curves for the S

cannon were supplied by U.S. Army Armament RADCOM , Dover, New Jersey.

Two equations expressing the frictional recoil force required to

produce a desired recoil travel are given in APPENDIX A. Sample calcu-

lations for 105 mm and 155 mm cannon are also included. Both equations

CIt should be noted that in normal frictional braking, the friction
material is usually loaded against a moving surface. FR1’I braking

S will require friction material loading prior to any motion induced
by firing which will cause impulsive friction interface shear load-

[ 
ing at the instant of firing.

- 5—• - -.~ -•-.- • . • -  — 5 .-  -S  ~~~~~~~~ • -~ - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~
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Ii assume constant friction pad normal loading producing a constant fric-

tional recoil force. The first equation is based on a simplifying

I assumption that the total breech force impulse occurs instantaneously at

firing. The second equation is formulated more exactly using the actual

I impulse over time. The more exact equation corresponds accurately to

I computer simulations discussed later, while the total initial impulse

• concept produces reasonable but most importantly conservative predic-

I tions of required frictional force for given constraints.

It may be seen from these simple calculations that enormous normal

forces and large pad areas must be used to generate suff icient FRM

I frictional forces. These equations clearly show that FRM frictional

forces may be reduced for a larger recoil mass. These equations also

L show that travel is nearly inversely • ~portional to frictional force.

This indicates that in a constant fr i. onal force FRM , a 10 percent

loss in friction will produce approxirn~tely a 10 percent increase in

travel.

A computer program simulating recoil mass motion was written using

I Simpson time-integration of the forces acting on the recoil mass. The

1 program was written to allow interactive user definition of various

I types and combinations of forces resisting recoil motion. This user

definition of forces allowed simple simulation of various hybrid fric-

tion, spring, and viscous recoil mechanisms.

A listing and sample terminal session for the program are shown in

APPENDIX B along with plots of three different simulations. The three

simulations shown were all designed to produce a recoil travel of three

1 feet for a 155 nun cannon although they used drastically different force

functions to resist recoil motion.

~1.
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Performances of two F~RM frition pad loading methods (constant pad

loading and a pad loading proportional to travel as generated by a

recoil spring) are compared to a hypothetical hydro-pneumatic recoil

mechanism performance. The pr imary recoil mechanism function of

“spreading-out” the breech force impulse over time is also shown .

Based on these comparison plots, the hydro-pneumatic system demon-

strates the most desirable energy dissipation performance. The hydro-

pneumatic recoil force used was proportional to the square of the recoil

velocity causing recoil energy dissipation at a rate proportional to the

cube of that velocity. The constant load FRM can only dissipate energy

at a rate proportional to the recoil velocity.

For equal travels, compared to a hydro-pneumatic system, a constant

load FRM will develop higher maximum recoil speeds but will tend to

distribute the generated heat more evenly along the friction rubbing

track. Although the speed-time curves may differ, the change is negligible

compared to projectile speed and should not have any appreciable effects

on muzzle velocity and overall breech force impulse.

The same plot also demonstrates a very desirable trait of the

constant load FRM. Because for constant friction load, the total energy

dissipated is proportional to the pr oduct of the travel and the fric—

tiona.t force, a change in the coefficient of rubbing friction will

result in an inversely proportional change in travel. The operation of

a hydro-pneuma -tic system is much more sensitive to material (fluid)

property variation.

The recoil spring loading FRM concept (with actuating force pro-

portional to travel) shows poor energy dissipation and higher recoil

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

recoil speed is
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S a minimum and vice versa. This type of system is not recommended ~ ox’

recoil applications although a subsystem of this type could be u~. o

provide for counter-recoil.

Friction Pad Loading--The energy which can he dissipated by u

simple brake during recoil is a function of the activating force ex-

ternally supplied to the brake. As shown previously, it caliper type F
brakes were used in an FRM, very large actuating forces would be neeth d

to dissipate the recoil energy. Thus, for caliper-type brakes, it is

not practical to apply an external force directly to the friction pads,

but it is desirable to keep the external force as small as possible and

to amplif y this force , mechanically or otherwise , to obtain a large

actuating force on the brake. This actuating force has to be applied

before or at the instant recoil begins and also must be easily retract-

able at the end of recoil to allow for counter-recoil.

Hydraulic force application was not considered due to possible

sealing problems similar to the current hydro-pneumatic recoil systems.

An approach for applying the actuating force by using a centrifugal me-

chanism operated by the recoiling mass is probably not feasible because

• the time between the instant recoil begins and the time at which the

centrifugal mechanism can effectively apply a force will be too long.

Two possible approaches for applying the activating force to the

friction pads appear most feasible at this time. One of the approaches

is to use a simple caliper-type brake system and apply the actuating

force mechanically by means of a linear cam. The cam could be formed in

the grounded or recoiling mass depending on whether the pads are at-

• tached to the grounded or recoiling mass. This technique converts re-

coil travel into follower travel which may be used to generate large

3

ii 
_ _ _ _  - _ _ _ _

_____________________________ — — ~~~~~~~~~~~~~~~~~~~~~~~ ~•5_g J
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follower forces through the cam . To reduce the forces on the cam and

follower , the force on the friction p.:id could be multiplied by a toggle-

type mechanism which is actuated by the follower.

The second approach is to use self-energizing brakes. With this

type of brake system, wedging action causes a normal force on the I’r~ikt’

which increases i’ ~1iiie~rly with the coefficient of friction. With the

self-energizing c .‘t of the brake system , the requ ired actuating force

can be relative) ill. The initial actuating force can be directly

applied by using cam or any other desired means.

Mechanical ± .~rcc amplifiers in the form of lever systems or toggles

are one method whi ch may be used to multiply actuation forces. A toggie

unit is shown in APPENDIX C. Factors common to all linkage type force

amplifiers may be seei~ in the toggle. These systems lend themselves

well to FRM applications primarily through the ir simplicity of design .

Although mechanical systems such as levers and t oggles may pr~’Juce

large force amplification by their large mechanical advantage ( M A ) ,  they

do not act as mechanical power amplifiers. This fact may cause adjust-

ment problems produced by FRM f r ic t ion pad wear. While the activiting

force at the pad is the product of the input forct~ and the MA , any ~~~id

wear that takes place is reflected back at the input as the wear mult i-

plied by the MA. This may require considerable input force travel or

mechanical in-service adjustments to compensate for friction pad wear.

In addition to the force amplification method described above ,

self-energizing friction pad loading methods may be used to further

multiply effective pad actuation forces. In self-energizing systems,

geometry of the pad loading is such that the frictional force itself is

used to increase the effective pad normal force. Two such systems are

L

II
-~ • -- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

. .—
~~~~

-
.~~~ •

--
~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ -— ,•--~~ -~-~~~—-~-‘ —~~~



9

shown in APPENDIX C. One of the systems uses a frictional wedging

action while the other uses the moment created by the frictional force

on a pivoted pad to cause • self-energization.

In the wedging concept , the frictional force and the actuatic:

force act together to wedge the pad against a ramp and produce a L

effective pad normal force. This action can be described by a pad scI~-

energizing factor which is solely a function of geometry and the co-

efficient of friction of the friction pad. Self-actuation factors on

the order of 3 to 5 may be used for such systems by the proper selection S

I of the wedge angle. Wedging systems with larger self-actuation factors

are very friction sensitive and may become subject to frictional lock-uj ~

(theoretically infinite self-actuation factor) with small increases in

L the coefficient of friction of the pad.

A pivoted leading fr ict ion pid uses the moment of the friction
S 

force about the offset pad pivot to augment the actuation force and

increase the effective pad normal force. The self-energizing factor Icr

this loading method is also solely a function of friction and geometry .

L Self-energizing factors on the order of 1.5 to 3.0 may he used and 3rc

limited functionally by practical geometry considerations. Although

lock-up is theoretically possible, the necessary geometry is functionally

impractical . Localized self-actuation of the pad trailing edge , how-

ever, may cause localized lock-up conditions and contribute to pad

• trailing edge shatter.

Counter-Recoil-—Irrespective of the FRII brake actuation method

used, it will be necessary to disengage the actuating force at the end

of recoil so that counter-recoil can take place. As the recoil ends, a

means must be provided to return the recoil mass to its initial position.

- _ _ _ _ _ _ _ _ _ _ _  _ _ _
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F’ For simplicity, the enc~ ~y required for counter-recoil should be stored

during recoil . Various approaches were investigated for generating,

storing and, subsequently , using thin energy. By far, the simplest,

most efficient, reliable, and compact approach studied was a mechaniccl

spring.

Simple calculations show the maximum energy required for counter-

recoil to be approximately 5 percent of the total recoil energy dis—

sipated. Helical, compression springs are currently available which

could handle both the travel and energy storage requ irements for E}<~

counter-recoil and also provide rugged , reliable , long-tern operation.

The required spring constant is a function of load to be ra~~ ed

(recoil mass) , recoil distance, angle of cannon elevation , coefficient

S • 
of friction between the recoiling and grounded masses, final velocity at

end of counter-reco.~l and initial deflection of the spring . Using woi k-

energy formulations , an expression relating the spring constant to the

variables stated above was obtained as shown in APPENDIX D.

One of the most difficult  counter—recoil variables to control is

the recoil distance. If a constant brake actuating force were used , the S

• recoil distance would vary with the effective coefficient of friction of

the brake . The design of an FRN constant force recoil system would then

have to be based on a minimum expected coefficient of friction because

under this condition a max imum recoil travel would be expected .

• However , the design of an FRM counter-recoil spr ing would have to be

based on a maximum expected coefficient of friction because for this

condition a minimum recoil travel would be expected producing a minimum

of stored spring energy .

_ _ _  _ L
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This spring design criterion based on maximum expected friction is

also demonstrated by the equation in APPENDIX D . Shorter recoil travels

require larger spring constants for countcr-recoii. . This inverse variation

of spring constant with recoil travel may be reduced by using larger

preload deflections of the counter-recoil spring .

S 
Frictional Heating—-Frictional braking converts kinetic energy into

• thermal energy at the rubbing interface. This heat must be dissipated

1 to prevent elevated temperatures in the frict ion and mating materials

after multiple brake applications. Excessively high temperatures may
- 

cause fade of the coefficient of friction for the friction material and

also may create surface failures ( spalling , cracking , and oxidation ) for

both the friction and mating material .

For a metallic friction material on a steel mating material , over

90 percent of the frictional heat generated in braking will be conducted

into the mating material [5]. Althoug h FRM hardware design should allow

• I 
some cooling of the friction pads , most of the cooling provided should

dissipate heat from the friction ways. Direct convective heat transfer

from the friction ways to the atmosphere is commonly used and should

- - provide the simplest most effective means of cooling. Secondary heat

exchangers using a fluid routed through cores in the friction ways may

also be used but would greatly complicate way manufacture .

Because the heat of braking is generated at the frict ion surface ,

1. direct convective cooling at the rubbing surface of the friction ways

I should provide better heat dissipation than conduction of the heat

through or along the friction ways to another convective surface. For

L this reason, external flat friction ways should provide cooler operation

than comparable internal cylindrical friction ways without secondary

Ii. coolant systems.

- - • • -~~~~~- .~~~~~~~~~ _ 5 ~~ S L. •. ~~~•— •  - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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3. FRICTION MATL~RIAIJS TESTING

Overview--The primary purpose of the experimental portion of this

project was to perform preliminary evaluations o various friction

material types c mplated for use in a Coulomb f r i c t i o n  recoil me—

chanism . In ord~ ~o withstand the high impac t and energy levels j’re--

jected for an FRM. seven composite sinterod metal friction materials

were selected as possible candidates along wi th  two st t ’ei mat ing  ma-

terials. To i n v est i gate the effects of possible contaminants en the

coefficient of friction of these materials, four projected brake surface

contaminants were also stud ied . Constant speed drag tests were used f o r

screening the f r i c t ion  materials .  An over—arm milling machine war .

modified to rotate a heated , instrumentcd disc upon which a fr ict ion pad

could be loaded as shown in Fig. 1.

The bulk of the tests conducted measured the fr ict ion performance

of the sel ected materials in various clean and contaminated states at

nominally selected loading , rubbing speed , and temperature of 3~ O p si ,

40 fps , and 900°F , respectively. Further tests were conducted to es-

t itnate ef fects  of variat ion in contaminant amount , load , speed , and t ern—

perature about these nomina l values.

In regard to FRM conceptualizations , some of the Primary friction

material performance factors analyzed were: coefficient of friction and

its variation with speed, load , and temperature ; thermal fade; con-

taminant recovery; and cursory wear. Data from this preliminary screen-

ing of various friction materials can be used to make decisions about

the feasibility of an FRM . It should be understood that these data

— 
should only be used as guidelines for future friction material

r —— -- —-
~~ 

- 

~~~~

-

~~~
— - - - ---- 

~

- - S - - —

• - - .• •1 - 
- 

- - - - .~~5- ~~~~~~~~~~~~~~~~~~
—5 —5 -5-- — ~~~~~~~~~~~~~~~~~~~~~ - A ~~ 

~~~~~~ .~~~.. -~~-~~ - --- ~~~~~~~~~~~~~~~ ~~~~-~~~~~~~ - -



5-

114

• U
• I •;

LI
‘O• a I~~. I-.I

U S
c

F u —I in “5-
I V

•0
51 0• _.J

• 
-u.

~~
u,

I.

4 
~~-

V d ‘I
• .  —Ii .~I~ —~ -~~‘I— • • ~~ — SI

—5—-——.— I 
• 

I.

_ •5
_
~~~~~~~ 

5

I

4

r ~

L_ 
_ _  

_____

-

~~~~-~~~~~ 

•
~
‘
~ t-’~i;~ 

•

- 

~‘ %lIr1T1I ,- ,
1~~

—— I

-~~~~~~~~~ — - - - -  -— -5. — 5-- - -5 - -
~~~~~~~~~~~~~ ——~~~ 

~~~~~~~~~~~~~~~ I- 4S
~~~~~~~~~~~~ — ~~~~~~~~~~~ S - - 5~~~~~~~~~ 5 ~~~~~~~~~



15

testing and as constraints for FRM conceptualizations. Exact friction 
S

material composition recommendations are beyond the scope of this study.

Materials--To promote cost effectiveness and reproducibility both 
S 

-

for this project and future applications, commonly used and readily

available materials were tested. The friction materials tested have

either current or projected high energy braking applications in large

off—road vehicles, commercial jumbo-jets, or fighter aircraft. The

mating steels were common formulations and the contaminants were standard

military lubricants or commercial products. 
S S

Candidate friction materials were selected which demonstrated a

moderate to high coefficient of friction with minimal speed variation,

thermal fade , and stick-slip conditions. Physically , the candidate ma-

S 
terials were required to withstand high normal pressures , possess good

shear impact strength , resist edge shatter from impulse loading , and 
S

demonstrate reasonable wear.

Because powdered metal friction materials generally conform to the

above criteria , seven sintered metals (one copper base, three iron base,

- - - and three experimental nickel base) were selected for testing. Identifi-

cation symbols used for these materials and other pertinent information

are given in Table 1.

Sintered metal friction materials commonly have three primary corn-

ponents. These components are: base or binder metals, solid lubricants,

and wear modifier’s. The lubricant (traditionally graphite) reduces the

- 

- base friction to help prevent localized seizing and overlill grab and

squeal. The wear modifier (traditionally a ceramic material) reduces

wear and material transfer. Optimal constituent mixing for a specific

• application is very empirical and often held confidential by the friction

1-i materials industry.

S-~~~~~~ S- - -5 - 5 5 5 •~~~~~ S t—-~~~~ --~~~~~~~~~~~ ~~~~~~~~~~~~~~ ~~~~~~~~~ 
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The friction material samples used were requested in the most

convenient form from the suppliers to reduce sample lead t ime and

greatly reduce sample expense by precluding the manufacture of special

molds. Because many of the specimens could not be used in the shap~.s

received , they had to be machined before they were tested . The hard ,

abrasive nature of the materials required machining at extremely slew

material removal rates. However , prototype or production fr ict ion

materials of this type may be easily and directly sIntered into any

desired form.

Because the mating material rubbing against the friction material

must have extremely good physical strength and resist wear and corro-

sion, ).7—22AS steel was one of the mating materials used in this atudy.

The l7-22AS steel (0.3 , 1.3Cr , 0.5Mo , 0 .2 5V ) is commonl y used in air-

craft brake discs. In addition, 14140 steel was used as a mating ma-

terial because of its wide applications.

The 17-22AS steel is preferred in high-energy braking applications S

S 
for its higher annealing temperature, surface finish retention, and wear

resitance. To this end , a 17-22AS steel disc was tested as commonly

• used on aircraft brakes (Rc 48 hardness) and two, 14140 steel discs were

tested (Re 21 and Re 50) to look at annealing, wear, and material tranr-

fer characteristics in the nominal thermal and load ranges expected in
S 

service .

Contamination of the friction rubbing interface by any of several

media could greatly affect coefficient of friction and produce cata-

strophic FRM performance. Four possible contaminants (water, hydraulic

flui d, grease, and grit) were selected for testing purposes. Dc—ionized

• 
water, hydraulic fluid MIL-H-6083C, and grease MIL~-G-l0942C were 



- S ~~~~~~~~~~ ~~~~~~~~~ 
S

5- 5.

1R

introduced directly onto the friction interface to simulate possible

field contaminations. The friction interface was bathed in a sand

medium (AFS No. 125) to simulate a f ine grit contamination.

Corrosion of both fr ict ion and mating materials could be another

field contamination problem (especially for iron base materials) .

However , this contaminant was not simulated as it may be reasonabl y

controlled chemically and/or logistically.

Apparatus--The testing equipment constructed for this study ~as

designed for accurate , reliable friction material screening and cost

effectiveness using existing hardware. An over-arm milling machine was

used as the base of the friction testing apparatus. The machine table

was used to mount the friction measurement equipment ai,d to engage the

friction material specimen against a mating material steel disc rotated

at constant speed by the milling machine shaft as shown in l’ig. ..
S The steel discs used (12 in. diamter by 0.5 in. thickness ) accom- ~5 5

modated four friction rubbing tracks (3.7, 4.3, 14.9, and ~~~ in. r a d i I )

per side . One disc (14140 Re SO) was also instrumented with four thermo-

couples located axially 0.25 in. below the fr ict ion surface and radially

• beneath the centers of the rubbing tracks . Surface rubbing thermo-

couples were also used to approxiinateiy monitor disc rubbing track

temperatures.

A special arbor and drawbar were constructed to allow passage of
S 

the thermocouple wires to the back of the machine where a slip ring and

speed photo-pickup were mounted. An electric heating element was over-

arm mounted to augment disc frictional heating.

j Friction material specimen buttons (0 .5 in. diameter by 0.2 to 0.3

in. thick ) were clamped to a table-mounted , pro-loaded spring

tJ

— —  — — - 
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to provide constant load pad engagement by manually advancing the mill-

ing machine table aa shown in Fig. 3. An in-line load cell measured the

normal load of the pad. A . flexure section was integral in the pad

loading system to allow snore Sensitive frict ion force p ickup by a second

load cell after appropriate calibration.

Figure 4 shows a separate electronics cabinet which contained the

following : two channels of special in-house designed load cell exci ta t ion ,

amplification, and f i l tering; photo-pickup power and counter ; thermo-

couple selector and digital monitor;  two channel chart recorder; and

disc heater power connections and transformer.

Procedures--This stud y used constant speed drag testing at the mean

recoil speed of 40 fps. This speed was estimated from FRN preliminary

analytical simulat ions for a 155 mm cannon ( see APPENDIX B) .  The normal

pressure level used was 300 psi which is a nominal recommended maxim um 
S

for these materials. The nominal maximum temperature for sustained

operation of 900° F was selected based on previous studies [1-4).

Friction material specimen buttons were carefully machined to sì~e,

• surface finished on 600 grit wet polishing paper , and cleaned with

trichioroethylene. Each specimen button was weighed immediately prior

to testing. The steel discs were reground to 16 microinch RMS surface

finish after the eight available tracks (four per side ) had been used to

obtain friction data. Before beginning a series of tests on a side of a

disc, the disc surface was also cleaned with trichioroethylene. Each

— S test of a particular friction/mating material used a new fr iction button

and the four rubbing tracks of a single side of a clean, reground disc.
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The basic testing sequence per disc side is defined ~s incur; u at- -

ing 28 separate friction runs of seven each on the four tracks. Outc:-

to inner tracks were used successively. The seven runs on each track

included thr t~e burnishing runs ci S ~;econds duration each followed 1 y

four evaluation run~; of 5, 10, 15, and 20 seconds duration , res: ec-

tively . The seven r ’~iu; cn each track were separated by ~ seco:~da w~~

the time from the end of the last run on one track to the .in i t iat i c~ c~

the first run on the next track wa~; approximately one minu te .

The standard clean friction test of a f r i c t i o n/ ma t i n g  m at e x~ i i i  ~~t j ~

is defined as using all foui  tr~ick~ 01 the JbOVe basic sequence with :~c

friction interface con taminat ion .
a

The standard co:~ta;~i Lna tc~i friction test of a material  pair is

defined as the use of all f5 ’ur’ tracks on a side of the disc to investi-

gate the effects of contaminants on the coefficient of friction . For

these tests, the first track was used to obtain coefficient of f r i c t io n  S

data with no contaminants.  Friction data under contaminated condit  ions S

were obtained by contaminat ing each of the remaining three tracks w i t h

either water, hydraulic fluid , or grease.~ The basic track sequence

above was used with  contamination t ak ing  place immediately following the

last burnish run on each track. The friction interface was contaminat ’~

L 
by direct syringe injection of approximately 0.1 cc of contaminant with

S the disc rotating.

S Grit contamination was simulated by dismounting the disc af ter  the

four track liquid contamination tests above were completed and agitating

the disc in a fine sand bath. The disc was subsequently mounted and

retested as above except without further burnishes or contaminations.

*Hereafter, these contaminants will be referred to as liquid contaminants.

S
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The data recorded during any standard to: - - lea n ci ’ contaminated )

as described above included the following : mea: coefficient of Inic ’~j~-n

during each run and the variation thercet ; the approximate maximum

temperature (rubbing or bu lk)  e :-:;’ccienced dui ’i~~ each run; and 1 ri c tj ~’n

pad weight loss u tt e r  a conh icte test . In addition s visua L observai ica

of cursory wear and physic.11 deterioration (scorish, ~d~ e shatter ,

crumbling , e t c .)  of the buttons and discs were noted .

Prograrn——Conplete contaminant tests (including sand contamin-it i5n )

were performed for the Cop;’c1’—lhn;e and all three iron—ba se f r i c t ion

materials against each of the three mating steel discs and for the t hr e e

nickel friction materials agaitist th e  17—27AS steel disc g iving 15 fu l l

contaminant tests in all. Two tes ts  were repeated due to improper S

surface finish of the disc and another three tests were randomly chc~ en

and repeated for validation checks.

In addit ion to the 15 standard contaminant tests above, several

special tests were performed to m easure how the coefficient of f r iction

varied with four key parameters--contaminant, speed , pressure , and tern-

perature. The special contaminant tests were sulxlivided into the

following three areas: the investigation of friction material thermal

fade versus contamination recovery , the effects  of liquid recontamination

after g~’it contamination on the coefficient of friction, and the effects

on the coefficient of frict ion of the amount of grease on the t rack.

Contaminated friction tests do not generate temperatures on the S

rubbing surfaces as high as corresponding clean tests due to the re-

S duction of coefficient of friction caused by contamination. Therefore,

the coefficient of friction thermal fade should be more pronounced in

clean tests than contaminated tests. Fade should also be more pro-

j nounced for the fourth track than for the first track in the basic

_ _ _ _ _ _ _ _ _ _ _ _ _ _  
_____  

S - ~~~~~5_ 5 5~~5~~~~~~ ~5 _ j  J
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testing sequence due to accumulated frictional heat. To monitor fade

and help separate fade from contamination recovery for each rubbing

track, a standard clean friction test was performed using all four

rubbing racks of a disc side f or each of two different  f r ic t ion/mat ing

material combinations.

A liquid and grit contamination test was peformed to demonstrate

simultaneously the effects of both of these contaminants on the cu - f f i c ie nt

of friction . In this test , the disc was recontaminated with the liqu id

contaminants af ter  it was contaminated with grit .

To measure the effect  of grease smear on friction recovery, seve n

consecutive sm ear tests were performed on the same track of a disc af ter

three burnishes of five seconds duration each. The amount of smear

varied progressively from clean to the standard 0.1 cc smear in approxi-

mately equal steps of grease amount . After contaminat ion , a minimum of

three evaluation runs of f ive seconds duration each were repeated with S

second separations until  the coefficient of friction had fully recovered . 
S

Tests to determine the effects of vary ing temperature and pressure S

on the coefficient of friction used a standard clean four track friction

test at nominal operating conditions as a baseline . Even though only

S one track was needed for each of these tests, all four tracks on a side 
S

of a disc were used in order to produce a more rigorous test from thermal

and energy standpoints.
‘ I

S Uncontaminated tests were repeated with the disc heater operating

at 50 and 100 percent capacity (approximately 1 and 2 kW, respectively)

for temperature variation studies. With the disc heater off, similar

tests were repeated using friction material normal pressures of 225 and

375 psi (representing 25 percent variation about the nominal 300 psi

value).

L



r .  ~~~~

To invest igate the coeff ic ient  of f r i c t ion  of the uncontaminated 
S

surfaces as a function of speed , con~ ccut ive runs (S second s durat ion

with 15 seconds separation) wore pen ormed at nine rubbing npeedi ; e l i  t i n

same disc track af ter  three burnishe s of f ive  seconds durat ion cacti .

The nine speeds varied from 14 fps to (~ 4 t pu .

Results——For clarity, the volume of experim ental  f r ic t ion  dat a

generated has been condensed into 19 s~ntutary ~5 i a 1 h.5 . 1~ecut n~ ’ a single

representative plot may concisely show s imi l ar  t i  I ect~ t’Vi d ~ flce J by

several or all f r ic t ion/mat ing  material combinations, only a small r

portion of the tests performed are p 1 ul ted . The data repro ::el it  ed fl~5 \ 110

grouped into eight categories as indicat ed iii  Tabl e

In all bar graph f r ic t ion r e p r e s t ~I l t ~ It ions , the value p l o t t e d  1 the

mean value recorded dur ing  the nun . All friction value:; plotted an a

central point and range represent the mean coe~ I icieul ot friction and

its variation during the run.  1’inally , al] temperatw ’t ’s p l o t  t ed  dr t ’

5 

maximum disc bulk t ernpei auren  monitored during a run.

Summary- —Overall , the f r ic t ion  n;atei’ial test I iig program prod uct J

S 
very reproducible results which correlated well to prev iousl y publ i shed

data and manufacturers supplied information. Although a limited set c i

I .  friction materials was tested , many test parameter and contaminant

effects on the coefficient of friction appear comparable for a wide

range of friction material compositions .

One of the pr imary object ives of this program was to screen various

friction materials for nominal uncontaminated coefficient of friction

and friction variation for FRM design constraints. Table d details a

stmunary of the basic performance of each of the friction materials

tested .

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ 
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Table 2 Guide to Plotted rriction Data

Categoi~y Ng~rc

1. Susie U l c~ui and Li qu id
Contaminated ‘~o t I  t i e  i outs
o )‘r i et ien  S—li

2. Disc Mat er i a l  11 I oc t  n- 5 ,l~~, and 13

3. Fade E t f e c t s - -  5 and 3M; 7 and 18
I

Gri t C.’i t a m i n a t  ion Pt tee 15 - - -- 5, 15 , and l~

5. Grease Smear Amount P11 oct S and 17

(~~. Therma l Va:’ Ia I ion El t oct  :; 18, 3M, and ;o

7. Pressure Var ~~i I ion Pt I, ccl 18, .~1, and ~1~ 1

8. fteed V . u ’ i a t  ion  Pt I ecU ; 18 and ~3

1.

S

L i

_ _ _ _ _ _ _ _ _ _ _ _ _  
Li
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The friction l evel of the n~~5.-’ base material  was lower than th.-

friction level of the copper and lx’ ItLil als (0. 25 versus 0•3~ and

030 , r~spcctively) and showed mu~ ia tlon and/or arab. It should be

noted , however , that the nickel r~~’- ’ .. lab tested W CVC 1)1 d d C V C i *)j ~~~~) 4 t d l

stage and contained no wear mod H let’s. Previous researchers F-sJ 11 4 v - .

formulated nickel l’~ise materials to produce f r ic t ion  levels and m i 1 ~- i~.

variation/grab comparable to the iron base matori~iis tested.

All fr ict ion materials demonstra ted m inimal to no thermal or ex-

tended engagement fade.

Due to the screen ing—type tes t ing methods employed and the cor~ e-

sponding cursory wear observations (visual and simp le pad wear

wear characterizations of the frictIon materials tested may he t ormu-

lated only on a mutually comparative basi s as opposed to absolute we5~r

rate. However , supplier information and independent re achei s indi~ 1Itc

logistically feasible wear l ife predictions for properly formulated iron

and nickel base friction materials in an 1kM app l.ic4tion .

All friction materials, except one , demonstrated good physical

strength within the load range used. The material with  marg inal ph y~~i-

- - cal characterizations appeared to have been poorly sintered in its ~s~-

received configuration. Physically , several friction materials demon- S

strated gross surface scoring and localized pitting.

The extended friction material tests demonstrated minimal coef-

ficient of friction variations with changes in load, speed , or tern-

-
‘ 

perature over the ranges tested. These results typify the performance

of many high temperature, wear-optimized sintered metal friction materials.

Various friction contamination simulations demonstrated dramatic

-

‘ friction loss with quick to prolonged recovery of near full uncontaminatod

friction levels. Al]. contaminant effects and trends appear to be

I: ii independent of the friction material.
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Liquid contaminants (water, hydraulic fiu~ . • -~ e)  i:~~t itll y

drop the coefficient of friction to aj&; ’ro .’~im~z t s . -~~~~ 0.1 ~4.~vol cr

below. Water recovery appears very good althou no~ qui ckl y enough t -oi-

negligible contaminant efl ect. Hydraulic flu i~ ~id ~j ’o tse 1’ecoverie ~

appear similar in a relatively quick r000vex v to an intermediate level

although grease recovery to full  f r ict ion levels requ~ 1— eS a boZ~f~O1

period than hydraulic fluid final ful l  recovery.

- 
~~~~‘it contam ination ifter liquid contamination raises the norna~

friction level slightly (0.02 to 0.03) with a reeovei’y .~~ttd Lom1~a .llt

to that of water. Althoug h infc~1sihle to simulate properl y ,  P~’0lo1i~~’~

grit contamination is expected to have pi’eciablc wear eftect~; pri-

marily on the mat ing material.

[1 Finally, three important disc material ohservation~ were made.

I 
(1) Coefficient ot friction performance and contaminant effects appear

- to be independent of the disc materials ter tho three discs used ;

1. (2)  While the l7—22AS disc and the 4140 soft d i a c  were not a f fec ted

appreciably by frictional heating , the hardened 4 140 disc had been

[ annealed to Rc 41 from the original Re 50 over the testing program l’v

frictional heating ; and (3) Although in’.’-t-eased pad wear could not I~o S

correlated to any particular disc , the 4 140 soft  disc consistently

[ showed visual signs of increased material transfer .

Conclusions——Friction interface contamination will produce cata-

L strophic FRN performance. Foreign media contamination must he pre-

vented. Although contamination recovery is possible , especially for

small localized regions, the first recoil pass over the contaminated

I region will exhibit drastically reduced friction. Vent holes may be
14

drilled transversely in the sliding ways to trap wear debris and grit

El contamination and to attempt to contain liquid contaminant smear without

appreciably adverse effects on the coefficient of friction.

- iS .
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Though nominj.I d Inc hulk temperature level of 90001’ were us~-~i in

S test ing , rubbing ~-art -ace temperatures in t xcess of 1~ 00°I may i’e e.~—

peri~-nced [ 2 ] .  Copper base t n e t  ion m a te ria l s  .~1’c not recommended du~-

- to copper softening and smcari  up at such elevated teni~ :‘at ures • :~ I so

to retain disc sur l - ~ec hardue nn at these t e1~ipor i t ui es , ~ 7— .~2AS ~ t c..

mating material  is i

Th e life of a t ~‘iction pad in ~in fl~ -1 is a I un~~ ion of f r i ct i ~ :i

mater ia.1 wear ~-~~~~i~-t e rist i es • phv sic . i l  s tr ength , -a nd p i ~ load ing

- me t hods and I orces. The mat eria ls  tested ~u’e onl y exa~~-J es of

possible l i o n  or n i ck e l  base sintered meta l  materia ls  which may cr1 cl -n

wcl .I logist ical  ~y and physical l y in conceptua l ized  FRM I riction

- 
loading systems.

Copper an d iron base sintercd meta l  l et  I m at e r i al s  ar e ~

• used in industry w h i l e  nickel bas - m at er i a l s  are st il l  in vai ’ion~;

stages of development [1 ,~ I . based on this act and the result

frie t ion material screoni up program , the Pd pie  t ion mator Li l is i - c - cm—

- mended as a preliminary select ion or fur t her FR~-~ I r i ct i on  ~tud ics m d

- conccptuali- :at ions. However, because iron is more suscept.tble to ecs—

S rosion than nickel , t he status o.f n ickel  base r i e t i on  mOten i ~m Is do —

~ I 
vcbopment should be moni orod p eriod  ica t l y .

It should also ho noted that  current s in t e rcd  mct l n c t  ion m a—

terials use graphite as lubricant. Grap hite  can cause e1ec t ru ly t~ c

• corrosion in conjunction with most steels especially in sal ty env I

ments. However, it is felt that this problem can be chemically and

logistically controlled.
S 

Cont ingent upon FRM feasibi l i ty decisions , further ± r i c t i o n  : t o r i - ~~

studies should be performed : fr ic t ion interface impulse test m d . . in-

ertial dynamornetry , and f i na l  material formulat ion o pt i m i c a t i o n .
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Because an FRM will require prior or immediate f r ic t ion pad lo adi imp on

f i r i ng , extreme impulse load ing at the fr ict ional  interface wil l  occur .

S Friction interface impulse load testing should attempt to check f r i c t ion

material shock transverse shear strength , pad edge shatter , and the

I effects  of im pulsive t rans i t ion  from static to sliding coe~ficient c:

friction , (see AJTENP1X E ) .

Constant speed drag tests are commonly us-cd for basic ~r i c t ion

mat erial screening purposes while inertial dynamometry (brake down t o  S

stop of a free rotating inertial mass) is often reserved for  :~oi’e ~ >~~tc t

material  formulat ion e>~I-er imenLmt ion , prototype s imuLit ion , arid i n —

service we~u- li fe  predictions. Because the constant speed simulated by

this study was oni y a mean predicted recoil speed , inci~t~ -al dynamometer

tests of selected f r i c t ion  materials should he performed Using the

maximum prod Ic ted recoil speed before l inal prototype design. Although

speed e f f e c t s  on these ~i-iction rn aton ia l s  appear minimal , an inertial

dynamometer will better sinuLite possible high speed wear and t ransIen t

near stop grab/squeal effects undetectable by constant speed drag test -

ing .

Finally, sintered metal f r ic t ion materials may ho wear optimized

for projected thermal and load environments by mixing various modifiers

- 

~ 1 and additives. Recent developmental use of special high temperature
S additives [4] to augment or rep lace traditional lubricants and wear

I modifiers shows considerable promise for high energy FKN applications

from wear , fade , and corrosion standpoints.
S I
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Sample Calculations

* 
Given values:

.. 105 Cannon 155 Cannon

I(lbf
_s) 2120 14500

H(ibf — S 2 ) 8.81 1290

~~* 

tQ(S) 8.4xl0 3 100x10 3

1~ 
W(lb f ) isoo 7000 4

~ 

:::t 0. 10

U(degree) 60

FRI-I friction material
coefficient of friction--O.30

S FRI-I friction material
normal working pressure

5 
- 

(psi) 300

Using Equations:

- 105 Cannon 155 Cannon1. a a
- Frictional Force

1 (lO 3ib
f

) 2 5 . 3 — — — — 2 3 . 2 — — — 1 6 7  135

• Normal Force

1. (io~ lbf
) 84 . 3 — — — — 7 7 . 3 - - — — 5 5 7  ‘~50

Friction Pad Area
(in.

2) 281 258————l857——--—1500

L
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S APPENDIX B: COMPUTER RECOIL SIMULATION

An interactive computer routine was used as a design tool to

simulate the performance of hypothetical recoil mechansisrn. The progr~im

allowed user definition of various combinations of recoil forces in-

cluding Coulomb friction , spring compression , and viscous drag.
I-

Computer simulations of recoil force , speed , and energy trends for

a 155 mm cannon using three different hypothetical recoil mechanisms are

plotted in Fig . Bl. The three simulation s shown all incorporated a

275 lb/in , counter-recoil spring and were designed to all produce 3 feet

of recoil travel for a 7000 lb recoil mass. The three recoil mechanisms

produced recoil forces as shown below:

for x recoil travel in inches.

v recoil speed in ft/s,

F recoil force in ibs ,

A - constant load FRM , F 112000

B — recoil spring loaded FRM , F 5550 (x -t- 6)

S C - hypothetical hydro-pnneumatic recoil mechanism s

with spring , F 114 V 2 
+ l000( x + 6)

Tabulations of all user-definable simulation parameters along with

a short form simulation output are contained in a sample terminal

session printout following Fig. Bl. A FORTRAN source code listing of

the program is also included for completeness.
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1
SAMPLE TERMINAL SESSION 1’RINT OU J

S CANNON RE C~~ IL S I M U L A T I O N  -

SNORT 09 :  10 T T Y  ON LY
S L O N G O V I F  r~ flY AN D F I L E  RECOIL

- 
155 NH C A N N O N  DEFAULT SET

ST OP= 0 , R(J~ =I , LT S 1~ -2 , CH ANG E ~~3 ! 7
S 

,j• 1-
LIST
N0N E~0 , CANHON = 1 , PROJECIILE~2, RECOJL:3 , CO UHTER —R ECOIL 4 — ALL~5 ? 5

-
_ CANNON PARA ME TERS 

-

1 — t~-~ E (U’ ) 155 .5-

1 2 — U E l 6 U T  ff l~ RECOil. MA SS (Lfl 7000.00
I.. 3 — EL EV A T I L ~~ t:~~~ 1E L E G)  60.00

4 — Cf ~A DLE Ff ~ ICT IC ~~ .10

L. P R O J E C T I L E  PA1~ A N E T E ~~~1 — PROJECTILE (4E16111 (18) 96.00
2 — I N— T U B E  T R A V E L  (IN) 200 .00

- 3 — IN— T U B E  DRAG F A C T O R  5 .00:: R E C O I L  PARAMETERS
FOR V ~ R E C O I L  SPEED
RECO IL FO R CE C~1H SIA ~~T + Clxv + C2XVX V + C3 XV XVX V
1 — CONSTANT ( LB ) 112000.00

1 2 — C l  ( I B/ F F S)  0.00

- j, 3 — C2 (LB/FPS/FPS) 0.00
4 — C3 ( L B/ F PS/ F P S/ F PS)  0.00

S 

COUNTER— RECOIL  PE; i~:~ TIERS
1 — SPRING INITIAL i:FLECTION (IN) 6.00
2 — SPRING CO ’~TAN T (LIJ/ IN) 275.00

ii . LIST 
- —

IIONE:0 , CAN NONaI , t ’ . J ECT ILE=2 , RECOI L=3 , COU NTFR- RECOIL=4 — ALL 5 ? 0

I ST0P~O, RUN:t , LI ST =2, CH ANGE 3 ? 3
S 

CHANGEL N ON E~O~ CANN ON = 1 , PROJECTIIE =2, RECOIL=3 , C0(JNTER-RECOIL=4 ? 0

STOP O , RU N ~~1 , L IST:2 , C H A N G E 3 ? 1

1 1
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OUTPUT — SHORT:l , LOKG :2 ? 2

ENti OF RECOIL
lI M E ( M S E C )  118.10
TRAVEL (IN) 36.0~
M A X SPEED (FPS) ~ 43 .18

IMPULSE ( LB—SEC )  .1345 ’45E +05
IMPUL SE INTEGRAL (LB—S EC—3 EC ’ .1435535E+04 

S

STOP O, RUW~1 , LIST~2c CHAH GE~3 ? 3

CHAN GE
NOH E~ O, CANt4OM ~ 1, PROJECTILE:2 , R E C 0 I L ~~ , C0 UN1E R- -R ECOI 1~4 ‘ 3

£SHAN0~ RECOIL — 

~ 
‘
~~~~~~~~, PARAME TE RS- ~t TI-~ U 4 1 1

PA RAMETER I 0L~ V . ~ . 112000 .
PARA M ETE R 1 ~EU ~~~~ ? 0

CHANGE RECOIL — 
~~ -~-E ~~0, P A R A MET E R S : 1  ~ :; :~ 4 ? 3

P A R A M E T E R  3 O L D  VA LUE 0.
PARAMETER 3 NEW VALUE ? 114

CHANGE RECOIL — UONE=0. PARAM ETERS= 1 1117W 4 ~ 0

CHANGE
NOME:0 , CANN ON: 1, PROJECTILE=2 , RECOIL~ 3 , COUNTE R- RECOIL--- 4 ? 4

1. CHANCE CDU N1 ER—~~T 0T L — NO~ E~0, F’Ai~A MET ERS :1 OR 2 ~ 2P A R A M E T E R  2 OlD ‘.; LUE 275.
PARAMETER 2 NEW V1~LUE 1 10000 - -

CHAP 3E C01’~TER—F ~r-~i — ~f~E=0, PA RAM ET ERS~1 OR 2 P 2
P A 4ET ER 2 OLD Y S L~ .E 1~

- 00.
PARAMETER 2 NEW ~.‘I~LU~ 1000

CHAN GE COUNTER—RECOIL - 
~~~Ez0 , PORAM ETERS: 1 OR 2 ! 0

C H A N G E
NONE~0, CA~NQ;~-~1 , PROJECTI L•E=2, RECO IL~3, COlJrlT [~ _REC 0iL :1 ‘ 0

STOP:0 , RUN= 1, 1161—2 , C1-IANGE J ~ 2

LIST
NON E O , CANN0N~1 , PROJECTILE :2, RECOIL~3, COUNTER—RECOIL~4 — A LL’~5 ‘ 5

I



S 
- CANNON PARAMETERS

1 — SORE (11 1$ ) 155

2 — W EIGHT OF RECOIL MASS (18) 7000.00

3 — ELEVATION ANGLE (DEG ) 60.00

5 4 — CRADLE FRICTION .10

PROJECTILE PARA M ETERS
1 — PROJECTILE WEIGHT (18) 96.00

1. 2 — IN—TUBE TRAVEL (IN ) 200.00
3 — IN—TLl~E ! f ~P-G FACTOR 5.00

RECOIL PARAMETERS
• FOR V = RECOIL SPEED
- - RECOIL FORCE C ON S TP. T + C1 X V + C2XVXV + C3XVX V XV

I — C O N S T A N T  (15) 0.00
- 2 - C? (LB iFP S ) 0.00

3 — C? (LB/FRE/FPS) 114.00
4 — C3 (LP/FPS/FPS /FPS) 0.00

- 

COUNTER-RECOIL P-~RM’~TE R S 
S

I — SPRIN G I I I I TUI  L~LECTION (IN) 6.00
2 — SPRING CONSTANT (LB/IN) 1000.00

• LIST
S W O N E~0, CAflNON~ 1 , PR OJECT ILE=2 , RECDIL=3 , COUNTER—RECOIL=4 — ALL=5 ? 0

STO P:D, R UN:l , L I ST~ 2, CNANG E~ 3 ‘ 1

L OUTPUT — SHORT;? , LONC=2 1 2

- END OF RECO ILI TIME (MSEC) = 167.80
S 1RAVEL (IN ) = 36.00

M A X SPEED (FPS) 41.69

• IMPULSE (LB-SEE) .1345145E+05

- - IMPULSE INTE GRAL (LB-~~C—SEC) .2104075E+04

- -  
STOP=0 , fwFY~-l , LlS T~ 2, CHANG E= 3 ‘ 3

CHANGE S

N ONE = 0 , ~~~~~~~ PROJECTILE:2 , RECOILr3 , COUNT ER—RE COIL 4 1 3

CHANGE RE C C L - ~C~-~E:0, PAR AM E T ERS I THRU 4 1 3
PARAMETER 3 ~~~ ~.‘:LUE 114.

PARAMETER 3 t ::u VALUE ‘ 0 5 -

1. CHANGE RECOIL - HONE=0 , PA RA IIE TERS = l THRU 4 ‘ 0

r CHANGE I t

NONE O, CANNON :1 , PRO,JECTILE:2 , RECOIL:3 , COUNTER-RtC011 4 ‘ 0

STOP~ 0, RU 14 = I , L IST=2 , CHANG E =3 ‘ 3
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CHANGE 
S

NONE=0, CANU ON:1 , PR O J E CT I LE~2, REC OIL 3, COUNTER—RECOIL 4 1 4

- s  CHAN CE COUNTER —R ECOIL — NONE=O , PARA M E 1tRS~1 OR 2 P 2
PARAMETER 2 OLD VALU E  1000.

I. PARAMETER 2 N EW VALUE ‘ 5550

CHANGE COUNTER -RECOIL - NONE= 0 , PA R AM ET E R S~~1 OR 2 1 0

CHANGE

S 
HONE= 0, CANNON =1 , PROJECTILE=2, RE COIL 3, COUNTER—RECOIL :4 1 0

STOP=0 , RUN= 1 , L I ST:2 , CHA NG E = 3 1 2
S 

LIST
NOHE O, CANNON :1 , PR OJE CTILE 2, RECOIL 3, COLJiITER—RECOIL 4 — ALL:5 1 5

CANNON P A R A M E T E R S
- I 1 — BORE ( MM ) 155

2 — WEIGHT OF RECOIL ~~ S (LB) 7000.00
- 3 — E L E V A T I O N  A~9~LE (BEG) 60.00

4 — CRA DLE FRICTI ON .10

- - I PROJECTILE PARA IIETERS
1 — PROJECTILE ~E~~ -IT (18) 96.00
2 — 114— TORE TRAVEL (IN) 200.00 —

- 
3 — IN—TUBE DRAG FACTOR 5.00

I. RECOIL pç
~ AMETER5

3 FOR V RECOIL SFEE D
j ~

- RECOIl . FO~CE CO~- :STANT + Clxv + C2XVXV + C3XVXVX V
1 — CONSTANT (ID) 0.00
2 — Cl (ID/IRS) 0.00
3 — C2 (IB/FPS/FPS) 0.00
4 — C3 (LB/FPS/FPS/FPS) 0.0~

COUNTER —R ECOIL PA RA NE T~~:31 1 — SPRIN G INITI AL BEFLZC IION (IN) 6.00
1. 2 — SPRING CONSTANT (ID/IN) 5550.00

-
- LIST - 

S

IIONE:0, CAUNOl4:1 , .. JEC I!LE=2 , RECOJLt~, COUNTER—RECOIL~4 — ~J•~5 
1 0 —

~~

• STOP=0 , RU N~T , LiiI~’2, Cl14t16E=3 1 1
1_. OUTPUT - SHORT :? , LOXG:2 1 2

END OF RECOIL
TIME (MSEC ) 94.20

- - TRAVEL (IN) 36.02
MAX SPEED (FPS) 50.08

IMPULSE ( IB—S EC) .1345 145E+0 5
S 

IMPULSE I N T E G R A L  ( L B — S E C - S E C )  ~ .1114048E +04

~& 1. 
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FORTRAN SOURC E COVE iJVT SINL~

S PROGRAM P1AIN (INPUT ,OU 1PUT ,REC O IL ,TAPE 1 0U’TPUT,TAPE2~RECOIL)
REAL CA ( 4 ) ,PR(3) ,RE (4 ) ,CR (2 )

S REAL AO (3),AN (3),VO (3),VN (3),S(3)
S C

C INITIALIZE TO 155MM CANNON UITH IRM
C
C CAN N ON PARAMETER S
C 1C USED FOR CA (1 )
C

S IC~155
CA (2)=7000.0 

S

CA ( 3)~60.0 
S

- CA(4)—0 .1

C
- C PROJECTILE PARA M ETERS

C
PR (t)=96.0 S

- 
PR(2}=200.0
PR (3)=5 .0

- C
- C RECOIL MECHANIS M PAR A METERS

C S

- RE ( 1)=11 2000.0 - 
S

RE(2)=0.0
RE (3) 0.0
RE (4 )=0.0

I C
1. C COUNTER—RECOIL SPRING PARAMETERS

~S C
S - -  CR (1)~~6.0CR(2 )=2 7 ,~.0 -

PRINT ~~~~~. ~;0C
S C CONTR OL LOOP

I - -  C
10000 CONTINUE

- PRINT s ,’
.. PRINT *,“STOP=0, RU$=1 , LI ST~2, c:; -i=3 “,READ s,1~UN

IF (IRUN.F.O.0)GD TO 99999
IF(IRUN.C0.1)Ofl TO 10001

S IF (IRUN.EG.2)OO TO 10002
- IF (IRUI4.EU.3)OO TO 10002

60 TO 10000
~~• C

C LIST/CH A NGE LOOP
I CI 1. 10002 CONTINUE

PRINT ~~~,
a a

j  IF(IRIIH.EQ.2)PRIPIT .-f’, IIST”
IF (IRUN .EQ.3)PRINT *,MCHARGE”S

- Il
- ~~ I ~~~S5~~~~~~~~~~~ 5 ~~~~~ s~~~~•
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~ 10015 CONTINUE

r PRINT *,MNONE=O , CANHON:1. PRDJECTILEa2,”, S

I PRINT s,’REC OIL:3, COUN TER—RECO IL 4 “,
IF (IRUN.E G.2)PRIHT • ,~~~

— ALISS a
,

• READ *,IGR
S IF (IGR.E0.0)GO TO 10000

3 IF (IGR.E~).5)6O TO 1 0027
I IF (IGR .LT .1)GO TO 10015

S ~ J IF (IGR.CI.4)6O TO 10015
- - S 

IF (IRI’N.L ).3)GO 10 10003
C

S I C LIST C~~~T 1~O11ER H
C

S GO TO (10004,10005,10006,10007).ICR -
~~

—- 10027 CO NTL -~~
PRINT 20001 ,IC ,CA ( 2 ) ,CA ( 3 ) ,CA ( 4 )  S

S PRI N T 2 0(02 ,PR - 
S

PRINT 2~ -:-oJ ,RE
1 P R I N T  ~~O O4 ,CR

60 TO 10002
S 10004 conr~~: - ~

PR1l -~T ~ - 00I,IC ,CA (2),CA (3),CA (4)
~ I GO T~ 10002

10005 CO NT I~~E f~!.
- PRINT 20002,PR

L 60 TO 10002
10006 CONTIN UE

S PRINI 20003,RE :~GO TO 1(( -02
.- 10007 COH 1flL~S PRINT 20004 ,CR

S GO TO 10002
C

S C CHANCE CONTROILC~C
S 10003 C ON T I~~”

- GO I C C ? -  08,10D0? ,l0O~0,100?1 ) ,IOR
- S  

10008 COI4TI ~~~ 
S

S P RINT ~~~~
N

~~- PRINT s,~CNAN GE CANNON — NONE=O , PA R AP 1~TE~S=1 ~~ J 4

REA D *JP
I r IF (IP .EQ.0)GO TO 10002 

5~~~~

~ f IF(IP.E0.1 )GO TO 10012
IF( IP.IT.2)GO TO 10008

~~- IF ( IP.GT .4 )GO TO 10008

I’ PRINT s ,NpAR A METE R “,JP ,” OLD VALUE ‘,CA ( IP)
- 10013 CONTINUE
- PRINT s ,’ PARAM ETER M ,IP ,” NEW VALUE N

,

READ * ,CA ( IP )
IF (CA (IP).LT.0.O)6O TO 10013
GO TO 10008

I_ .
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- 10012 CONTINUE
PRINT t ,”PARA METER ~,IP ,” OLD VALUE ~,IC

• -  10014 CONTINUE S

PRINT *,‘1PARANE TER M ,IP ,’~ NE W VALUE “
, S

READ *,IC
IF (1C.EO .l05)GO TO 10008
IF (IC.EQ .155)GO TO t0008

- 60 10 100 14
10009 CONTI NUE• PRINT ~~,

N U

PRINT •,‘1CHAI4GE PROJECTILE - N ON E O, PARAMETERS I THRU 3 “,
- I READ ,IP HI. IF( IP.EO.0)CO TO 10002

I P ( I P . L T . 1 ) 6 C  TO 1000 9
- S IF( IP.OT .3)&O TO 1000?

S PRI N T *,NPARAMEI ER N ,IP , 1 OLD VALUE “,PR(!P)
10016 CO~TI:UE

PRINT ‘,MP~RAME TER 
U
, Jp ,

N P1EV VALUE “ ,

READ *,PR (IP)
IF(PR( !P) .IT .O.0)GO TO 10016

- S  60 10 10009
-

S 100 10 CO UTINI IE S

PRINT ~~ 5

S~

PRINT *,NCIIANGE RECOIL — NQNE=O , PA R AH ET E RS *1 THR U 4 0
,-- READ *,IP

• IF(IP.E0.0 60 TO 10002
IF(IP.LT.1)60 10 10010

I: IF(IP.GT.4)GO TO 10010
PRINT t ,”PA RAPIE TER ~,IP ,” OLD VALUE “,RE(IP)

10017 CONTINUE
- P R I N T  s,”~’,Y’ iMETER “,IP ,0 NEU VALUE “

, i-
READ s ,RE(::-.
IF(RE( IP>.~1.0ID)6O TO 10017
60 70 10010 -

1 10011 CONTU4 ;~L PRINT $ 0  a

PRINT * ,‘C -

~~~~~ COUNTER—R ECOIL — NONEsO , PAi~A~TTERSst OR 2 “
,

- -  READ * ,TP
I - IF( IP.EQ.C~~ TO 10002

S IF(IP.LT .I )G O TO 10011
I F ( I P . G T . 2 ) G0 TO 10011

L PRINT • , 0PARAMETE R 0 , IP ,” OLD VALUE “ ,CR( IP)
10018 CONTINUE

PRINT *, PA RANE T ER “,IP ,~ NEW VALUE ,

REA D s ,CR( IP)

~~~~ 

- 

I F ( C R ( I P ) .L T . 0 . O ) G O  TO 10018 5
60 10 10011

p 
~~~~~~~

-- -

~~~

-

~~~~~
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C
C RU N SEGMENT
C
10001 CONTINUE

PRINT •,u N

I - PRINT c ,’ OHTP UT — SHORT= 1 , 10116:2 H
, 

S

- R EAD s,I OU T
I F ( I L W T . E O . 1 ) G O  TO 10022
IF (IOUT.HE.2)GO TO 10001
WRIIE (2 ,200 )
URITE (2,20001 )IC ,CA (2) ,CA (3) ,CA (4)

S 
U R I T E ( 2 , 2 0 0 02 ) P R

WRITE (2,20003)RE S

UPITE (2 ,20004)CR —

URIT !t 2 , 20006 )
100 22 COUT1 ‘E

• C
C INI1 I’~ TIOU (31 RUM CG2STAN rS AND ‘JARI-~~LE AT TIME ZERO
C

S T UL ‘57.2?~ 779~ I

t S1~ ~)
- CT:r ~)

C ONC ” ; L ( 2 ) * ( S T-CA ( 4 ) * CT )
(l)*(ST+PR (3))

‘ S

C
• • C USE EXIT=l.0 FOR PROJECTILE OUTPUT

C
EXI T~0.01. V$AX~O.0IN T ER ~?
IF(IC.EQ.155)JNTER=?0I DO 10019 1:1 ,3
VU(1):0.0
S(I)~O.010019 C ON T J?SIJ E

L 7=0.0

- 
CALL ~~ EC;-~(IC ,T,BF)I RFr~~(1)+C~?(2)*CR (1)I. ~~~~~~~~~~~~~~~~~~~~~~~~~
~~~~~~~ —CO~~)*366.OO8/P~(t)

7 A G ( ~~~~~ — -
-

tJ:0.0
S IF(IOUT.EO.2)IJRITE(2,2000?)T,S(1),VO (t),F,UI C S

- C TIME LOOP
C
C INTEGRATI O N VARIA B LES A - ACCEL OR BREECH

L C V - VEL OR IMPULSE
C S — POS OR INTE6R OF IMPULSE
C N~l RECOIL MAS S
C :2 PROJECTILE
C :3 IMPULSE

L C

______ ~~~~
• -
~~~~

-
~~ 
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DO 10020 IT:1,30000
S T =F LOAT ( IT ) I DT

CALL BREECH (IC,T ,BF)
V =VO ( l ) / 12. 0
RF RE (1)+RE (2)*V~RE (3)*V$V.RE (4)*V*V*V+CR (2)*(CR (1)+S (l))- A N C I  )~(8F+CONC-RF)s386.088/CA (2)
AN (2) IRF—CDNP)s3B6.088/PR(1)
A PI(3): BF

C 4
C SIMPSON INTEGR ATION AND UPDATE LOOP

-I. C
DO 1002? 1:1 ,3

S DELTA DT*(AO (I)+AU (I))/2.0
S IF(VO (I).6T.0.0)6O 10 10025

IF (DELTA.LT .O.0)DELTA~0.0
10025 CONTIU UE

VN (I)
~VO (!)+t’ELTA 

S

L .  S(I)=S(I)+DTs(VO (I)+VN (I))12.0
AO (I)~AN (I)
VO (I)~VN (I)

L 1002? CONTINUE
11=1*1 000.0 - 

-

IF(V O ( I ) .GT. Y tIA X )V MAX V O ( 1)
1. C

C LONG OUTPUT PRINT
- - C

IF(IOUT.E0.1)Ci) TO 10026
IF (M OD (IT,INTER).i4E.O)CO TO 10026

S 
- 

V=VO (1)/12.0
I F=RF/1000.O

U =F sV
WRITE (2,2000?)TT,S(1),V,F,U

r 10026 CONTINUE
I C

C CHECK FOR END OF RECOIL ZERO VELOCITY
-•  C

S IF(VO (1).LT.0.0)GO TO 10023
C

- C CHEC K FOR PROJECTILE EXIT
C

X (S(1) +S12)):~EX 1T
IF x.LT .F ;~c2nc: TO 10020

V)W 2=V O(2 ) / 12.0
V R I T E (1,2 0 - - ’)TT,VMU Z
1F(IOUT.EO.2)t~ ITE (2,20008)TT,VPiLlZ

10020 CONTINUE -

a -  C
C EN D OF TIME LOOP

5~~~~~~~~~
_ C

S ~ I• C RECO IL END OUTPUT
C
10023 CONTINUE S

VMAX :VPIAX/12.0
S ~ URITE (1 ,20009)TT,S(1 ) ,VMAX ,V O ( 3 ) ,S(3)

~ . IF( IO UT .EO. 2) URITE (2 ,2000 9 )TT ,S f l ,VMAX ,VOU ,S 3 )
1 60 TO 10000

- 

99999 CONTINUE

- h  
_ _ _ _ _ _ _ _ _ _
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I

C

C FORt4ATS -

C
20000 FORMAT (/*CAIffiON RECOIL SIM’JL~~ 

/

/ sS UCRI OUTPUT TO
2 /*LUNG OUTPUT TO ITY (

~
- - 

~~ RE C~It*/ 
S

‘ S  3 / * 1~ 5 NH CA~ PON P H ~1J1 I)
20001 FOR1IAT (/*CAt4UON PARAh ETE RS*

A .  1 1*1 — BO rE ( P1 i 1) - ~~, T4 - ~~.P -

2 / *2  — U E I ~~S 1T ~‘F RECCTI - -~~ (LE~ :4~,T40,F1O.2
3 /*3 — ELEVA TIO~1 M~OLE E~ )*,T4 O ,F1 0.2
4 1*4 CR~ i~1E F~ ICT IQ H~~~0,F1O.2)

20002 FOR~~T(/*F-1S0JECTILE F E T ~~~*
1 /51 — P R O J E C T I L E  ~~~~ ( t B) s ,T40 ,F 10 .2
2 1*2 !U Tt4 E T~~VEL (IN)* ,140.F10.2
3 1*3 — I~ -TC ~E ~r?~G F~CT 0R * ,T4 0 ,F10.2)

20003 FoRr~AT (/* :corL r t~: , :E T ERS *
1 /sFO~ V RECOIL SPF~fls
2 / * RECO JL FO’~ E rC~’~ r ;~iT + C l xv  + C 2 X V X V  -I- C3XV >~VXV- *
3 1*? — CO N ST ~~T ( L B) * ,T:~-~) ,F20.2
4 /*2 — Cl (Lt~/FPS)s ,13O ,F20.2 5 , .

5 1*3 — C2 (LP/FFS/FPS)* ,T30?F2Q.2
6 /*4  — C3 CLI .’FF-S/FPs/rr-S)* ,T~o,F2O.2

20004 F U R W A T ( / * C O U N T E R — R E C O I L  F~~R A ~1ETERS *
/*1 — S P R I ? ~B I n I T i A L  t E F L E C T I 0 ~ ( J t : ) * .140, F10. 2  S

2 / *2 — SPRJ!J 3 CON~ TEW T ( L E ~/ Pfl* , T4 0 , F 1 0 . 2 )
20005 FORflAT (/*CA~WON F E C O I L  SINJLA TION *) 

S

20006 FORH~T(/t TI rE TRA VEL SPEED RECOIL FORCE*
S 1 ,* ENERGY DISSIPATION s

2 1* (MSEC) ( IN) (FPS) (1000 L13):4:

3 ,* ( 1000 FT-LD/SEC)*/)
20007 FOR~ftT (3F10.2~2F2O.2)
20008 FORNAT ( / 5 CT TLE EXIT S

1 IsTfl:: (~~~ZC) s ,F 10 ,2
2 / * ‘ ~‘ E ‘~ i O C I T Y  (FPS)  = *,F10.2/)

20009 r o RMAT (/ ~:~~ ;~ ~:coris
I i*Tr ::: ~~~~ s ,F10.2
2 /s1F~,’~~ . (1~~ s,F10.2
3 /* NAX -

. ED (FPS) *,F10.2/
4 /sIHPUL~~ (LP—SE C) s,E20.7

- - F 5 /s IMPUL~E INTEORAL (LB-SEC-SEC) = •,E20.?/)
• - STOP

END

ii 
_ _ _ _ _ _ _ _
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C
C
C BREECH FORCE CU RVES PER RAP C( 1M--DO V L R - —

C
C

SUI~RO( IT1NE BRI ICH ( iC .T ,F)
REALS A C ? l ) ,~ (~’ I)
DATA A /t O.,1~ . ,I 4. ,1~ . ,20. ~~~~~~~~ .,36.,-)2.,49.,1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~2 27B.,?~4.,2O5. .321 ~~~~~~~~ ,4?0.,-~-~ .4 ~~ . ~~~~~

3 533. ,~~ 3. ~~~~~~~~ ,~ R) . , 5~~~~. ,5~tc . ,~ R3, ~~~~~~~~~~ ,~~‘0. ‘~“

4 538 . ~~~~~~~~ ,48 0, ,46 1 . . 4 4 1 .  , 4 2 1  . , -~n i ., i81. , ;~~~~~~.,
5 343. ,32 5. .300 . ,2~ 3. ~~~~~~~~ .261. ,2 -~O. ,23~ . ,22 4.  .2 11.,
6 200., 190. ,181 . .1 ‘2.. 16 3. .155., 140 .. 142., 1 3-). • 2$ . ,  

p

7 123.,tI8., tI3. ,108.,f04.,~9.,?6.,92 .,~ ?.,~-&., S

8 B2.,~ ~.,76. ,;‘4 ,71 . . 65.  ~~~~~~~~~~~~~~ 
-
‘

DATA U/2.,1/. .30.,69. ,l 36.,16?•, I~~I. ,116., ?4. ,6.S. .54.,
40.,3:. .2?. .26. ,24. ,22. , ‘ 0 . ,  18.. 1 6.5, 15.,

2 14.,1:~.,I2., 11 .. 10.,9 .G.5 , ’.0.7.2,6.r .
3 8.3, :~~. ?, 5. 4 , 5. 0 , 4 . 6 , 4. 3 • 4. 0 , 3. 7 • 3 . 4 . • I •
4 ~~~~~~~~~~~~~~~ 1, 1.9. 1 .0 ,1 .2 ,1 .6,) ~

,
,

5 l.5,).4,).3,1.:’,I.1 ,I 0,O.9,0.9,0.8.0.R , S

6 0.0,0.1 0.7,0.?, 0, 7,0.6,0.6, 0. 6.0.5,0.5,
7 0.5,O.5,0.5,0.4,O.4.0.-1.0.4,0.3,O.3 ,0.3 ,
S 0.3,0.2,0.2,0.7,0,?,O.l.0.I ,O .I,O .I ,O.l/

F:0.O
I F ( I C . 1 : O . 1 5 5 ) i -~ 10 10000
IT:14IFIX (T s1~5 k . O -~~.0~01)
D ( I 1 . 6 l  • c 1 u 0 TO ‘?9’~ ?

~~~~~~~~~~~~ F:1000.O*A (JT)
- 

- 60 10 9999’9
10000 CONTI~ t ’~

IL.l4(T~1(00.040.0O01 )S 

IH=IL+ I
IF (IH.~ T.91)C~

) 1)’ 99999
TL *FL (~ T (IL— t1 /t000 ,O
I II~F LOAT ( in- ; / I
FL B( IL )
F H~B( IH)

F’F * 10000 .0
99999 CONT INUE

RETURN
S EN!)

- —~~~~ -
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S

- I - API’)nN~)iX ~‘: F~2J~CF AM PLiI ’1~’ATION

To~g1c ~~~~~~~~~~~~~~~~~~

~ 
I. —

14

~~~~~~~~~~~

— 

P ( t)t.111 4 i OtA )

2 Ay t~tn ~ ~y( i/M A )

Symbol 
____

- - in. ‘ro le arm lenath

- 
P lb~ Output i~’vc.-

- I F 1b1 Input .tc tu ~i t ni’. i ¼’rc ’

I - ,  
degrees Toggle au~le

- Ax in. Output ti’;wt’l

in. Input travel.

S 
MA Mech~iui~al advantage

S

I I
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Sample c.Liculatiom;

Giveu :

I = JM.5° , 
-

• Using I quations:

•

x 0. 5 Ay

1’rictioual_W~~~~ n7, S~ 1 -Fii -r iz~ t~~~~~~~ii~~~i~~n

[ Grounded t-~~ss

I Wedg

I Friction Pad J f 
1 

—

I
- Recoil  M otion —~~~~~

—

I I
II’

f aji F = = pR(cos q - 
~~R 

s1n4 )

I ~~~~~~~~~~~~~~~~~~~~~~ 

____  
I

-5— -:
~ - —~ ~~~~~~~~~~~~~~~~~~~ :~~~~~~
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I
Symbol Units Definition S

f ibf Frictional force 
S

a 
- 

Self —encr~ i : i  t o:i I ~ c t ~~-

L - )~1 Frict iOfl ~‘id  cc’( I I Ic icnt  ~ f i ~
- i~- t. i

• • F lbf Actuating I .~~-cc

I N ibf I i ~5 t 5 L~~fl- ’J I k - I - f l~31 I ~‘i c ~-

I 
R lb~ Wedge I’c~lc t I ~‘n I~~~ 

5 j~ 1 1 ~ i’C - -

degree Wt’dge ~~ ‘le

- Wcdgc ~~~~~~~~ I ~ci n t  ~- l  I i - ~~ t j - ~L

Sample C~ L~-u1at ion

Given values:

151 0.30,

1.

Ii 0.10,

f 17 x 1O
3 
h

f 
( one of eight padL;)

L Using Equat ions:

1. 1’ 16.7 x ~~ hf

N 56.7 x ~~ hf

R 65.6 x lb

F
F
I S

I.

-5- S--~~~~~---p—-~~~~~~~ - -~~ -- ~—~ - — — - - ~~~~~~~~~~~~~~~~~~~~ ~~~~
-5,-
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1. 71

S 
Pivot ed Pad Se.if-Lii~~~~- i : : i t  ion ~ju~~ ionr -

F
s

- 

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

~ 
- 

d Grounded Mass

Leadin~~E g e  f~~~~ 

- 

r

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
Recoil  Motion —

- D~~~2(3d
2

— 3 ~~d + ~~
2
)— 3ph (2d —~~)

f apP; a = 3s(2d —

= p( F/2~w);  p 6sd/D;

[ ‘~ ~~max 
d2 ; (2d — 2~)2,w/2d

3

[
F
I:
F

11

I - - ~- 5 S ~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~ - S’ - - S - - --~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~~~~~~~~~~~~~
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- Symbol Uni ts  Defini t ion

E d f t  Pad leading edge to pivot distance

- f t  Pad length

[ Pad coefficient of friction S

h f t  Pivot height above friction surface

s f t  Load application distance from pivot

I- W ft Pad wid th

f hf Frictional force

I a Self-energizing factor

I- F ibf Actuating foce

• 
~max 

psi maximum pad normal pressure

- I p Pressure factor

Width factor

- I D ft
2 

Calculation constant

L 
NOTE : To prevent pad trailing edge shatter by localized locking ~:oc

r > p h .

S [ Using Dimensionless Parameters

= s/d ; ~ 9/d;  6 = h/d ; 6 w/ d ;[
- 3ct(2 - ~~~) / E ;  p = 6ct/E; 4 = 0 .5(2  — 86

[
II 

S

I
-5 - - - - - - - - -~~~~~~~~~~ —~~~~~~~ - - — ~~~~~~~~~~~~~~~ - -- — ——--~~~~~~-- 
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Sample Calculations
- 

Given values:

- j d = 3 f t

s 3ft a - = lI. 2.7 f t  8 0.9
- - - I h 1.2 ft  6

S 

f 17 x IO~ Th~ (one of eight pads)

p 300 psi- max

Using equations:

1. a 1.8l F = 3 l , 3 x 1 0 3 
~ 

S

— p z 3 . 2 9  w = l 0 . 6 in .

0.1146

6 0.29 14

E l
1~
LI
1 

- - -- - -

~~~~~~~ 

-- ----- - -

~~

- 
_ 

_ _

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



1’ 
APPENDIX D COUNTER-RECOIL SPRING

- 
Counter-recoil Spring Equation

WL2~ sin 0 + 2151~ ~ cos 0 + (v2/g)]
k =  R~(2xsL ) 

-
S

I Symbol Units Definition

k lb / f t  Counter recoil spr ing constant

W lbf Weight of recoil mass

- g fps2 Acceleration of gravity

I -
£ ft Recoil travel

1 0 degrees Cannon elevation angle

Coefficient of friction between

I S recoil and grounded masses

v fps Recoil mass velocity at end of

‘- counter recoil

- 

ft  Initial deflection of spr in g

1

F

I
[
F
I

S _ _ _ _

vs
___________________..

~~~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ ~. ~~~ -
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- Sample Calculations

1. .Given values:

105 Cannon 155 Cannon

• 
W(lbf) 1500 7000

j . £(f-t ) 2 3

S 

~~~~ 

0.1

v(fps) 0

x (ft) 0.5

- - 0(degees) 60

- Using Spring Equation :

- 
105 Cannon 155 Cannon: k(lb

f
/ft) 912 32014 I 

—

k(lbf / in.)  76 267

- Sample Helical Compression Spring with Squared and Ground Ends:

Outside Diameter 15

Inside Diameter 12

Wire Diameter 1.5

Free Height 60 in.

[ Compressed Height 18.145 -S

Number of Coils 12.3

[ Number of Active Coils 10.3

Spring Constant 262 lbf/in.

F .
L
L H

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

~~~~~~~~~~~~~~~~~~~~~ 
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APPENDIX li: FRICTION MAT E RIAL IMPULSE SHEAR TESTING S

Proposed FRH frictional braking using sintered metal friction

materials differs from current uses of these materials in two ways. Tho

duration of brake actuation on aircraft and off-road vehicles i~ on .—

order of 2 ’~’ ~-oiids while FRM braking stop time will be on the ordex’ -~

1 100 mi1] i~- . ~. Also , current sintered metal braking app1icati¼ -n~
;

load the fi ~-~~ion pad onto a kinetic fr iction surface while INM con-

I~ ceptua1i~ ations will preload the friction pad onto a stationary friction

S surface which will become kinetic by the impulse of f i ri ng .

- - Both of the above differences will produce large i~~p act -J  ike shear- —

ing stresses in the friction material at and near the friction inter--

face. The physical and frictional performance of sintered metal ma-

- 
terials subjected to such impulsive shear loading ha s never been simu-

lated and has direct bearing on FRM feasibility considerat ions.

A. Two possible impact shear testing methods for candidate fi-iction

tterials may be used . The first would use an existing full--size impact

-awder recoil gymnasticater to supply the basic hardware and impulse

1. -cat ion . For simplicity of hardware modification , friction s1idin~’.

- js would be attached to the grounded mass and hydraulic calipers wi th

flexible supply lines would be attached to the recoiling mass to load

full—size sample pads of the friction material onto the sliding ways. 5

An alternative impact shear test ing method would be to use a

1 scaled rig to test small friction material samples. The dead-blow of a - 

-

pendular weight on a small recoiling mass would provide a scaled im— S

pulse. Scaled friction ways and hydraulic caliper loading of the fric-

tion material specimen would be required to reproduce the nominal rub-

bing speeds, friction material normal pressure, and stop time i-rcd ieted

Li fox’ full-size FRM operation. 
S 

5- 
__—-5-- —~~~-~~ —


