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~&Ieat transfer, melting, and erosion tests were conducted using a i.a~iqueShoc k Tube Gwi Faci l i ty  available at Caispan. Materials of interest were sub -
)ec t ed to intense heating using non- reactive gas mixtures . Pure melting of
materials wa s obta ined at heating conditions representing those of actua l gims .

A co~~uter code was for .alated written , test ed , and shown to adequately
normal ize th. gross thermal data , thus permitting determination of .xp.ct.d bore
t emperature s and/or material loss for giv en heating conditions. — ------_~~~~~ ~~~~~~
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20. (cont ’d)

t was found that. althoug h the bor. surf ace t..perature of steels test ed in
th. non -reactive gases of the Shock tube Qizi achieved t emperatures of the s~~~magnitude as those in large caliber gun s where bore sur fac e cracking is produced,
no similar surface cracking of steels was observed . It is concluded that chemi-
cal activity of gun gases is partially responsible for crack initiation in gun
tubes.
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1. INTRODUCT ION

Bore heat ing at high flux rat e can resul t in bore surface temperatures
exceeding the melting point of some steels. This melting region is emphasized
in more recent high kin et i c energy weapons where very high charge-to-mas s
ratio is generally used to produce required projectile veloc ity, with atten-
dant inc reased pressure and propellant gas flow . For this situation , genera l
surface melting has been suspected to have occurred even in single-shot
fir ings . 1 There was , however , evidence to suggest that the iaelting exhibited
by steels in question arises in part by chemical activity at the surface
which lowers the melting range of the steel (such as by addition of carbon)
and/or prevides additional local heating due to ezothermic surface reactions
Bore heat i nput measurements in such firings and estimated heat flux his-
tories allow direct computation of bore surface temperature histories which ,
i n genera l , are found to be much be low the melting point of the steel where
me lting is observed . Thus, the presence of chemical activ ity is indicated .

In testing heretofore , it has been difficult to evaluate the
mechanism of melting erosion and it s predictability through computer analy-

~ is because of inability to separate the effects of PUTC forced convection
heating of the bore from combined thermochemical effects. Use of pro-
p el l in ts contain ing carbon and oxygen as a means of providing bore surface
heating and erosion i- clearh in conflict with the desire for separation
of effects but has until now been the only means by which heating conditions
ot  sufficient magnitude could be produced . hith the introduction of its
Sh~~k Tube Gun (STG), described later in this report , Calspan has now
provided a too l which overcome s the limitations of the combustion approach
to erosion testing and can n~m permit examination of the thermochemical
nat u re  of erosion in the near-melting range . This report describes the
results of an exploratory stud y of melting erosion ucing the Calspan SIG.
The primary objectiv e of this baselinc stud y was to invest igate the
r~icl tin g erosion of various metal s in a gun-like environment using non-
rt - .a c t i v e  ~~~~~~ Ste e ls  w i t h  d i f ferent ..arhon content and other ma te r i a ls
wit h know n melt ing point were used .~~

.. test sub i ects. The amount of

~iu~ eri.i l loss f~’r given gas tes t  condi t ions ~~.ic a pr iina r~ measuremen t

~~~~ w i t h  measurement of bore heat ~ng through the use of specia l ly
designed calori me ter s . This pr1mar~ obiect ive has been largely achieved .

A secondary but i mport ant object ive was to develop a predictiv e
c .i:’ahili ty for melting erosion in terms of measurable test quantities such
is bulk heat input . A predictive computer code was developed which pre-
ccnt h yield s bore temperatures in essential agreement with those indicated
by 1ns~cction of the test sample , hut does not yet fully agree with the
amount of me lting erosion experienced by the sample. This remains an
.irca requirin g further refinement of the code .

1 . F.A. ~as sa llo , “Heat Transfer and Eros i on in the Ares 7S~~ 111gb Ve l ocity
Cannon ,~ Caispan Technica l Report No. VL-S64 5-D-I , October 1975.
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II . SIK)CK TUBE GI1~ FACILITY

Full scale tube Instrumentation and field test evaluations ,
although of great value in final performance testing of improved c harges ,,
should be preced ed by a more efficie nt and cost effective approach to opt i-
mizati on of propelling charges . Calspan has recently tested a unique
variable gun system , the operat ion of which is based upon shock tube prin-
ciplc s (Shock Tube Gun). Thus , i n contrast to measuring erosion that
resul t s from firing a vast number of rounds , the facility is designed
to be used as a developmental tool for a inition des i gn changes and to
assure an approach to opti mal a unit ion-tube interfaces. In achieving
thi s goa l , tests in the Shock Tube Gun are suppo rted by special erosion
and thermal sensors , metall urgical analyses , and ballis tic measurements.
Br i efl y , th e SIC generates a high pressure , high- temperature test gas by
a polytropi c compressi on process. As shown in Figure 1 , the facility
con sist s of a driver chambe r , driven tube , a f l y i n g  p i s ton , a gas co l lec t ion
chamber and an instrumented gun tube containing a projectile. Compression
of the test gas (the counterpart to the propellant gas in an actual gun )
within the driven tube is accomplished by motion of the flying piston con-
tained within thi s tube . Motion of t i , p iston is the result of force
applied b’i the pressure of the drive r gas . As the piston approaches the
coll ection chamber, the test gas pressure and temperature rapidly increase
in a time histor y represcnt .itive of actua l gun firings . A projectile
contained at the start of the gun t ube is acted upon by this collected gas.
Suitable means are provided in the facilit y to allow regulation of shot
start pressure on the proj ectile . Once rel eased , the pro~eetile ~s accele-
rated .ilong the tube in a b alli stic cycle dependent upon selected i nput
ta ct or ’.. ~a t a  regarding p r c— .sure . velocit y , heat ing, and erosion are
collec t ed t h r ~~~~h ~u~~-. jrcment s ~fl the ins? rumcntcd test barrel.

with stait.ihle variation in parameters , factors affecting erosion
such as press ure hi stor y . propellant gas v e l o c i t y , gas temperature , gas

~~pos it  ion • t u b e com;~oc i t  ion . and t’ropel Ian? additives ~~~y be inveSt gated .
the coapressi .’n ratio . ~tri. r: ~~~~ composition and i t s  i nitial condition s
essent ia ’.I- . ~o~ ern the ;-c.i~ tcr~;~’rature and pressure ; piston motion ,

~nfluenccd h. i t - . ~~.t . -.. .intl prc - cct i l e movement effect ivel ~ govern the pres-
sure ;‘ulse duration. \ariation of piston mass , i n i t ia l  condit ions , and
compression rati o then permi t independent change in peak temperature and
pressure as well as time . Obviou sly , the effect of change of driven gas
composition may be tested under cont rolled interior ball is tic conditions .
Thi~ ic a most powerful exper imenta l mode of operation of the facility.
Other variable items can also be explored in specific tests , such a’
rotating band design and the relationshi p between obturat lon and erosion.

i . Ucsign and Construction

The Shock Tube Gun is designed to adequately represent predicted
ba l l i s t i c  conditions w i t h i n  guns as large as the eight-inch howit zer. Thus ,

l l~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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it is designed to permit test ing at peak chamber pressures up to 40,000
psi and at project ile velocities up to 2500 ft/sec . Table 1 lists the
present structural makeup of the Shock Tube Gun. These values were
established through the use of a preliminary mathematical model of piston
act ion based upon adiabatic compression . Through exorcise of the model ,
approximate size requirements were establ ished with final selection of
sizes dicta ted by ava ilable eng ineering materials. The photographs of
F igure 2 illustrate the resulting Shock Tube Gun assembly as well as its
individua l components . As shown, the projectile launch components consist
of the driven tube, ch*aber and 3~~~ smooth bore barrel. These are
supported on a carriage which is free to move on tracks in the direction
of piston motion . The tracks allow movement of the carriage during the
extreme impulse loads imposed by the unbalanced chamber pressure during
test gas compression , thus ma intaining integrity of the supporting base
structure . In early firings conducted without installation of the tracks ,
splitting tensile failure of the supporting concrete structure was ev i-
denced, thus suggesting the need for a mount having less rigidit y .
Following installation of the floating mount system , which requires use
of a pneumatic brake on the driven tube for safety, test f~rings produced
no further damage to the concrete.

The project ile capture components consist of a telescoping tube
coupled to the barrel , a blast chamber , and a sand filled tube to decelerate
the projectile I m p a c t  zone). The blast chamber, the purpose of which is
to reduce the noise and pressure levels at projectile exit of the tube ,
.ilso contains an internal pr ovi sion for measurement of projectile velocit y
using velo city screens. The telescoping tube allows motion of the
carriage independent of the blast chamber.

Also shown in igure . are ~. iew s of the chamber and toggle
restraint system needed to contain the hig h chamber pressures and associated
axial loads . Chamber pressures are sensed using pic:oelectric pressure
transducers. The entrance region of the launch tube can acco odate
pre ssure , heat flux , and erosion sensing devices. The launch tube itself
is  a 30 smooth bore barrel , l. feet long.

Figures 3 and 4 illustrate tw o  essential components of tl’e
facility. Figure 3 show s .i view of the brake area at the upstream end
of the driven tube . This brake limits the maximum permissible axial load
on the driven tube during the rapid piston deceleration period . Without it .
loads could exceed the axial strength capab ility of the tube. In es s ence ,
load is limited by slippage in the brake at a preselected Io~4 below the
failure strength of the tube. The brake is a -

~~~~ ctuated and , thus may be
adjusted according to the amount of slippage .~~a red up to the strength
limit of the tube . The brake is presently used at only about one-half
capaci ty without excessive slippage. Hence , ich greater maxi~~a chamber
pressures than presently produced can he acco odated .

12 
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TABLI 1 . SHOCK TtJBI GUN CHARACTERISTICS

Configur ation Uata:

t)riven Tube 1.1). ~
‘. S in.

o r m yen rube Length 80. S 1 ft (9 () in.

P is t ~~ ri Are a 14 . 1’ 9 ~~~ in .

Piston We i ght Up to .~OO lb.

l’ro~e .t i Ic Uiam ctcr 1. lSl /~iO in./mo

Pr~ ie~ t i Ic Area I .09~. sq. in.

i Ic he ight tip to lb.

ver \ ol un~ ~~1 
• cu .  in

I ~ I 1 ~ - S cii . in .

Prcs~ uri~ - at  release 01 pro~ ec~~~le  ~. . i r i a ~’l e
i ~ ‘e Lezigth 15 in.
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A ~~i t w  of one of severa l pistons which are used to compress
test gas in the driven tube is shown in Figure 4. It is made from 4341)
stee l and weighs 150 lb. including the release catch at its rear end . As
shown , gas seal is obtained using “1” rings at the front and rear of the
Pis ton . Three brass wear rings are used to prevent metal-to -metal con-
tact between piston and tube . A buffe r pru i ect ion on the face of the
pis ton and a comp lementary close fittin g port at the end of the driven
t ube entering the chamber preclude direct impact of the piston with the
end of the driven tub e in the event that driven gas is  exhausted ‘
rapid l~ as by a fai lure in the chamber. The buffer prin e~~t ion is flecess i -

tatcd h~ the presence of the chamber volume at the end of the driven tube
wh ich can permit piston contact at the driven tube end wit h insuf ficient
chamber pressure development . Netal-to-metal impact if allowed to take
la~.e could cause damage to the piston and/or t ube face. The buffer

p r e s e n t s  th i s o5currence.

r i . . part icular combination of dr iven ( t e s t )  ga se s and
desired ba ll i s t ic result . Shock Tube Gun setting s namel. driver pressure .
;iston and projectile weig hts , and driven gas m i t  i .t l pru’ - s u rr are
Jeterruned us i n g  a simpl i fied computer code whi ch ~‘ode1s t h e  dynami c con-
.t .tions wi t ht~ the gun . he computer c ode  w a s  v a t  i.1.it -J in e a r l y  Je~~c lop

~~nt i t - s t  f t he ‘~T~ whereby p c ton po~ i ‘n • - • and
cc ti e y e t  a t  w e re mea sured and compared w~~t h h ‘‘r p red .

in t’ sari; I e of he ;‘e r fo rmanc e of the ode I i gure ~ shows .‘ c ompar i ‘on of
;-r~’dm5 t cd and mca surrd ~ha~ hcr pressure h i st o rme ’ it a . :d~ t ion representing

t h e  cig ~~~ inch how l t : c r .  It is clea r t .it charihe r pres’urr is
more th e ,idr tuat e I predi cted h~ the computer .odc both w i t  regard
.~ -~ t ides of ; ‘ r ess urc  and t inc . Using the ij -it cr c ’dt~, t hen . ~ 1L

,it f.m. t ors an be ho sen to result in p re se 1cc ted t u ‘nd it ions of
; , i r e , t emperatur i , ga’ . velo c i t y  and gas . ict  i~ i t~ it  t~~ie ent rance of
he i inch t ibe . The se  represent parame t er’ ih  ch a r t- ~ro rt an t  in tubc

heat  ing and er ‘ -
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Ill . ILIST PRL PARA T IONS

1 . ~~terials Svlection

As noted earlier the chief object m m — c of this work is to determine
gun condi t ions wh i ch  lead to pure melt ing at the bore surface and to
examine ~nd characteri :e bore surface condition after test in an effort
t o  establish baseline ma terial s behavior when suh~ected to severe heating
conditions in the absence of significant chemical act mv i t~ . To do t h i s
effe ct ime1 ~ • test specimens amenable t o  . inahsis and representing a
su f fi ci~ nt l~ wide range of therma l propert ie~ includ ing melting point
were fi rst selected . l a l t ie  list ’ the pure me tals and allo ys tested
in t h i work . These were  decnm J most .ippropr mate because of them r therma l
prop~ rt r.Ingt and , or their  s m m i i  arm I . t o  convent m ona 1 gun s t e e l s .

Pure melt ing of sol isI s esposed to m l  d i sC  heat i ng  i s  governed
; ‘ rm ma r i lv  bs the sey e r i t , of the therma l gradient with the body away
t rom the .ur fa~ ~ ~iiiJ the r~u gtt it  mkIc 01 i ts  mel t  m u g point . Be. •ause the rate
of co~iJuc t iou of heat aw.i~ from the heated . ur f.i~ t~ s much I es ~ than that
arriving at t he  s u r fac e  f r om the g.i ’ . t herma l gr .idient s — ith i n the material
beco me s t et h ’ and the ma t e r ia l  . a I: .,: r~ - ‘ni • a l i t t l e  heat  be fo re  melt mng
o~ the -.urf . ice begins . I he du~- t  of  heat  ;‘cnt t rat a ’ n in iiat en u s  and ,
t hu. , t he .mrs’unt absorbed a ’ ds. cndcnt on t nt - i r theri~ m i di f lu.  i s  i t  and
he e ‘i~ 

sure time . I r s e n  — n it e s, I ads , the  hc.u t ed dept h .it an
t ine i. gi s t-n ;‘‘,‘r.’s i rnm t el • hs t h e  e j ii . it  i ’ f l

• ,
~~ ‘ -‘t ( I )

• m s the tnt - u - ru_i l di t i - - m v i t .

I or 1. . rat ion . t i spec t ed .- u t  tnt de ;-  an -$ - s m e  I us a f~unc t ion of
t i n t - i~~ .~i.e : :  ~n I a ( l e

: \hhi ;. HI\ P.I l~~
\ , I - ’. I !  Pill l’s .- i ‘~l i l I

lie a t ed e ;- t h  u ric • t

• in. M m l i i  s e c o n d s

~~ ~~~~~ o . I
o. oo ,e. ~~~. —
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l e a n > ,  Table -~ shows that on l y  small amounts of this material
can be heated in time period s of presen t large caliber guns .

As a consequence of th is shallow heat ed depth and the steep therma l
gradien ts , surface melting can begin quickly, with subsequent material -

removal. The es~uat ion for temperature rise at the surface of a semi-
infin i te so lid  when suhiected to a con%tant heat flux, q, i s

:51 •

• 
I

‘.1 7 -aaa ,- - -

•-s , ck ( _
~

w h i c h  may tse rewritten in the form

“In -
.~~~~/ (Tm I

~ 
‘I. . ek (1% )

a n  w h i c h

r ~ s the melting t emperature

is  the m U  a .i l temperature
t is the time to melt angm
k is t he therma l conduct i n t l

c. a s the heat caltac i t s  ;‘e r ian a t vol tame .

in C hi s to rn, (Lqua t a on 3 1 , the ~~ ter  a a 1 ~ prof’crt a e~ are co 1 cc ted on the
right side of the esjtaat  mon . The v.a I ot- on the ri ght then se r v es  as a useful
f igure  of m er it for co~~ armn g mat erials . The larger the figure of merit .
the larger the t m c  required to attain me lting •at ann constant heat flux.
Those materi als selected for t h i s  bas e l i ne  stud y arc listed in Table 2
in order of their figure s - ‘t merit. It w i l l  later he ot intere st to observe
w h e t h e r  the fi gure of merit d e p i c t s  the performance of these r~at cr ials in

* uu . ’ n—5 - ,nst ,a :ut gun heat ing euls a r,snmvnt s

~~~ng the pure met a l ’  met t ing between sas- I :~a ua ) ° F and .~~ t h t ~~l
u~ ulres ot  me ri t  arc high .u;ud f i v i t  ing a s  d ifficult to achieve . Co~~ier

; ro m i de-. one example of  t h i s . ~uuh l ow e r  i ;gua res af merit arc availab le
in c O~~~)fl .i II s - Tho I a ~t e s t  a ii I i t’  I r .~ r ~ ~ e 11 -

\av .m I brass beg ins to mt- It at ~~~~~ , ha s an avera ge thermal
cond u ct iv its of Si Bt ii , hr-ft ~f and a figure of merit of 10 ,) al . (‘upronickel
a l l i s  if ~~~~

. 

~‘~a -3o ’sm c ompo.a t io n  has a so l iu lus  t emperature of 140°F and less
than .ou- -ha lf  the therma l conducta-s i t s  o f naval brass.  I ts  figure of merit
i~ •r~, L, u .

___ - -

~~~~~ ~~~~~~~~~~~~ ~:‘:IiT~:~:~’ 
__
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The alloy steels 4340 and Vascomax represent materials of current
i n t e res t  in weapons manufac ture , and possess mid-range figures of merit.

The high carbo n steel and the pure iron permit examination of
the effect of carbon addition on materia l s melt in g behavior and fill out
the range of figures of merit.

th e erosion t e s t  s e c t i o n  ~a t h u n  inc chamber of the Shock Tube (un
i s  as s h o w n  in I igure ~~~. L ach t t ”.t .. ; -

~~~~ ame n is  fabr ica ted in the form of
a r i ng  and plac ed downstream from the ent r.mnce thro at. The bore diameter
ot  the rin g specimens w a s  se lecte d to in ~~~~~~ and each was  ti .~, inches long.
R ings  of th i s si:e fit easm 1 - . ou t in- ‘;t t ’ c i r u e u u  st . ige  of Calspan ’s Etec
-~iat osca n  Scanning 1.1 ec t ron Mi c ri’’.. Ope I “1 ~~ ic h t h a t “hi-tore and aft er ’
examinat ion o f the bore surf . ice ~ an be ~onducted u t  bout recourse t o
repl~~c .us . 0t~ course, se v..-rjl other ~~ t o r s  e nt e red  into s e l e c t i o n  of
specimen si :e , e sp e c iall y the nm -e d t o  r n u u i r n i : t -  n , - a t  t r .iri—fe r so that —

re l a t m e l ~ high me l t i ng  . m l l o . s  s o c ?  as  s led l o,;i~t be melted.

\s shown u n  I- igure ~
‘ • sin -r a l s:’ec urien~- pl aced in se r i es  man

?n~ m n s t a l lcd un each t e s t .  bt-~.ius ,- nt u.a t  ing ~- ‘nd it ionc should change
nut l i t t l e  o s e r  t he  s no r t  . i s m . a l d i s t a n e of t 1 ut -  -~~ari~~les , a number of
mater t .i I s ~ an he IC’~ t ed at o n~ e 

-.mdt- r cc sent m a t  1 t he same It - s t  c ond it ions
I .ar 1’. t e s t  a ng in t hu  stud - repo rted I a t e  r ( i t - s t  s ~~ - 1— ~~) ut i I a :ed three
sa mple s ~i t  near l  i d e nt i~~.ai bore J i u r u t t e r  and reg’a lar c ’  l a n d r i ca l  shape .
~ l u g n t  to lerance d i f f e rences  ? ‘ t - t w t - t - n  - ..ar.;- Irs . howtnr r , res ulted an s l a g h t i s
n~ n concentric .al ignment of the rings and th u s s irie edge effects on each
ring. These edge effects tended to produce some flow separat ion at down-
stream areas with resulting quest ionable gas flow -surf ace interactions.
Later tests used stacked 5’ conical cnli nd e r s which mainta ined a favorable
p res sure grad ient an the gas flow and li t t l e  separation . The downstream
bore diameter change due to the i:ute r n ,al ~o n a c a l  shape w a s  very minor over
the total axial length of the spec i mens m d , in fact , t ended to ma intain a
more const . i n t  heat ing ove r  a l l test ~pm- c imens .

Each test spec i men was charactcri~ e~t w i th regard to we i ght and
surface condition hefore test . Specimens wt- re weighed u s i n g  an analytica l
balance so that we i ght change s of a fraction of ~m milligram could he
re ada l-. determ ined .

Surface characterization using the SFM was facilitated by p lacing
indexing marks on each specimen , ac in li gure . which serve to establish
unique locations for be fore and •ifter e x amination . In addition , Cal span
has found that burrs or asperit ies intentionall y left at the sharp edge s
of the scratch marks are very usefu l in detecting threshold erosion , because
such asperities receive greater heat ing per unit conductive area .
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~~. Heat Transfer instrumentat ion

A primary measurement of the study a s the amount of bore heat ing
as ’~ocmate d w ith each test . lor this measurement, t w o  method s were used .
I-i ~ st , mn-depth thermocouples were installed in selected samples. These
in-depth thermocouples wi-re placed at distances of 0.020 and 0.040 inches
from the bore surf .ace. Ihe method of installation is as shown in 1- i gure S.
I.ach of these thermocouples independent h- may be used to determine net
he at ing to the bore . Iotil  heat input is calculated from the in-wall
ther mo couples output b~ use of methods developed and reported by Caispa n . -
Rri efls , conversion of in-wall thermocouple outputs (millivolts vs. time )
t o  t ot a l net heat i nput per wa it area i s  made by use of the relation

Q t t  ) • - 1 ( 1 )  ‘ kc. t

w ht’ re ~ 
( t ) i s  the In-i h’ rm - )se .at input

‘.1 ( t ) is the i odi at  ed c ?u .a n ge in in - w-ua 11 t e~~orature as a funct ion
o f  t i m e

K us  the t ht - rrn m 1 ._ ‘un jua c t m its

~ m c  the n e a t  c i ; . i .  i t s  •‘ m r  unit olume

i s  the t u r n - . a t t m : s t a r t  o f  :t - ;It m n g . -:: .1

bal m ru-duct  ‘n pros ed n i - -  a s  s i - n - i s  to a p p is  l q u a t m s ’n -i) .t~
-- ‘c~~~C 5 s i - ’ t i -  i n te r va ls  ( e . g . , o .OS , i I I , U . I S  ‘cc , ~- t .) ri-su iting in .i

p lot o t Q t 1 s t - lb* u -. t - -  

~~~~~~ ~
-d i II ? m  .asympt ot it 1 o the

dt- sired h i -a t  - l b  i s r.- ‘~ ‘d • t
- rs a n  — u - n ’  i t  iv~ - t ii the a c t  i i i  I t he  r iiw ’ —

on;’ Ic dept  ii and there t re k - . ’ h be 0. .~ I .m ’ u d at nh hr r~~o~ flu;;’ I c—  i t - I d
rt-Jundant s.alut -s .

s t oni met ) -  d !‘s w ’; i cti net t o t  a I heat input was di- r i s  ed w a s
o use he t e —  t s pes  ; rn-i; i t  sc I • - a -  .1 .1 1 ‘ri i-ut- t er .  I or t ha s s i-v e ra  I r a n~

c - aio ri —u , - t e r s pt -c I r ien -~ er1 made acco rdi n g t o  tb , — K e t c ~ of I igure ~
iuu r~~~~ ’ ua ;’ i rs  ~e ru -  i n - - t i l l e d  in the cai n- uru t e r port a n of  t h e  ~i’c v n ’

~ c show n mii i the  c a j u r u m e t e r  w a s  fat•ri a t u 1  of the m ater ial under 1 , - c t
ac re , the a n — d u - ; - t h  iarr r~~c u ’ u i ;- i t -  ~: u 1  d c used to  ~‘ h taa  ii heat i nput via

1 w iu Ic th u ‘ut rr ~~’ -t therrs~cou p 1e ad ded heat input throug h au - c

0! tb~ es p r * - u : ;

c . m  
‘ H

‘-,i:ucc’ r I— the ru.iss of the sen sing ring, Equation ~‘ a s  simp ly
.a rat io of the change in heat c ontent of the — c au sing ring over the t emper atu re

.~~. } . \ . \nissallo , “Mathematical ~~deIc and Computer Routines Used in
ivaluat ion of (.-ac ci e ss Aimaunition heat Transfer ,’ Caispan Report \o.

~i- ~~ i s - : —  I • Jun e l~~~i
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r is e A ik t o  the bore heat input area

ay he noted from hiquation 1. f r  t h e  m a t e r u a l s  t ested in
s ~ t ads ( d c  l a d i n g  c o p pe r ) ,  heat pen etrat m a ;  di s t  am e i : a r a ; ;~ t !a t -  ~~~~~ a ug

t i~~~
. a s - ta ’ rI - I hus , ins a gui f a cant effec t on h !~r 1 t r m ; t -  rat a r t  r - s po n - -c i s

;fl! t- ’ I:u~~eJ ~‘s  nt il i z ua t ion ot  ~.a lo rimt -t ez- s - nss ’r N I .  1 t h i~~ K : a e s s t - s  g r t . a t c r
t u l i t  the ;‘‘

~~~ 
rat u on dep th .  A it ~gi~ bi_ 

~ r i - a t e - - r, ,4 ; a red th i ckne s s  w .m s

- - ;n.i to  ‘ e 0 . i _ -i - i ma c he’ computed for be h r.m s c  ca m; - it , f t  r conk cii i enc e -

.a l I  ~a l - -:  ; r t t t - r  s i — n s o r -- Nt-r e made N i t t u  a w a l l  t h t c ~ nt- -  ~~ tI .t ’ - w  inc ra ’
Hi - n c , th t ‘ e n s o V  a t s  .a~ .a sl- .a~ t s p c  m~~’ r imc ’te!  s m i  I t  a t  t i e  - ar,, - t a m e
- : i ~ - i t s  nor~ m I s ; u r t a 5 r  te~ ;’t-r.a t .u re res ponse ami d me lt  a m ; , - l a r i n ,  t h e  h,- , !  i m

- - a  u - ,’~I. I t — s t  s;n- 5 i~~c:;. t t b t  - t I  u r ;~ t - t t :  ~ un ig ; ir.at a : u  1 - , - : ’  ¶ ~~ ; ro ~ dt
‘hr -- - - — - 1  ¶‘.isii .s:id a ; a r . I t t - i t t , ,  regarJ in~ heat ing tin - u - :  in nt-  c j ,

‘ e s t s .

It -~~m st he ~
- - u l it  e.~ emit  ba t  ‘i . t c. nni .~uat - - - d i s c  ~~ - ‘d . t - ~ u ¶ -

tm h ne t  ‘. •n; ,;t s :~- t ,-  a ru : m e d  a~ - ‘ mum :  om; I r t ‘ .t he a t  a ‘ .m a ai m:. g wu  !, a

-. ;‘e~ r~ -n alt t.r e st - I t rn It mu~ has - - ut r~- f - . - -re - .at  e m .  • I 1’ ’’- ’-
i -

~ c i - ’ - :  a i-an ,J  lis m e ‘~.ar;! 1~ , 
-‘ .‘~ -e i m;ç i d e a  - i ’ 1’ um ; . a - -n I t- J - a b.

m - a I m’ ,ss ss i . ’- u- ,: ,.a t thi— _
~ I e r i i l  1~~~5 ;s , - a. ’ a , i s , - l s

a vt- a- . ‘:m.t ’ e ~ .~~~: - . i _ - a ’ . ~~~~ t ’. s  i ~: : t  i a - i d  :a;’~ n t he a ’. .~~: m~ ’r; I h- , 1
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-$ - ‘st- li•~~t ms ’ ra of Lest (o:mdi I b ia s

has a t  re,~ui rements in the si- l i- ,. t a ’:, o t e g~a -, and c unit a t m  oat ’

a ri- t a t  ‘0 ri- s u r i a .  e melt a ug he produc a-it w i t : ,  .m~ l i t  t it- c ~n’rr a 1 u m a t  r r.at t i ant

- .1 i t :  the sur i.m5e a-., pa’s~~ih1 - liaa rt-a ’r’- • t hy  test g.m - -b u i l t  s ‘nt~&i i i

:n- g i a~~L~- i t - s’~~a g e a a . F u r t he rmore , s ~,t t ’ s’ .u T e s  au tea ::;  e i . a t a a ? , . c ‘ - t  t - bt

ma ~n i t  audi - genera 11 • oht a a Taint in Ia r gu ’ c a Ii a i_ . a Nra ; .‘ m - - - w e re  .a ‘ a’. d~~s ga-

~ fundamental :- r - : - ,’r t - . of t~~m -  g a s  w h a 5 ~ 1 g - st - rm :s t h e  pr t-~ ’ a1t - ~
It -rn - • - :..t .: u ’ -- : • ‘, . t~,i u m  t ;i- ~~~~ ,~ - , . a ’i- N- -  s a m  a - s _ s u t s  ra t io
ot s~~e~ a I a c be _ a  I , ‘ - I a guN’ s 10 .and 1. a I I ,u’  ¶ a .a • ‘ ha a - a -  t ‘ a a s I  a s  a t  - -

-— . - - a m  -, i- s ‘u t a u t - nrc sen t  ShL,~ I - a ’ .- a :; a’  a • ,  a - n  - I .t t- r p a t -  - - - - ;.~~
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I. l e s t  Proc edures

a ’ li t-c t m on • c t ’ t i-s t  da t -a ri-ga rJ a aug ha Ili st  i c s  • heat i ng - and
cru~ ioia t o i l - o w e d  i mo re-o r- It- sa s t and a rd  procedure . I- i rs t , a l l  *~~ ortant
co ml~mnent a cii’ the fac i l i t  were iiis~’a -c t ed  f - -a .11 t r a t ion due to prev ious
ii r a ta gs - i- .a~’cndah i t~ items s u c h  -t ~- ~~~~

)‘ r a ag- . and Oth er sea l - ~ we re rep I aced -
d v i  s t - : u  t uhe • charmt-i- r • and pa ‘.t ,cau  w e r e  care ful 1 a c i  caned to aavo i d

pr e st-nc i- o t  c o a t  I ama ai.ant ‘. - I hi- pa St oat  N as then f a Add ama ;‘os i t ion at
the m i p s t  ream i-m id c i t  tha i- d r is e n  t uii ’e . i!ai- ;’ro n- a’t iii- w .a s m n s - r t e d  Into the
t ’ .i ra i - i  -

S;’ e,. amen- . a.,- : ’ :  ,.tu ar .a,. t~ - r. :~ -~l - u m - ’r t o  t e s t  u s a r u g  the ~-‘!~ 1 for
-- :a ’ t . a , . c  . I ; ; - c - .a r . m a . .e  a mid a:: an . aj t u c , a  ~- .a lau;sn - !,~r i nit ia l we igh t . ~-ie i e c t e d

La -r am s or 5 , m1. ’r arue ter -~ h a l t -  l ien na-i _ ta i led w ithin the’ chamber a’
sh own a m ;  I i g : a r e  i ea r l  i c r .  I:; S C i c  cled t e - .tc , M- 11 crushe r g:agt-s

~ c - m e  a l ’ ’  i’:~~t a l  l i _ - .: un t ? - ,t - c i ,,i a-.1 - i ’ m  t r ~a rcdund~int measure of  I’ri’-.’.mrt- .
I rt - -~.a I  rc~,.i i s t  r;ur .;i.i t moaa  u t u , .  I - u , : : a .  g ;’rc - s — m i t t -  t r .a: :- .d .a,. c r- - _ t henawnoamp i t- - —

and s t .  - c u t - . st- a c - i n s  were c - ’ mmm : t- , i c _ St l a S  c , a u l . a ! - i t -  ri-~ a ’rd i ia ~’ dc - s i s  -s ~ the
u e : o t- ~~c~~t r : ‘an - - a u ’ ~ - .1 — a - a c - -, , ‘r ,h- ,i on ,‘i Kel I .aa ~l h k w - i  I t~ap e
in . ‘ m d i - a .a • a — ; t i ’d ci t 51 in ’’- i - I c -  a’~ up I t - ut m n a i  w a s  m c - . ~‘rdi- J
- a - - I - a ,sr; , ( •‘n’o I a l i t  5t I Ii - - t t  d -  m:a .~~c , ~- r - m - - a - .at a ‘t :  as ci I iohra I-h at

.a ‘apt - a : - i _ - a- -, ’t I’ :n. t t t -  a a - - a - c - . - 
¶ i~ ‘r a e , .  I~ - a a :  s i t  I a me t e l  w i - s

- - , a ’ . ; t a  ‘, . a  ,- i- : :s  — a s  nt— 5 ‘ - r . t i _ - ,: ‘ ‘ —  - - ‘  - I  .a i t  r~’ni a 5,. - i _ p ,  n ,-t fa t- I
.1: s- . - : ; .  r d i. a a a , ’a; he 1,- s t r - :i • ‘- - - a c — - a-  a l — - -  - a- - i _ - d t a t  T a - ,.,’r ,t

- m e - - ’ .  a rc - — a ~
_ a ’. p _ a s  - a s t n. ’ I c I a; c- a. ’ .~~~l: w .a -. ‘ - i- : t r i  1 at  .1

I .j ~t- ~pt - ’- - ‘ I i l tS  ‘ ~ - i _ ’  , - : , : _ or a I a tie s - c ;  . 0 5  t a i l ,  ‘1 ’ It 1 over I tar
- •o: m a n , - I urn- -

~I tc r ::us ,a ,,. a ’ ion c i t  t !u i_ -  ; - r c ’ ’ c . l  m l .  a ’ - :  prs i mcns , th e c -nt i i.
am a . i _ - :  ‘ abe i aa ~’l... t, - I i  ch .a ru t -u t  — a - - i_n a , a , a t a  1 t , .  •a p r ess uI’e ic a t l  ot

l i _ - c c  I ~fl H . I m an ?~ o ‘ t -  r a - I!;. a a. i- a  w a s  I t u t u .  ; - uuag t n:  ha t a l l  a a

— a Pa - a - hi — - 
~:‘ 

a, a - N .a a a ,, s l a t  i_ - - - .a - - a , m * •-d - a d  a 1 1~ ,: - - ¶ he Ic_ u am i

a a a • 1 pm • - a v i _ -  t h a  I - - 
• ‘ - , a l t  - - m - : ,  w a -  t t e a m  ‘added t a ’ r cul t ma ;

- c  a c - a -  a - a .  a -

he re~~m a n c - ~ l- . . a t  aa ; - r i - s . t i~~-~ - ‘ I  ‘- . m t r - g r m -  and Argon are  depen-
•tenl a ; - - -m ; t he a - ; ’ r a t i o 5- - a red an,I t h u  s ’s dcl r ,; muc,t l’s I t ; ,-  dcc i  re- it
r a t  t o  1 

~
; i -  c a t i a  ‘ - i -r  t -  a - a s .  I a . . t  i - - n c  I - r  • - - -- t a b l i c hi n g  : ‘ a r t a a l

a c  ,,re - I u :;g- - were 1-.- a a a cal I r ‘r. a imp Ic ma c i  au g l aw s and are :

“‘ma 
(C~~

- 
‘a 

-m ~ ‘a ~. 
‘A ( 9)

mu mu
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_ _ _ _ _ _   
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from wh ich , 
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S m
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• (R. - K.,,) ~—~-—-- - ,~

and

- (14)

In these expre ssions . -.uih --c ript ’ m ‘a , . a ’~,! -‘ refer t o  — :  c ‘a i t roge n , and
\r~ om; res pe-c I  ive l  a - Al cca ,

k is w e i g ht
P is the pressure

a’ the ratio s f  ‘a -ec u fie heats
K a s the gas constant
‘a i s the driv en t aihr volau~-

f o r  .aa ; — se l e c t e d  ra t i o  - ‘~~ cpt’ t ’.t  a t  ‘ c - a t ’, ‘ , and F a a  p re — aa r c
P~~, the partial pressures of ‘s a t r o g e n  ‘a nt i  Arg on are c~ eci fied I - I h mia t i ,~

ns
i.. and 1-1 .

Following the~c test pr epa r st a ’im c . the driven tube ~a’ rre— sura :ed
to the desired level , recording d rv a , - ec were at i v a t e d  ;.ra d the p i s to n  was
re leased -

After exhausting residua l driver pressure , specimens were reanved
and hard copy was made of the t e s t  data. Specimens were inspec ted ,
reweighed and photographed when dceaed appropriate.
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2 Ucat I

Ik~atingJ ba l l i s t ac  data collected for all test run s conduc ted
an this study are given in Table S. The general test approach involved
assessment of heating and materials response with gradually increasing
test severity. In this way , the action and performance of the facility
could be established with minimum chance of i rrepa i rablc da ge to it
while at the saae time permitt ing col lect ion of meaningful data ,

The f i rst  seven runs were chiefly for the purpose of determining
heat ing and temperature response of the naval brass specimen . Total
heat inpu t amuunts were gradually increased to 119 Rtu/1t 2 with resulting
melting of the brass (see Section 1V3). In Runs 8 and 9 a special spec i-
men configuration was used whereby each successive in-lin e specimen was
reduced in diameter , presenting a raised leading edge to the gas stream .
The objective was to inc rease heat t ransfe r to the edge to force local
melting ot resistant materi a ls. The ra i sed edge on the brass heat
input specimen exh ib ited considerable local melting which apparently
induced kreater downstrea. total heat input as indicated by the increase
to I S:. Bt u/1t 2 fro m 119 Bt u/ft .~ recorded in the earlier run at the
same test condition , It a - . believed that the inc reased heat i nput —

.aracea. an part by resolada ficat ion of upstream melt at the downstream
thermuc ouple sensing station and in part by overestimation of the heat
input as sa ~c mated w i t h  ma te r ia l  loss a-i a E quation in this totally non-
ant i form heat ing a atua t ion - For th i s  reason , the “stepped” specimen
con gurat a . ’au wa s not cont a nued beyond Run Number 9.

Rains l am through .Ih were generall y attempts to increas e
the heating condition - . through change in driver pressure , piston

;‘r- - i e c ta lc weight , and gas mix tu re . It was found , however ,
tha t  maximum ht- ,at  a n g  c t ’ n d i t  mci i i -. ob t a inable for the conical samples used

about .~O diameter ) Nc-re limite d to below that needed t a ’  melt pure
Iron, •

a m;’a~ at~~~’ he a t a ng  sa lue s for the five t apes of calorimeters
w ere -h i ii tie-t i  in Runs .a- hec-i mi gh ~sm ) ~at ‘a,- hi ghcst present I - a obtainable
‘h- -c i Tube (;Un t e a  cond a t a on - i ’ c t al bc -at a npamt data were obtained for
~‘i ’; of these samples as w ere eros i o n data to  be discussed presently . The
ch ie f  ;‘ ;mr; ’ s ’ -c of Rains .i- I b rnag tm So ~ a - - t o  e v a  I ua.it c the heat ing/me l Ii ng
perfo rmance of the v a r i o u S  ma t e r i a ls  ,at e s s c nt i a 1 l ~ t he same f low condit ion ,
rhe —a. a * a mumimu pressu re in these ruin s w a s  , at ” ciumt 4, , (100 psi w it Pa a corresponding
,:a - - te~~era ture of about ~~ -O ’ I * I igaire 1 a l lustrat e s a pressure history
t y p i c a l  ,.s (  these runs.

•f or f,it amr c- test wci r~,, the facility w i l l  he upgraded to increase maximum test
- i - ndit ions through the addition of heaters on the driven tube .

~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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The final two runs 31 and 3~ were performed using a single
c ’li n d rt c a l nozzle specime n having a Length of 1.5 inche s and an inner
diameter of 0,~ inches. h ere , the main purpose of the test was ~o
evalua te ef fec t of diameter on heatin g/me lting , As is evident from
Table ~‘ . a small inc rease in total heat input was found over that of
the larger diameter 4340 sample . Because threshold melt ing conditions are
present near this heating level , this small inc rease is later shown to
produc e substantial increase in surface melting.

aleltinl and Lrosaon

In runs one through nine (see Table m - the naa-al brass specime n
w .as monatored moa~t c l o se1- ~ as heat input to Its surface w am- . increased from

t o 1. S Btu ! It’- by ancrementall ’ increasing dn a-er gas pressure . At the 
t a m e  the heat input to  the Vascoma x S~~ marag ing steel is calculated

au , a~ t- increased from 4M I- -’ 9~ Btu . ft and that t o  a 1 - S i ’  Cuprti~ickc 1
a rc- .ised from $5 to  9 m m  Bt aa - ft -

sag n a fica ntl~ , the a r a i~~ surf .-ac e c hange noted prior  to the Onset
of  ~t’1 t aug e ros a~~a in each s;- -c a nc-!; w as  ~‘ r ’~:re~ s i - ~e d i s c a - i l c i ra t  m a r ; o f the

a~a t c r I t - rt-ra ~~t- a - ,a l o r  t v -,ae asco~ m a ted w i t h  u l t r a — t h i n  oxide f i lms on ~a-taa 1s.
Such (a I , a ’fl j — a few hundred -angst r’~~-. thick , ;art- in t he present context
see~-. J s  c ’ s c e ~~ eflt e \ i , i e f l c ,~ ‘f the c x t remel -~

- low o~~.~~t-n a a ’ f l t(- T lt  of the t e s t
- span has observed in ;‘r e\- a ouc Shock Tube 1 ;mn t e s t  aug that  a very

~ -a~ ’~ heavier  a ’ x i - ~ t- dea-elop s wh en suhctanti ,i~ amounts o f os a  ge-n are
;‘r e s c -nt  in th e~ tes t ctr t - ,ara . I t is rrohahle that the very s l i ght ox d-
t a a ; t a n g  note d t a k e s  p lace w hen the p 1 s t - a n  “rebounds ” ! - m ~~ a n the t ube
,mn.~ Jr .aw s mu a i r  after the t e s t  c~ c l~ is complete. In any event , checks

h a u l- ’ o x a d a :e d  a ers us poli  shed spec imens in the ; ‘ r - s t ’ r ; t  program
andu ated no d iffereace an response to the test stream .

\s mentioned ca r act , in Run s -S .-aud .~ • the c ; ’ec  a men confi gurat a on
w a - . c;;,inged such that each of the three s pec imen s  was -.1 ig h t l- . smaller
th.m :; ~ht~ l a s t  , present ing -a ram Se-al lead m ng  edge a the gas c i reara ,
Since the weight l ’c se- ; in these two runs ~rc ;‘ni~ a ral v from the leading
edge , no attempt should h(- made to  c ,a l c ; i l a t c -  general sur face rec c— ~~ion
from these data.  Rather , s pecime n s ur face  response can he studied in
microscopic detail h- a pre -te st ,and po st-te st examinat ion of sc r ibe d
erosion index-marks an the Scanning i .lectron 5lmcroscope ~-~1’I - I i gures
l~ -l 8 depict the resul ts of suc h examination and arc la rg e l— self -
explanatory . It as  not eworthy . however , that the raised laye r  of solidi -
fied brass nelt ~! mgur e i Ta) ac very ductile when bent manually , ind icat ing
a remarkable freedom from contaninants an the gas stream . This is
further Il lust ra ted  In Figure l~— showing by S~~ x - ray  that the post test
s ur face is  free of contamin a tion at the level of sensitivity of this - 

-

instru m ent wh ich  as roughly 0.5 percent.

38

—4



__ 
~~~~~~~~~~~~~~~~~~~~~~~~~

.L i: I
~~
iI
I ----

~~jI
i ~iI_ :I~ ii

. ~
-‘

, u s I u s i i , s i  5 1 5 5 , 1

i: 
~ 

; 1 :

- 

‘4 11 ~~~ rH ~! fi - 

_E 
~~• • a . - .a . . - 

- . . t -
•

~~~~~~~ 
i i  ‘

~
S
~

s 
~ ~ ~ ‘ ‘ i’’!’’ ‘.

p.- ! ‘j —  ~~ l- —~ — -~~~~
—------ - — ; -a -—

j d 1.

• •~ - 
- 

- - - - - -

iii; “ !!
~~~~

.I 
~~~~~ 

—ill
~~~ 

~~~~~~~ ~~ iii iii I
- • I , _ 4  - - 4 4 • a

; I~~. . — • : ‘ I L  _ I t  I - I 5

I, . _ — _

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

I
,, 3Im iII ’ s 

~I!! ’.’ 
5W  ‘‘ ‘ S

~ I~
— ---- .“ I !-

~~
- ~ 

.,r!I_ —

- -  ~~~ ~iL a j J~ — 
‘ill ~ 

~~~ _.. ~:_~ 
-- ,~~ 

I;

•~~S t  ~~ ~~ c i i i ,  is s $ s u e ,  s e a s  a r
- 4- ——-- -— 4--———-— 4 -- ‘‘- -47 7~a I ~~,-~dI ——.—---- -—- .~J S

.~~: fi ‘ __ i~k ._,_ _ 
~~ ~‘‘ I

ii - II

I~Ij hhhh hh1 P7P h1Phhhh If11u u~

91s~
l ! !Pi I $ I IPl i i I i l i I i IVuuI l luIuI i i  I~-II- i_

~~, . , , ,_ , u . & . u I, u I 5 , i i . I -
____—- - -— - ________

~

-- -- -- - - ~~~ -5-- -----5- - - - --- - -

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

~~~~~~~~~~~
——- - — 

~~ ~~~~~~~~~~~~~~~~~~~~ -



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

- -- - 

TRAILING EDGE I
INDEX MARK
BEFORE TESTING -
4100* SEMI

I

~~~~~NP~UT 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

RUN No B - SI-4OWS THRES
HEAT INPUT -

~~ ‘ - HOLD MELTING
115 B~vMt2 HERE AT
ESTIMAT ED) 7 TRAILING EDGE.
1100* SEMI -

~ 
- DEFINITE- MELTI NG NEAR

LEADING EDGE
‘1 (NOT SH~~VNI

FIgUF. 13 NAVAL BRASS SPECIMEN NO. I (A RGON NITROGEN ‘V m “ lS MIXTURE)

la m

_ _ _ _ _ _ _ _ _  ~~~~~~~~ ~~~~~ 
a



rI ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

_
_ _ _ _ _ _ _

~~~~X~~!F~
GE

1
RUt4NO ~ ~~~ ~~~~~~~~~~~~~~~~~~~~ AREA COVERED
HEAT INPUT - 

- - .P. - •-~~~ - WITH FLOWED
131 Sew /It 2 

- 
- A 

- 
-
~~~ 

Jim • METAL
(100* SEMI

RUN NO . S SHOWS “FROZEN
NEAR INDE X WAVES” OF MELT
MA R K  - •- 

-

(1000* SEMI

Figwe 14 NAVAL BRASS SPECIMEN NO II (ARGON-NITROGEN ~~ l5 MIXTURE)

_ 
- -

~~.d ~~~~— - ------ -- - ~~~~~~~~~~~~~~~~~~~~ ___________________ - __________



_ _ _ _ _ _  
- - - --—- _ - - - -

_-- — — -- ---5- -

‘~
ft ~. SHOWS ‘MASSIVE

tat 
-

128 Btu!tt - EROS ION T O W A R D
REAR

~t1~4~*~~ 
~~~~~~~

,- ‘ .

V

—

- 
-

ET
TRAILING EDGE ~~~~~~~~ 

SHOWS FROZEN
A FTERRUN 1 M E LTOV ER
P40 9 DUCTILE BRASS

-

__- - 
~~~ !~~~r

Figure 15 NAVAL BRASS SPECIMEN NO II (ARGON NITROGEN ‘-~ - 1.5 MIXTURE )

1___ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ :1

— -- - - -—----
~
-- ____  ~~~~

- -
~~~~ 

__
~~~~~~~~

— -— - — -
~~~~~

--.--



--  - -

() ~~fo,. T~~t

~~) E.o~~d A... uI~We T..e N.. S

Psi,. 15 NAVAL BRASS SPECIMEN SURFACE X-RAY SPECTRA (SEM)

L~~~~ 

- -  

_ _ 
_  

a

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



- -  -~~~~~~

TRAILING EDGE -

INDE X MARK
AFTER RESUR- - - -

FACING - -
(100* SEMI

~.-  

-

~~~~~~~~~~~~ _ ~~1~~~
’- — ~~~~~~~~— —~~~~~ 

,

~~~~ 
w—

-~~
- 

- 
~~~~~~~ SHOWS SANE

- ~~~~ — FLOW OVE R
RUN NO 8 -‘~~~~~~~‘ - INDE X MARK .HEAT INPUT — SOME EROSION
lO3 Btu-ft 2 - 

/ aim, HERE AT
(100* SEMI - 

- TRAILI NG EO~~

AOl G E D G E

-u
~~~~~~

F~~u~~ 17 CUPRONICKEL ALLO Y SPECIME N NO I (ARGON NITROGEN 
~m
’ 1 .5 MIXTURE)

I

_ _ _ _  
_ _  

4

— — - -  — —~~~~~ -~~~~ :.. -~ 
- 

~~~~~~~~~~~~~~~~~~ --—- ---
~~~~~~~~~~~~~~~~~~~~~

__
~~~~_~~-



_ _ _ _ _  _ _  -----5- -— - - - 

TRAILING EDGE
INDEX MARK
BEFORE TESTING
(100* UN)

HEAT INPUT 
SHOWS P4EGUGIBLE

-

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

____ ~~~~ 
- .

~~~~~ 
-

RUN NO 9 SHOWS THRES*4OLD
LEADING EDGE EROSION HIRE AT
(100* SEMI LEADING EDGE

‘ITEP

Fsgur. 18 MARAG ING ST EEL (18% NI) SPECIMEN NO I (ARGON-NITROGEN 
~m

’ 1SMIXT URE)

_ _ _ _ _

Iii .‘~‘— —-- — --- -5- - - - — -- -5- - - -~~~~~~~~~~~~~~~~~~ -~~~ -~~~~~~~~~~ - --- ‘-- -- --~~- -5- -- -- - — - -



j  

- - - - - -

~~~~~~~~

— -

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

_-

~~~~~~~~~~~

- -- -- --- -- - - -

~~~~~~~~~~

- - -5-—- - - - - - --- _

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

_ - -

~~ 

---

In ~~~~~~~ of the spec imen response observat i~ ’ :a ~ o~ I t a t  ! F - - i
ram ai r i a m l i s  • it  ~a s clear that a full melt ing cond it ion w - a - - i a-a~ a a - d  ~ t i  t !iu

~~~~~ at .m hc,a t input s l a g htl ~’ greater than L’’ Htu ’ 1t2 - 1 1 a m . . l ! a m ~i a ~~
s t a - e l  a t  the ~1a 1 141 a m t t  l e a d  wj s  showing lust the b ega aa~.ia ~ ai~

.t~~m. me l  ii :m~ on a -~t ‘1’~~t-J specimen where the ac tua l ht- ,a t i .: - a m t  w i  S ~~ . .1
,r, - a t m . ’ r t n t : ;  ~a I 

~ t a m  t i —  ,,~ t he L-dga- ; the uprorm m~~kt- 1 at :‘ ;  b t a a  f t lo’- t
(,~ n~ t mo—i I~ ! r n  t ’ aa - l eading edge st e p  w : a - r c  heat m : a ~ ~t ~~~

h~t a s 1t t  . It w a s  thought that the stepped s ;a t - ~ a rren ‘ n t m ~~a m rat  :oia
i.I — a a ’ ,m. d a t s .aa: ’~’-~ ’ a :: run s eight and nine and - i l l  s a a- , - ‘  . t  ‘ a - c a n t - : .  -

a t ,! n a  .c.i.i iiig C J a m  ~~ -

a) t !~~‘.i~~?: .~~~ represent a port ion ot  t ha’ ii -, - - 1;
a t  - ,~~~ - s - - ‘- - - .n~ ~‘.ad - to increase heating and s pec ia -‘ ~~- :  i—  
spec a rae a: - ~e re Jr sa ~ a; rJ and empi os-ed to make cc - r i  a i a; t h.~ ~:a ’oJ 1 a - a  -

a a t . l  w e r -  ~-~- a a : ~ - ‘hta:ned . ~k l t i n g  wa~ not ~m - n r r . a l l a  a~~i i - a e d  n a
tam. - -1 s t  cc  i , - a - a l e c  , a. . - - a r- ’n • ca r - ,~ r - n :  - a l  - ‘ -— , - a .  - - a-rn ; -

as - - ‘a . .; in i a  l~ 1 . lra’,-o rt ant o t ’s t - r - . a t mo ns  w e r a -  a—a a de , - 
~~ - - - a , ~‘ra

• ; ,  ~J a s ,  a s - -cd later a ,mn,i - ‘n the a-ftc- . of a ‘ a.  
ca -.,- -a: ~,‘s s  .as ,

~~, b e low .

.- a - - - ‘ t t ~ .~ an kaan 1 ; t ’ a .a t t~~
-. m - ro-a. ~~~~ ~te~~i s;’e~ .~~~~‘

- a l - - ’ - -  1)
- -~~ .a - ‘ 

• a ~ a ~ I a ~r.a - s - ia at ;a t ? a a - ,- * t a .rt~c a.::;’ un, Im c - ’~s t -fl , a  h a
- - - a, h - _ at .:,~ ~a anda t a . ’ : s  therm- w 1 5  flo a , ~,t i a - r a i l  1- ‘.. 

- - - . -
~~~~~~

- 
•

- ‘ a c  -.~~~oth in g r i t a .  t ,- t  the f i rs t  ‘.h~’t  ~a -  ra- --’ ;’ n\ a - I t  r a : ., c haa : 
~

a
- — h -  ‘‘no 1’ ’’ s ” r -  - - in - d - s t - ~ ,

- a t  l ait; - - , a r- - a~~ha - a ~O9 ‘ - - c - , s;a~~ m -m. a;s
.~-r~- an ’ : - 

~- a ~ rd ant - .a new ~ p-- ~ i t a ‘a : in ~~:r- it- ,- ira d .a I so a t - ’ a’ t h~ ‘‘ a
a ’ ao f l  a t :  - - a ,:,

a.,. - - 1 ‘ — I I sprm. u’  is  s la - -w : i  he fo re ar:.~ -• - 
- a- a I - r a - - - ~: i

I i.~ ~r m - - I’ - s s  .-a - —
~~ u hich may he . -ar; -art- .l w i t h  I’ 1 2  ‘ - i :  1. -ss

c- eJ -a ’ - - .c - ‘n .a h- s - a  r -am g ’ ~lae~~m ram - ’ .a: ;d (- r t he — a ~~
- ? a t - .i’ i - ., - h ’  ;mc n s .

s~’ea aner ; I ‘~~~~ , w a s  — a .  i : c -J ‘ a , ,- n t a,a t a d  - a .  ~~~ ,- s s

a n  a i — - ( h i ~~..r t-  -
- ) eft ~~ ‘ T c -  o f  the s~~ra i~~’n ~~ . - in~ .a ’ - , - a -  a

cer t a i n  .- c- ,,it a - ’:: - ‘ t - - ~;-a- .am.  - io~.c ~. e - — .1 ~~~~ m a ;  t a m -  a s~ sh ,a - ‘

‘he : a - - — a ; - ..a~ - -.t~~ ~t .  ;e~~ -~ and 1-i mg i ra  the sec,and ( P a - s V • - .a l~~l I ra
- a - - i .- r:a aa ~ a ;‘- - l i - .hcd iO9~

, a t m - e l  s;acc;’~ - :; (I a g am r - 2 1) 1 -’ - — ’ no
- - a ,1’. ‘ - a - - . us a h i t - a  - -nm mg -

The -ahove hserv .at ions l ead t o  the Co le~’ang 
- - a t  m - r a - a a t  -a

I. ‘a— the threshold of coa~ Iete me lting a c - a ; : :  - - - r
ha ~~ta carbon — t e d  ) ,-it nominall y the SO ~t ; a  t t  -

in t he - am- t e a t s a . a limited regime is  re,-ac hm-J in whact- .
s:m r f ,a~ c roughness controls the amount of ‘~~

— I t  loss

2. In th a c regime an extremely rough sur lact- ~ a: l a -c
more than j ’ aicroinches in one shot w hi lu -a

ext rcmcl-s ~mocm t h su r face I ‘‘a- s nothing.
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I
3. The loss fro. an initially rough surface will decrease

with each succeeding shot in this regime.

One im pli cation of the above is that it behooves the experimenter
to finish each specimen similarly when t es t ing in this regime . Along this
line at can be noted that when losses greater than say 30-40 mg are obtained
on the half-inch wide specimens , at can he concluded that the heat input
has exceeded the level of the “roughness dominated regime” even for
extremel y rough specLmens. For the hulk of the present study surface
finish was held fairl y constant at a roughness level in which roughness
variations would account for no more than a very few m illigrams loss
variat ion on new specimens heated near threshold melting.

Specime n lo9S-IV (shown in Figure 20) presents very interest i ng
features ~at hig her magnification in the SEN. These feature s can he
associated w ith the i ron-carbon equilibr ium diagram , a portion of which
m s show-n as Figure .~~~~ . In 1095 steel, the carbon content is 0,95 percent .
Upon heating th i- -a composi tion to about 4~.0°F ( 1 3 4 3 °C) , the phase boundary
between solid austenate and the liquid • austenite region as encountered
at the point c i r c led in Figure 22, This temperature thus marks the
appearanc e of the ver~ first liqua d~ in real metal s , however , impurit ie s
tend t o  reside in the grain boundarm-’- such that th c f i r s t  l iquid forms
the re at at temperature s o r n a w h a t  he low the phase d aagrar equa 1 aPr m aIn
crnpc ra ture - Tak ing t ha- l i t  t er p01 t-m! m ai l  o a ’ti -a i dc-rat a on but in -a i -a t  a ng a I so

t hat —a -~ eral percent of li quid might be necessary to reduce the metal to
a vcr~ so f t  mush (s~~i ad grains in a 1 iqui~ E ma tr ix resembling wet cer -nt
it as reasonable to take about -~~O’I as the effective temperature It
* h a c h mat e r i- i l could be sheared from the surface of rapidly heated
l~)9:, steel -

I- a gure 23 consIsts of “b l ow ups” at :,l1o\ and I000~ of an arc-ia
at the center left of Figure tib . It seem s unmistakable that the top of
each ridge on the rough specimen has reached the moshy temperature and been

• -arr a ed .aw.i—~ such t hat some material was entrained in the flow hut some was
“lown down the side of the ridge where it res a lli d i fi ed , The mochv charac-
ter of the m aterial as even more cle - ir at 2i)a~~)\, Figure 2-1 , These specific

~ar e,as. thcrv fore , indicate that at h e i st the -1 -0 ’ ) level has been reached
for t h i s  m ater i al.

For Test Runs 2 5 - 3 0 , the sra; facilit y was operated at present
maximum conditions to evaluate materia l’s comparative response. In  these
t es t s , conical calorimeter specimens were used , Sur face appearance of
specimens after test is shown In the photographs of Figures 25 through .~M .
It as clearl y evident that at least local areas of each of the samples
have reached their me l ting points. Figure 5 show s gross melting of the
naval brass sample wh i ch i~ an agreement with the 2h9 mil l i grams lost on
this sample. About e ighty percent of the sur faces of the ~095 and Cupronackel
samples arc indicated to have reached m el t in g • Typical melted areas arc

50
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-.howr a a n  1- i gai ra ’s .~~~
. and [‘ - It i s  notab Ic that at a ra-as of the surface

w(ie re lao melt ing hats taken place , the surface show s a’ssent i all - a no damage
I igure 2’ L ‘very little total melting of the 4340 sample wa s produced .

However , there a - a  some indication of me lting over about 10% of the surface
and t h i s  i - howii an F i gure 28. Again , essentially no damage as evident
wha-re meltin g i - a  absent . Thus, any material loss in these t e s t s  is
a t t r a h a a t a h l e  t o  melting alone an accordance with the goals of the study.

4. Sort ace Crackin

( a i s p a l I  has noted in recent studies involving large ca libe r ganas~ ’ 1

a .tt ~ .tn —t et’ l -at ’aa—.ors and test  rings invar iably show promi nent surface
c a a c k - ~ al ter - i- - t a - s  as two or thre e shot s , if the heating is suc h aa s to
d ra~~ - the - aaa rfa. t - temperature to the range covering about 190o°I to perhaps

- I~’scr peak temperatures cause no apparent surface damage of any
k i nd s P i l t ’ hig he r ones result in erosion so rapid as to preclud e crack

~n- - (-lopm ent , ~ i ’ .ace gun steels contain about 0.4 percent carbon it has
hought in the past that crack in i t iat ion was s imply a t t ribu tab le  to

t he i n e v a t , a P l c  t - rn;at ion of a 1’ ra t t ie hard ~.art cn site laye r  ~~~ t ha- r - d — t o
hot ho rt- , a r ’ . t c e  La . a- r w a -a pia n5 P t a 1  h~ iae L a h  si u~ d a r I  — n g - - t ee l a f te r

t l~’t  “ha~’. -

C~ o-i e t -sana ’ .n a t  ion aa ’. a I ~. I -  st ee l t a - c t  ra ng  it t e r  -at - vs- n ST( ‘‘ ‘— h o t - - ’’

~n t~ o- ~~ar r cn t  t a - s t i n g  revea ls  that cracking has not been i n i t i a t e d  dc’.p ite
P~ f.i~~t :‘lai t a it  inputs and resultant peak temperatures hive -ca n t h o — c

a n -~ n t~ .a n - - c r-a;- ~ d c rack i n i t i a t i o n  and growth in the saan(- stee l when i t
- gai n gi s t - c - It a s  c l ea r , therefo re , t hat some ch, - a— c a a 1 e ffa’c

- t  a r- - l~~ a a ,t  g a - - c - a  not operatIve an the present STG -~rgon -\itro gen nit
c . a a i s t - s  c t - a  a if l i ’ .  i at Z O f l .

I- a g.~a- a- - - 2 .~- 3-I serve o document the above findings . I i ga i re  ~~I
— s  ‘ Pt- c~~~; a- ’ . .-  absence of c rack s  (even at laH ) ~ magn i ficat a n )  an a -I~~30

- ‘ . e e  ~~~~~. ~ I : .g a f t e r  seven t e s t s , a l l  of wh ich  ~ ieId~ aI peak sai r~ ;a~~ t empera -
¶ . : ~~ 

O i l ’ I to  2~~w° I ran ge - The hard mart ens a t e  1 at er w o . a  Id Pt-
a ’ l ana — ’. a- -~ t -~~l f- - rmed ~as th at of Figure 30h , and there wa s - : r t u :a l l ’  no

a r  - - a - n  of  ~he r ing surface , a , e .  , condi t ions would have been ideal  for
c: - i n i t i a t i o n  a f the hot surface had been exposed to propell a nt ga - a c-- .

~~
- t - - ‘ t  rong addit ional support for the above fandir. g is found in

he t a .  t n a t  S IT, t e s t  sec t ion  entrance throat of 43-2 0 s tee l  a ’ .~~w~ nO

~~ . }, t . ~~~~~~~~~ “An Evaluation of Heat Transfer and I rosion in the l ’~ rar~
~I. -~~~~ 

( annon . - ‘  Calspan Techn ical Report No, VL-S33~
’-D- l • Italy l~~ a- -

I , L-\ . ~as-a .i~~I o , W .R , Rrown , “Heit Transfer and Froston a n the -\re-a ~~~~
Hig h Ve I oc a - .tflnofl — \ o 1 - I I ,‘ 1 a 1 span Tec hna - al I Repo rt ‘aO - \ I - - i -  i
October l - e : .
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cra L a ng al te r the ent i re test matr ix . The stra i ght portion of the throat
rc~ ei ed the same’ heating as do the test ri ngs .

r a l  development in 434 0 r ings and stud sensors fired a n various
guns a - — i llu str ated In Figure s 31-34. The presence of non-axial cracks
in r a n g ’- and the presence of cracking in stud sensors (Figure 34) and
-. ‘n~ or holders knot shown ) proves that a t is not t he Increase in bore
,a r fa c a - hoo1” t ress  due to gas pres sure that causes cracks to for m in

gun— - a t  n t  i r a  the present SIC testing. Studs experience no hoop stress.
It a ;- r- ’l~iP la - t hat stresses due to pressure do augment the formation of
-isial ~ra L - a , t’ut at is clear that the basic cause of crack ini t iat ion is
t he  -.aarf .L t- ‘en s u e stress which develops as the white-hot surface layer

- -o~ s f r ~’ra -a- iL tc ~~erature , Wha t the current SIC results show us that
t ha -  add i t a -o na l necessary condition for crack Initiat ion is exposure to
reac ’ pr - ’pt -Ila nt gases rather than to Argon-Nitmgcn mixture .

It c-a:. he th.ori:d that the operat ive chem ica l effect cf propellant
a n c r - i~~ a natiation us the embr ittleaent of a very thin surface layer

die ’ ‘.0 t a t  diffnsion into this layer of one or more chemical spec i es .
T a ’ a ng F c . 1 5 t  ao n and diffusion rates into consideration , h~’drogen , os gen ,
nit  F - g a - : ; , ,an d - .arbon are the possible cand i dates. Oxygen ions are too
i a r g a - t o di tmu-sa- rapidly in steel • but it a s  conceivable that a surface

- -~~;dc la -- cr , nal d ;‘rotide m icroscopic-scale local stress concentrations
‘Lit microsc opi c cra~ks thu~ started could propagate into the

Pa” ‘P r’.” hr d ~aarte n c it e la er. \utrogen as currently present an the
s t ar t - w i th no ohse~~ed cracking. Hcnce , h ydrogen and carbon are

the “
~~

- - a ’ .  ~ a~~t - l - - surface c racking initiators . Future test ing in the STC
a’-~~ng r— - .ac’. i .e ga - a Rixtur es w i l l  no doubt lead to a better understanding

sa ar ia~~ 5 r a 5 ~ phenomena, hut it is clear from present results that bore
‘at - I t  tag -i~ ne is  insuf f ic ient  to produc e bore surface crac king.

I - - -- ~~~~~~~~ -~.-- — ——
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Figu~. 31 4340 RING SURFACE AFTER 19 SHOTS IN 75 MM GUN (20X, SEM)
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32 4340 RING SURFACE AFTER TEN SHOTS IN 60 MM GUN (REPL ICA, 40X, SEM)
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Fi~ ars 33 4340 RING SURFACE AFTER 24 SHOTS IN 60MM GUN (IOOX, SEM)
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- coMlqcri; k ANALYSIS ANt) TTiMPI ;KA11JRL/MLL1 INC IH:TI:RMINATIONS

1_. - - - ~~~~~~~~~~~~~~~~~~~

Some effort in this stud y was devoted to the formulation and
‘iuliit ioii of wor k ing re lat ion s hips which couple therma l data with spec imen
Mirf.Iae’ response observations such that a basis is formed for imp roved
understanding of f ac to rs  affect ing meltin g erosion. A basic goal of the
.aIlal ~~~i s  wa s to est ablish a simple computationa l method and co mputer cod e
~~~ wh ich the approx imate surface temperature histories of test samples
c ail d he computed for measured heating and interior ballistic conditions .
Pe- na ins t r .a t ion ot the a h i l it v  of the computationa l method to predict me l t i ng

— ‘ n i d i t  ions where melting is known to he present i s necessary to establish
the credib ility to the method as a means of p r e d i c t i n g  bore s urface te m pera-
n ure f-or giv e-ni bore heat ing  condi t ions.  Additionall y , correct order of
magnitude a”s t ima t ion F t  thea amount of me l t ing  t-~ pea I cal under spec i f i c
- a l i i s t a c  c o n d i t i o ns  would permit better understanding of the effects of
ch a ng-- - an bore heat ing on tube a’ra ,sialn -

In a: :- part i ~ iii .ir a c - a t  in the Shoc k Taibe Gun (or any other
in — t  F:i ’ - I e-d t t ~ I gain , P i ; i~~ ‘e’ r pres -a i rs -  hi -at or~ , pro a-ct i 1 e mu~ : Ic ye I oc it  v

m d  t - t  .1 hs - .it L:l a ’ :at  to the specimens or bore can he measured . Chamber
:- r e - s - - .rt a - a  ‘~-t .aint-d la - ~ang pie :oelcctrac pressure t ransducers recorded on

. 1:- a - - a’a :~: e- ye b c  a t  a - a  measured v i a  ye I - c  a t  cc recnc • and total heat
a :: a: i s tipiated from the output of  thermocouples embedded in the sped-
-ren-- a ’. 1 i s  a . ~-d in Se~ t i c’na I I I  - )- urthcrmorc • prolect  u Ic m t  e rior ha 1 1 1  -

a c- ar: re- - al a -. he e - ta ~at cal from the knowii pressure hi sI ’ r~ and mu:: Ic
-
~~~ 

- i t — . H -nL a- , t a t  t -s~~- nt i.i l f a c t - - r - a  gover n in g the h-o re - ha- ,it transfer
cot - :c ae nt a n !  !‘-  ra- ie .l t I T :  g rat c -  are know-n w i t h  suffi c ient as cur;,~ v to
pe r —a i t n a i r a : - : - t - - - ’ a r I . a t t o f l .

li-o re t re - m t  I Pig r a te ’ i S d(’t e rmi ned !‘v the r e l a t i on

• h
~~

t ) [ t
,: Il 

iw ( t ) J  (1:- )

lit ii
a : - ‘ ch , ( ‘  a~. ~15~~~~ ’. ing r i t e -  

~~~~~ ~~~~
- - - - lituh(t  ) a ’  • s 1 c I t  t ra n ’  ~ -r c - e l  I a icnt — - -——v-— -- cc ’  I-

t ) i s  the g.a-a temperature - ~

i ,(t p c  the bore surface temperature

and t i - a the time

Sote t hat q , h , and are afl functions of time and these functions mus t
be Jet eras ned by arra lv’ i s -

h

— — — — — — — - —- — -

I, ~ —  — ~~~~~~~~~~~~ 
— — — a.__.



The total bore heat input is obtained by an integration of
Lquat ionlSover entire heating time . Thus

. I h Lt ) t T g(t )  T
~~

( t) I dt . (16)
0

where is the time at which h (t)-’ 0. Because the actual total heat is
known from the measured data , Equat ion l~ provides one fundamental relation-

~hi;’ t’or determination of h ( t ) .

In the Shock Tube (‘~n, gas pressure is generated by adiabatic
compression of a known test gas. Therefore , a d i rect relationship exists
between gas pressure and te m perature. This is

-l - 1

( l~~Pg()

an w hich Pg~t~ is t he acasut-ed chamber pressure - psi
Pg0 is the i n i t i a l  pressure in the driven tube - psi

a s the initial t emperature in the driven tube -

i - a the ratio of specific heats for the te St  gas

Ra n g  Lsluataon 1 and the recorded press ure h is t o r y , the gas t empe rature
h ic t a ,t  t c d a r e c t l -  e- .t .ah l as he d .

T r a d i t a ~~n-a l a n a a l ’ t i c a l  so lut ions for dete rmination of convection
c o e f t a c a c n t  a n tube f low ge ncr .a l : .  recu~ t an a non-dimen sional relationship
of the for

\:i • l i (~ c,
1 (Pr  n 

(IS )

where th e ‘,aac -c It :niraher • , a given by

hI
- -

( 19)

•For an actua l gun the propellant gas t emper ature may he es tima t ed by
oth er methods. For example see that of Reference ~~~.

. - Max .~akoh , “Heat Tr an s fer ,” Vol. 1 , pp. 4”b-48 2 , John Wi ley ~ Sons, inc .,

Fourth Printing. 19:~ ’.
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amid t he Re~ mao lds .ind Prandt 1 numbers given by

\ -  I c ii
Re • ~~~~ , Pr - -!~

_
~
&

‘• g g

w i t h  ma and m f i xed  exponent -a , lii t nt- c t’ relations

therma l conducti~~i tv  of the tes t  gas

- den sity of the test
’ 
gas

,. - • ~ i c a ~s i t~ ot the t e s t  g as

I 
• ~~~~~~~~ i fic he-at ot the Is-st gal -.

a a b c  a t of the test gas

I. • .i l ength  dimension

~n t l~e’ int e res t  of  amplici t y, the test  gas densi ty is given by

I’ ( t )
a ~~- -

g RI .1:

in -, - - a R • h ~~a s  - - a- — I ant -

C - a - : n i : - , , l - _ :a .mt  i - - a s  
~\ •~~ , . - .mrr d _T I we’ get :

( . P ~~( t
) 

•

a)b - - e -r .a’ t :~~~’ t he  I :r .t  fo ir g r t— a a ; — can the’ right of equation invo l~~c
- - - I  ua l I . i n v a r ia n t  tera-i s - These m.-a~- therefore he bua~-aed i nto a - a i ng l e

- - - - - t  t - - • - ,  : t a  h~- r i - - a u  t

h( t ~~~~ (CT-a)
L 

i g t  
J

~ at n value s of gas v e 1 o~~it ~~ , \~ t , pressure Pga t ),  and temperataire-
bg ~ a~~~:: f~ r a m y  test run in addition to a measured total input , the

a ’ - f the - 5~~n s t a nt , ~~~. mar he determined for any selected va l ue of n,
rae’ - -a :- ; t.mtIo n .a i method at i l i : ed  a n the convection code anvohes an initial
-a a - r i  - t ~ l~ based upon the given total heat input and the following
r’ - a t  a - -ri der ived by combining Equations 16 and 3
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Here , for con .ve -n icnce , I ~t ha-. been taken as l -oh ’°R for this initial
determinat ion of 1b P—c ev ident by the fo l low ing  d iscuss ion ,
.ilmo—t an~ r eala sta ~. value for T could have been chosen with little
change in result s . In the computer , the actua l integration extends over
the n’eriod for which pressure data a rt  given and th i s  should cover the
entire pressu re  hi st o r y if pOS sit - l e - .

i1nacc t h is i n i t ial  value -o f ha-a bce-n Jet ermi ned , t he initial a
hr -at  t ran-.it- r c o e - i f a c  tent  ha. -.t - r~ aaa t ’e found hr direct use of Equation 3,
\ t  thi Nint , these ‘ i luec — I  Pig and 1 now pe rmit at computation of
- - - r e  I eanp -  rat urec and h r a t  a:  ~~~~ ::‘- i ai g  :i c . t i V c n l t  tona l f i n i t e  d i f fe rence heat
c -aid :uc I a - -a: -ant— r on I t oe - -‘ - a -  a re-sa n I t  - f the conduct ion 5:1!’ rout inc a s

- ‘‘ i;-aat C-d ‘~.aI na- of t cit  a 1 heit a nput for these initial va lues of hg and
I g .a s app lied t o  the bore -.u r fL r ash i c ti is  taken to have- the same t her—
—a. I p r — p e r t  a c - s  ,a— . t h e  — at era a 1 i— n a  ~~

- a ch he tot .a I heat input was measured .
la i r  c - a lcu latcd t o tal he .at an ;-:nt • -

~~ , s ’a ’ - i b d  ~igree with that measured
with ~ :: — a a’a e- .i~~ ept - i~~le  .1 a r m  -

~ - If  i t  d ’s- - - not • an ad ius te d value of r
as determ ined f rom

- • ~~~. :•
I
~~ 1:5)

I ha -a tR~a. — .a 1 ni ’ ~‘t ~ he- n re - n il t -a an a s ea - a --aid heat transfer coeffa c tent
a st or-. fr&~n I 4 :a at ion and th e conduc t a - on ca lcu la t ion  i s repeated -

thi c a t e r aa t a on ont ietue s a un t 1 1 t hr ca l c anl ~at ed heat input . , agrees
w: t h ‘he e n — w a r , 

~p’., 
w i thin -a specif ied a c c u r a c y . Once the accuracy

c r a  ten on i -a met • t he corresponding - a loes  of )‘ g ’ t )  , hg( t )  . T g ( t )  , Tw ( t  P
- ( ‘ .  ) , and Q(t are presented .is ho t h t a t  a .lat cd and p lo t t e d  functions of
t a me -

The corij’ :it a-r c — d c a ’  further general i red a n that  i t  
~~~~~ 

t -a
comput.i r ion of  te mperature  and t- ’ r e - h i- i t  ing hi s t o r i e s  for other se lec ted
bore mate ra alc cubr e a t ed t o  the same heatii:. parameters , hg(tj and Ig(t).
These are also presented as 1-oth t abu lated and p l o t t ed  funct ions of t ime .

The computer code l is t i n g  wh ich  c o n s i s t s  of the MAIN, SLAB , and
\RR .~ subroutines i s presented an ~ppendis I of this report .

~~~-
- - - ~Rea_c~t~i ye Heat - -

The origina l convection code was further expanded to account
for p o s sible additiona l heating due to diffusion controlled surface

(-‘S

— -  - -

L ~~~~~~~
- ---- - 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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react t a U t’. amid heat absorpt ion due to me lting. When diffusion controlled
su rf,ace’ re-act ion -a arc present there as an added heat input to the surface
described an  --impl est terms h the relation

• a ~ (2b)
r

w he- re - th i s  t h -  ra te  of reactant  f low to the surface and is the heat
re l rj - .s- per wait masa. of re a c t a n t .  In the case of simple mass oi I t us ion
I - ’  the ~:n rt ace - , the rate- o f reactant f low - , 1, is approximated by

- Ii h~~( t )  At
P . - - )

a c w
• - P

art  w h i t h

D • the coeffacaen t of mutua l d if f u sav i t y
therma l d i f f us iv i t v  of the gas

Ihe rat a —  is  termc d the Lewis number and is available for mans-
,:.a— combin ations , The factor .~C w  i s  the mass fraction of the reactant
in t he - ga a s mm s • \s before hg (t 1 a s the heat transfer coefficient . Thus

l i — a  rag c~pua t i — n —  .t and .‘ we may oP- I a in a measure of the react ion heat i rag -

t h is  is  addt-d t o  that of pure convec t i on  w i t h  the result

- • -~ • qt t ci t - on r

\ - - ~a •: e : i - T -  al rule snia -t i  d i f f a - ’ a n  contro lled re - a ’ t  ions cia-c ur
t a re - -.anrface a -. a t - -ri’ some t emperat tire threshold • S~Ia  Tp, -\hov~

t? r a - ~ r . - a ~r : e - r . a t r u n , -  t h e  ~ a t e ’ r a . a ls  n.atur .a l r e s i s t a n c e  to react ion i - a  ove r~ ome.
PIen~~t- . ~e ~..a- a - a l a  t h .mt t ’ e b o w  ‘ as T R’  q hco pi and above Tw- IR •

1 u -— ~~ 
-

It - i  
h .[T . T a s )  c~

These relati ons are anc b uded w i t h i n  the convect ion code for
- ‘. s ib  I • - I - at en .ap;- I a - at a cii: t o  rr;aa - t i ‘ c gas conditions.

-a a r t - a -  e tkl t an~

the - a i r t i c t- reaahe’- i t s  me l t i ng  point ~sol idus te mperature )
li -r e h e-gi ns ~. a t t - r a , i l b .,- cont ro l led t--- the excess of surface heat ing

- - .cr t h a t  -I c nai n~~t ion , Therefo re , above T w-. • T~

- i  
_ _  

_ __ A

IIi•~al ~~~~ —-- --- - -  — ~~ - . .  - ~~~~~~~~~ — - 
-- - — 

_______ 
-
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W (30)
dl ~L.w m

in which

is t he m at e r i a l  loss rate

and

di is  the therma l gradient  aa t  the bore sur face.
el-k

as

In the computer , te mpcr.at lire - re--a palnsc i -a determined using
convCn t a- on~a I f u i t i t c  di f fera ’nc - met Piods - l olisequent l~ , the heated body
is  subdiv ided into a number of e lements  of finite thickness. Net heat
transferred t - i  each element u s ‘ a t a r a -J w i thin the element and indicated
an Is- rn-a c i t  i t  s t empe ore r i --a - - l a u r a  ng me it - ng, ha-cause no net
temperature r ise  occurs , a port ion , .‘~~~~ . of the element is removed in each
time in terval according to Equation ~~~~ a I - o a e .  As material a s  removed ,
the conduction path lengths ire shortened to more co r rec t is  represent
the conduction effects. The pr~’gran logic i s compl icated b~ the need to
produce a temp e ra t u r e  .a r re - .t an each e lement at the m e l t i n g  point and
Ici maa t a u t  ~a in ~aaa ~a.. c-un;: t an g - I - a l l  : i- .a I r i’: —; f i-r  as i t  ?t i n I he- hod -

\ I a  -a t a n g  - t ~ t he - s - r a t  I ra - me-i t  a rag a’ode i s  g i v e - a :  ii; & a ; ~ -nd a ~ I I
c it  t a a a  -a ra - po r I - 1 ~u- la -a t ~~ag - -a - . -

~ a - --- ’. - - — t~ -

- t \ I \  — P’ r t a id a - . a a: ; - a . t , a u t ; - n n t  instruct n on - a and logic.

- t)et .-r--:a- , i -- - - e- a t  t raans fcr c - — t ff acae nt s .

3. ‘-II I — P - a t  ah i  a c h - -a .ar~~a-: t - i aa- It -

-‘eRR-\ ~ ‘ — I a t  e r a  - -1 a t  es t .at a a l a  a rai l ar c -

— - .t~~~~ ache ’ s aicLea - t a hia - tine - inter val -

a’ . a R A P t i  - P r a  de-. - i t - r i  b r  -na t  ; ‘ au t  and n~ rmai Ii :es computed dat a
f5 — r t he pi~~ t t c r .

7 . V t - LOG - Appr ox ia- a i t e s  ;- r o : , - c t  a l a -  a n t e r i o r  ba l l a s t  i t - c  based
upon a - - s — r are and atari: :1 e a e,1 oc it ~ -

1 . Rore Temp~ rature_Co m p-ata t ionc

-\s i l l u s t r a t i o n, of the performance and operat ion of the tw-o
computer codes , the h ea t i n g  parameter s h a lt )  and T~~( t )  and corresponding
sa mple temperatures w-e re computed for seVeral Shod Tube Gun t e s t s .

- - ‘as - - - - ~

—
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l !e  c i a t -. ( - ~ t t a r  heat t r t ~ IF ,)  me l t )  c cidt’ w a s  exta rc i ’.i’d re un g dat~a
de’ r a S ed a n  S I a. kun ~cuaber 7. Pij ased upon the measured pressure h is t  or~
ar i d heat a ra g, I a gurec ~~-‘ through 31 1 11 uct rate the computed he’jt ang ~~ ra
me ’ c - ; - - a nl ~~~~‘ re -a or face’ t empe rat uire ha St  - ‘ l i e -  -a for catch -a pe-c a met, in a hat
ranzl . ~e-. ar~a a Pa t - ,‘P ’-.rr ae - d , the ,a,a v~~I bras-. ic aate ~~a -  i t - a  melt a u g  p - o u r c t  a t
- 

~:a ‘. a r t a  a’ a s a r u c h  a -a an  c - - a - .e ’nt ia l agreement w i t h  the ’ cibseryrd me- I t  rig ora
t h a t  — in p - l e- . Ihe’ a up ro \ i c~~e- I in the ’ s ame t e ’ - t  i s  a- t)mllut e-d I -  I - c -  c l o s e -
a m e l t  a u g  at the ‘u rfact -  w h ich .ag~iI ri agrees w i t h  eviden ce of aTh ’eraed

• - - . u I -a a ir a ama- It  tr ig on t h a t  -a i- -c n men - I in.a I 1 , the surface t empe r.a t ui re-
- a  he \ .a~~ o~~i i S  - S a t a l tt  a~ to be P’e low i t s  melt a rig temperat un- as hi h u s

cons a — t a - l i t  ~ i lb the - e-~ i jena. e whi ch show s no sur face me l t  au g  of t h is  -~pra imt- n -

- a  - ‘a d a i s aP- t ~ ,t t o r t  -1  t h e  a p i  1~~ ai t I ; 1 it ~~ ‘‘ 1 ;t:e ~ciJe’ t o

ci ;  t e ~~~t dat a  a s  g ist - ; :  P’ . N-ta—re- n a- to T ab l e  — Ha- re , I t e
co - a - a  - :~a a - - t e’mpcra t are- rr -a ;‘ , — a - - a - -a - - r a l l  camp b e - a .a ra- ‘m; ‘a re- a
- -. - 

~t a : r  - 1 3 , .~~~ - , . , 28 , 2 1  .and ~ii as Pu a P were at a- -a se-rat a a I I the - -

— a ’ .  a c t  Ic c o a : d a t a - r n s _ Thy :‘mpautt-d n.asaata:aa -- temperature s a re  f u r t h e r
c o n - a n d  w a t h t h e - ~~~~~~~~~~~~~~~~~ m e l t  u:rg ;- .’ a n t s  and the at- t u t a l ait - se ra ,- !
- - : a a ; a i’ e- ; ft - c ; c . ~~

- s P - ’ a s : a .  th~- c -a :sa - t a~~- ;r code-  itid a c a t e -  a melt a rag
cori d a t a - e r  ~~~‘- a i - na-It ung w a - . a. t ual 1 ‘t ’ ” c ’ ;~~e -d Purtherim~rt’ . I Pac - id

ar— a l - ’ -a ~ t i t i  - -P - -- e r s e - i  a s  :-a ~~a c a l 1 a  i t :  agreement w i t h  T h e  rc l . a ! i . i
a e — - a  - a  c - ’npuat -d -,‘ni- -~:ar l a c e- a e -n; ’ e r a t a a n c -  o a r r  tha t  - ‘t t ! c me-i t any p.1 . : . ’ -

b a a - — a r a n g  a~~ ~e t  i~~~: ~~rn ’~ a rS.ia a- of the s a r i -  - a -
l a s t  i d  in I n t l ,  - 

~ u t  h a . ‘ i t  orders - ;  me r i t  a - - given in i _ i a - b e -  -
-

a c - a , it  : - . a -  - , : ~: a t  a - i-  I - .. melt  a a g p - a  n I P r  ic — i ~
. - ‘n-. a di-; P -

-
. Oa - cia a i - a -  ‘5 p’;-~ - - .a~~ , i- T e a — - t .  lo t  ‘ . - i s i tht 1 . a i b - a r  i ‘P

a h e -  a n d - n  - c i t  —as - a v ri - l a ;  a o i a  01 ‘ i t  i o u  MI t o  ; ‘ rop c - a l .  . a .  - - r a n t  f o r
ch tri g - - - t e~.i 1 . 1 ’ e ~ a h a r t  u a- t er; r - - i - - lIen. v - i ra— P i a
.‘- a . ~h’ i - a  ~. a . - -a : t ci t he  c t  t - - . cat r,- b a  a -  - r e - a - - a  c -r a t a n -  ‘a - i t  te - r - - rth - a- —
ia — r e t  i : - ‘ i - r u s h ; ; -  t - r  t - - s a t  . . a t  io t a  a n Ia ifl g i~of l . - - t  s - :i- a t  ang i - a

i; a - — - --- t - i  - I - -

I i i  am

- a~(’ ‘ i t t - 3. 5 n a a - a  - - a ~ C ata rI - ‘ ‘ ~ :- - - he ~~ - . - I h i’- ~c a - .~ a - -as ’ P- ia
f -  a- - - ‘a: -, • p a  c - a -  - , - - a — - e - • 

~. - - a - ‘ - ‘ ‘ - atu - e - a - a t  - a  - a a. h no l( he- i’
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h I I’
- — .

a . 
- .-

0

P ’ r  — c ’ n _ l a’ ionc -~f the - ‘ c- — -. - r a i - c ; i ~ a s  cor p r i t cd  a s

The ti — r-~ e - r  t — - a - i ’  r i a . i~~~, . 1 : a p - a  : a i t  a - n  s I  -a sh. - as : . a t :  l a i P - I c  ‘

______  
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _* - ----- - - - - -  -__ 
_ _ _ _ _ _ _ _ _ _ _ _

hull ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - —a- - - a~~-~~~~~~-- - _~~~~~_,, — ________________



_ _  
- -  ~~~~~~---~~~~~~~~~~ -_~~~~~~~~~ -_-- - 

~~1

0
- ——--——--—- — — - ---- -- - — -  — — --—--—------ --- - -  — -- ---- a

q

C- --

I I II
4
•4 ~~

____4~
_’
~ ,*

H
_

_~~~~~~~

14- --(4- -

~~ -1 Iç~~~~~~~ -4 
-

4II~ 4 2-4 
—

IL. %~~ S..
IL, !. - 0

IL, IL,

~ ‘ 
P~ 

>

4 

.

~~

- 

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

-

- -



a a

q

.4

1°
/ 

7
/ /

A

a 
4~~ ~

- 

-

I ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •1
~
‘
~
“ 1~~

’ I-~ %~

- ‘4. IL. IL

— S _
lIIL.I. -

~:- ~~~~~~~~~~ -

~~~~~~~~~~~~~~~~~~~~~ nT ~~~~~
•-- :

~~l ~~~~~~ ,. ~~~~~ cIVI J _ ~ “j14~
’’S — —  1 l .  l

~—:i ~~~~~~ ~~ .- ~~~~ - -

“~~ ;l ‘ d”.ia r ’ .! a ~~ rS — -  

~~S~~~~~~~~~~~ --- — -- —-- - -•---- --—•-——•-- ~~~~~~ 
- -— - ___________



--- ------ -- - - -  -- —- -~~ —---— ---- - --~— ---- -- ----— --- - ~~~~~~~—- - - -~~~~~~ -- --~~~~ -- -~~~~~~~

I_

ui
P

- - 

i

_

~~~~~~~~~~~~ -

_

- - -- - — I
SS~i~9 ..i I ~~~~ ,,a~ •r’...~,1 — -  t r -

c _ i  ~~-“-~~~. r~~~’ ~~~~~~~~~ ~~~~~~~ 
- ~~~~~~~~~ 

c -

~ p-$ N~P ’ ,P-4~ c l- ~~~; 4 F .‘ - l  ~~~~ ~~~~ —— - ‘ a

~~1 
-

-1 
—

- -
-- 

- 

--u.- —v



q 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I

-a,
7 - I -?

-

- —

~ ~
- C-

~r p
a a. -
-- — —

‘—. - ~~~~~ 
- . ~~. 

_ ,  -

a 1

3;

.1. - -

- - i  — —
~~ 

4_ i  - -

- , a - -- .

- - - _,- a..
a - at

1. 1 - ,

-f — .1., — -

a. ~. ‘ 
- 0

— — -. —

at — - - ‘ -4-I -a
i a .’ — -

~~ ~, -~~ ---

— ----— ----  - — ——-S



- - _

TABL 1 8. 3R1*k-O)- -M lRl I FOR CONVI~CTION CONDITI ONS

Materia l Merit • ~~~~~~~~~~~~~~~~~~~~~ Actua l Ranking
- T~T from Iahle

Coppe r a- I
Iron Li 2

3
- 4

1 -
rn

iS ::- I.

-. a : a g  L~:a a t ion 31 .aa- - - ,e - we- note ’  from 1.0-Ic 8~ ‘ r asa l  brass i s
nra. h ~~ re- or re.. t 1 pla ced t ha t ; :  a - - l a g  t hi- earl icr relat aons h ip of Sect ion III -

a ., ..a t a - - a 1 -a t a: e- :  c - I - - na- ac- - ‘tare - :d~- .1 1- - r a a . c  a ru s e l e c t  a ,‘;a o f  at_a t a - r i  a 1 s
I F  r -ac r s a 5 r  i;: seve re- - na - . a e re.a t a t ag  ;:~ a r~’rra -e-lit s where i mens i ona 1
I a ” a l i t  - a s _a — - - r t O U S  d c—r a t  a - ru -

The .aho s c 5 ’a-; - a t  a - a  a te  - - .. I t s uu~ ri~ - - - t  .~ a ned ~us it  - g .i ~a lane of the
• ii , 0! ) S  wh; -_ h  cora a -;se.J - that u s u a l  1— taken t. — r

p  t 1 ‘as , ~‘: t
- aaa a g a  • ,o- -a t  I e sens i l l s  i t  — - - t ‘ut ’ t empe rat un ’

- - r; - at  _ i ‘ - I a- - a - ‘a: - - 
~: a- a; - - ; a  ;ag t P ar on a- 1 1 on code

ra- -‘ a  a - h n a t  -a- ;- t i ed  a”a a a; - - a t i - a - ’  - c - t i t , .  t a —  a r t - a c r -  t I t S ePS i t
- t alt  -

~~~~ e a  • a: ~: a — a — — P: -w ’l a;: T a b l e  -n whe - at e .a range of exponent
a r - a- u) a. t . - 1.0 a r ’ d a i c e ’ . on l- . .a ~. ;- i - r  e n t  - i . - a a R e  an maxi~~im bore tempera -
rare PIt - w here  P ’ore’ t cmp~ r a t - a r  concerned , great  lat  a t  ude in
-a t a na on ot t Pu a’ c-IL ;s raa— a: t a .a I I - w i -  -

• ~~ . 1k- j~ut ra~- a r a  son ..

lahe:: suuh ectecj t ’ - i c a — - f l t ’ a t i  - a t  P -a i ~ I a — t i c  cr e ndut ions,the
boat a .- tem pera ture  r c ’ a — - -a --e cit v a n i c i u n c  m a t e r a , i  c hat s been chow-n above
a he c i g a :af a c.i ;a tl a different - ihe ~~~~i- r i a t l  -. ; - - - a - e - ’ i r a g  the greater

a ~ it ic’ and h a - a i t  capac it ic - -a • ot -. - - ua rse  , exhi bi t the lower bore
s - u nfa.-r t emperatures . t a  ai d i re  t - - - a : s e - ; : i en~~a- e~ f t h - - .e di fferences an bore
- a; at f ,acc t emperature’ , there are ia :s difference s in absorbed heat . Th is
a -. chowan a n T ab le  — aiP- aos -a- — hi -r e the oT’ p’e r sample i - a  observed to have
a - ~a -~r hrd c - a  perc en t more t o t a l  Pa c- ra t t han that  of the I r) plS steel sa~ -i1e
when sIuP ’~ ectcd  to eSst- n ta a li v the same con ditions, In genera l , the amount
- f  absorbed heat increases according to the sat lu e ,kc for the atcrisl .

a~ an ra- 3-S demonstrates IPits for the severa l aatcnalc of the test program
a u t h  heat input data obtained from Runs 13 , 26. 2” . 28, 2P1 , and 30,
Because Thes e -  runs were at ec ’entiall ’ the same b a l l is t i c  conditions ,
c- -n ae ct ion coefficients should have been about the same . Therefore, a

- - S . - - -  -a
-
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Figu,. 38 EFFECT OF THE PRODUCT /~E ON  TOTAL HEAT INPUT AT CONSTANT
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deta -r na:a.tt non c i t  cuili ~ ect i~~n c o t - f t  aci ent for ains - one should Pie app ! a cab l i -
t o  t he’ - - t h e a - a . ‘a ca cri ;’aatt-d vari at ion in heat innant as a function of •kc .

at t n e  t a ’’- t  samp le- s i - a  a is c i  shown in Figure 38.  For th is  computation
c o a t s  c c l  a o a a  coef f i c  it- l it  -a .a iad ga - a temperature s were based upon the resu l t s
c it  t he co ; ’ ;’e- r t e s t  .as a s ta nda rd - One ma~ observe from Ftgure 38 that a

‘at’ c a ca-pa nt ed  r es u l ts  show the proper trend : however , the heat input
a . .a~ : a a t u n J e - . arc t o o  great - ‘at the present w r i t i ng  no clear reason for

s~ a e ; ’~a : a - a v  Paj - . ha- c-n found , hut the data suggest that the rffcct ire-
a , -ra :’ t - r a t a a x e  c i t  the’ ga- a is -. n g ; a i f a c a n t  Iv below that computed for rev - r s i h le
a d i a b at  ac  ~ ‘raa;’ xc -- .-alon and used in the computat ions . The l im i ted  s c - - p a -

oa t he - : u -- a - a a t  s t uds does not permit de ta i l ed  ex a minat ion  of this tempera- p
a a~ “t o r n .  1 0 :.  It a s  howeve r , i-el ia - red to be an important anrt ’ a for

- a n t hat i t haa -a a re- c t  beaa r a ng on the ahi lit v of a gan S — t  l~~.ITta

t e ~ ne- I a  r e t r .a c ! . ’ r - - me t a l s  ‘-an ~ h .as chromium and tanta l um

- ‘a ga s a-a ; I - cit .nI ~:t- ,c t a a g  and P- .11 l a s t  ic condit b aa — • i t  appears
a - a a ha- - -~la - a de- hana t a- I a dc-f a ne -a aaa ’ .4 t t fans Icr coeffi ci c-nt hi - a t  - ‘ rae ’ s and
i u — a l t  a : ;  ‘~~ ‘~a. -~ a rfa;c’ t e - r : - a - : . a t a a re h ; — L ’ r ; e s . A- a prese nt Is w r i t t e n , i t

to a a a t ’ s  a lt’ -a i n .a i t a ’ . I - at - a n a l  a a -a of nt- ,a ‘.ured Shoc I- T ube -au ;
- n - ~~a a Pa l a t e :  re - i a aci’” a t  , i t  at-_a - ;- r~’ - . ide -n tool for det erra n .at ion

c i t  ‘ h e - .c- , e r a t a  c it  ‘- a t -  - a i~ - a a  ~~‘ ; a d a t a , ’ a ; s  a n  a~~t :a.a l gin a -a  f - c r  wh ich s i m i l a r
a -  — a  P i t a  a rt’ .aa~ a : t - t

1 t a a ; ~~~~~- - .a at a - - . - a : -as1 . 1  - - -

I he aaw I t rag - - - a - as an -a us e d  t o de’ t e- rma ne the amount o I me’ it
c - a :  - . ‘

~~~
-
~~ a r  t P - a c i -- c -  s an; I c - c  — . a ~~h e’ xhi1’ a t c d  m ateria l Ioc ~ by me lt i ng  a t ’ .

- P u - c r & ~’eoP a n  T a ’ Ii -, ,a ha .s e’ . t a ’” a t e d  ,v~w . tan ts  of  l oss are ‘- boast; in 1atb~ c’
10 - o: lg a ‘ h t a a c -  b - s c - s  a~- t t a n 11 a- i -  at cured - I cii- t ha s or an ra con • the

a g ’:a l ’ s  — c - - . it: ma i i i  grams ci t ala , ls measured were converted t i c  average
r n , !  a I era lar  geme n t an ma~ ra ’ a n~ he a -

.a g r c - a - rns-nt be tween  measured and comput ed losses , while
.t .— ; -i - .ar i a : g ;- ‘- -r , is ,ac t:;a ’ l’. s-er-a good considering the s i m p l a c a t s  of the
,- - ,le .aa ol It : , -  ;-reci ~ non - ‘I tao- Inputs.  All computed losses of Table Ii’

at - I ns a: fau I a 1’ - a -  - a p t  i - ’a :  of latent heat of fus ion at the so l  idus
a - : n:’ c - r a t ; i r e - , .although . a l l  of the materials tested melt over a range in

- r n ’ ,rc - through which the c-nt ire heat of fusion i- a  absorbed .

I t  a s i~a vci nd the sco pe of the present stud to determine and
model t a ,  ‘ - : 1  i a t e~ Inc a -n and arn - i t  remova l process and this would need to
he ,P - ’ne - to - . t , a - I i c h  1 - - s - a  w i t h  precision.  For example , if some p a r t ia l ls
nc - I ‘ i-J r’. a t c r a ~a 1 i s rerwuved pr io r  to  complete change of state , the effective
i’ c- ra a h~~.at a s lowered and the amount of materia l loss is increased h~

a. Sa” ~~~ :lt a a r a t ’ i ’  pr-’pscrtao ;-~at e with the relative effective latent heat ,
\- .a demo nstration of  t h is  f,a~ t , the predicted melt for the brass specimen
in Rat ;: ‘.- -

‘ . ~‘a- w a s  recomputed using a latent heat value one-half of that
f - at .‘ a - li’ te me a t a ng. The amount of loss was increased to ~- 0  m cro i nch cs ,
‘a- - - - a a l v  t w i ~~c- that of Table - 1’ ’ , At ve ra high gas shear stress such ac
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t a :~at Inrea.ent in th e -  STG it is poss ib le , indeed likely, tha t material i--a
rerx - ved be- fo re - co mplete melt ing and , therefore , greater loss i~ ex pcc te- d
t h . n :  that  p redicted by the computer code using full latent heat va l ue- .

-‘a stj,o~ ,j and probably more important conside rat ion i - a  the
t ’ i a ~ is ion of the ha- ru n a i t - t a t  da t a .  Small erro r in th is  va lue near the
C t  11 ia :g thre sh - - Id c - an have large influenc e on the computed loss - For
il b u t  r a t  io n , ~ att’ri al l os - -a for the t’r.us-. sampl e w a s  again recomputed
r i s ing  ‘a:(- - h a l t  the  late- r at heat , hut w i t h  a S percent increase in the- a

r i - n t  inpu t . I he co mputed t o - a s  a rac  re-an se -d ra c -a r l v threefold to 1333 ml Cr- ’ —

at : ;  :a~ -a a~cim;’,n red t - ‘ t he ’ ‘1’: a-a r- ’ a at ;  Pa t a -a comput e’d earlier ,

- oa - ; -a r n sOn of  t ht- 1 - - s - - a ’ --- fo r t e s t  -a ,TS and 31 further domonsi ratu
a tae - an;o r ’ ac e - ~t ha- ,at ang , b a t  t h e - .c , the atnalci r  d i f f e rence  wan - a the
t a t , a - n t  w h ic h  an  r t -a s e - d  ~- s o r a l  4 ; a -rcent , hut resul ted in ~a fivefold

a ; ;  ~on; a a t  t- i a ” a t e ’ r a a l  l o s s .

lab i -a: oat a cci;;’ . a ~b-r — t he I ~arge ’ ch .ange’ . in l os s  a. Pa t ch accompany
hr ‘- a ’ I at - at a- a a: - a t  t a i l :  ge- -a a ii i at ; - a i  t , t he a greemc-nt bet as a ca’ . the- coriput ed

i::,: ne-o - ared l - ’- . s e - . a s re-ra ’ . ira. . a h l v  g~’- ’d .  I h i t— , - t a t -  ha. gre- ra t c , ’;r fa da ;a; a
- - - t b  iii a ~ a , ,  d i ; -  - - I  a hr a a w a — : a r e ~,i ha - - it a ng data rand an the oP- n I it~ of
a ’ :e c - - na- . t e r ~- ‘J’ t a  ; ‘ra-di; t l os ”  i - - a t  a given ha-at anput -

httPa de~ t-1 - ’patat- a :t .nnd sa l adat ion - c~ t n -  a t r e l t i n g  code , it i - a  of
5 - 1 , - t a - - . t o  .a;’atl-a the code to a real large cal ibt- r gun s i t ua t io n  a n

at l a ~at t - , I-tc ra’-, t - - ,- itt. i t - g a t e- a -  of na—p ro ach to  t~~re s ur face me l t ing.  I - - r
hi , 

- -a , l a s ’ a ; :-a a,! a t i — ; : - - w i t h  an I hc - I a-~’~~ Ml ~~ cannon fa ri ng the
c ’~ . :I nrge were ’  -. a - I e ~~ted ‘a-a the - a t- -ir e know-n and have alread y been
Jo- . rune;: a - 1  —

a ‘ a t - t o - - a t  y ‘--r e - -- ; a rtr a ,i - t r peritu re a t ( - t e r ~~a na? io n- , were made
- a t i s  c a - - t a ’;: a s - I  Pa ia :  a t a i s e  ~~ t ” P-o re  c - a r t . -tca’  heat input tint i I 

ci - - a, - I a at g as .u -. a aol i — a t  a-i - I at e re- - i l  Ii rig a-as x ilanar P ’ a ’ ate temperature-a
a re a - - s hown  an I a, :  a r c  a The r e s u l t - a  . n d i c a t e  me l t i n g  Ic’ P-c achir~ e-d

- at a - -  - a t ’ - h,-at an pu t ia - s ci 0 .a t - - — a t t  In- ~’ Mat I t— . In actual t r a c t
a a;; p ua t atw-s—urcmcnt a for t Pr :  c gnat charge combinat ion wer e  found t o  — h ’ a s

i~~~~~. t h n a a  l .  - R t - i i - t 1 (See pg . j a , Reference ~ 
) ,  -‘a t th ic heati n~I c - s i - I , r eIa t isel ~ I .w  maximum bore temperatures arc predicted (<I~~0it F i ,

hr ate a~~. hoas eser , measurable c r o c i - n  a n  t he MIST - cannon when firing the
S SLa t i l  ch .n rga- . Hence , some surface reaction effects are implied . The
n a’c ,- : u nt o f  t - a , c of react io n-, present must await the result s of future
shock Tu t ’e c hin t e s t i n g ,  hin t it appears that sub stant ial chemical effect
a - na— t P—a- present in th is cannon if the results of 1 igure ~ arc correct.
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V I .  CONCI,IIS IONS

1 . Shock Tube Gun heating condi t ions required to produce pure melting of
steel have been determined .

~~~. Measurement technique s , for use w ith the Shock Tube Gun , which permit
accura te determ ination of ma terial loss and heating have been established .

~ A computer code by which ballist i c and gross heating measurements
may be normalized to find bore surface temperature histor ies and
melt ing rates has been formulated , tested , and found to agree with
measured observat ions,

4 .  Pre liminary anal-~- a n s through application of the computer code indicates
c hemi--a.n l react ions  to play a significant part in erosion of some
1.arge c.alihe r guns .

. . The’ ‘st a. t e s t  r esu l t s  ind ica te  that  a n i t i a u t ion of bore surface cracking
require ’. a ’ sp cs u rc  to a Ta - active gas rather than to an Argon-Nitrogen
m a s t a i r e - - h at ing a lo ne- :appeas rc insufficient to produce surface cracking .

8
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C L I S T  OF V A R I A B L E S
C
C •~~~M B€R OF T E M P E R A t U R ES TO BE REA D IN AS A T A B L E .

C ‘i~~-NL IM8ER OF V EL O C I T Y  VA IIIS TO SE READ IN AS A T A B L E ,

C •‘~ -Mi3ER OF PRE S SU RE VA L U ES TO SE READ IN AS A T A B L E .

C ‘a - e . ’i M d F R  3~ ‘“: VALUES TO SI READ IN AS A T A B L E .  IF NTC S ARE TO
C BE C A C ~~~ 
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SUSIOUTINE A llAYS
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
C
C SUSIOUTINI A llAYS WIL L  (17)411 GINIIATE VAL UES O~ TIMP.,PIISS..VELOCITY
C AND NC I! LiN EA l 1NT(RPOLATION FROI4 TABULAR INPUT DATA OR BY
C ~..TC0 (PIPO ) S (CAMA-I/CAMAI.
C
C ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

DIMEN SI ON 711 SO I ,TINPIISOO ,SO ),PIISS (5 00),TEMPG ISOO ),V(L(500 I
•,14(SOO) ,TIN( 50J) ,PVT IXP(SOO ),IC (5O),VG(SO ).PGCSO ).TMG(SO ).TMV(I0)
•.TMP (S0),SICMAQ SOO) ,IVZ (2O),NGISO ),TM)4(5O).SUN$(500 )

N E A L
C OMMON/IANI I L ’ T I N ( F ,D LPT N ,N ,(NP ,T S O , PO ,D( L,GA MA .INTNVL ,QIN .QCAL .
•tI lOP ,TMA K . 1 ,D I ,A .NIuN .TE MPI, T I .PIISS ,T(MPG.v (L ,N .TI ME .PVTE*P .TG.
•VG, PC, XY Z .SIC MAO ,1,4C ,NG, TNV ,TNC ,TNP ,TMH .NV ,NT ,NP ,NN ,K ,C,IOM .TN .L.
•CND TR

) ,~~~~,1, I.A $U .( NN .(Q,l)) GO TO 9
J.1
A CUTP4 1 .- O T
DO 7 M .I.t

• AC UTMI .ACUTM(.OT
!r ($A CUTNE .CT .TNN(~~)I .ANO 1IJ .I ).1(.N$)) i.t .t

‘ M4H) .MG ( - l l .l I . 4L (i )N C ( J I ) ) / 4 T N H ( I ) — T N P I ( j - I I ) ) •
• . A~~~~T~-It 1 p 4u (  - I I

9
: 1 ( 1  

~~ -. I I - .0 .  .1  NM NI - I I I CO ‘
~~~ B

00
A . :‘W [ - A ~ W~

A ND N P )  3 .3 .1
P a 1  sc ~ w I . P -.. - — 2 )• l  P ,I J ) _ P C I J_ 1  ) ) i I  ~W P I J ) — T M P l J — 1 ) ) 1

• A ~ M~~( J -  ) )
I1 (N~- ,tC1 I’  C A L L  V I LO C T

A-
00 1
A M 1 . A ~ w~~.
:; ( A ~~U M i  , W , 4 3 ) )  A N D . ( l j . I I ,1 ( , N v ) )  3•J•I
‘, ( ( U. — , ., 3 —  I • I * ~. .~ I .C — I l l  ( ‘N .  I 3 I - M~ I 3— 1 )

• ( A  ‘W (  ‘U , • — I I)
I I  . • ‘ 0 1

0
A W p . -~~~~~

• 1o )w-~~. :
A W j • A

~ ( A  U’w f  , ‘ W
~.(~~~ ) I A N 0 ( ( J . I  ) • 1  N’• ) )  J— -~ • I

3 ‘~~ ~~~~ , ( M ) — ’ .,( 3 — :  ~.4  - ‘ ~ ( 3 ) ‘- ‘ I  J ’  1) 1 4  ~ U( (  3 — ‘Mc. l .~— I ) ) ‘ •
•4&c ._ , .w(_ ’w , 3— :))

CO 0 S
1 C~~: * - AMA * I ; A W A

DO
C 6 ‘1 N?~~~~W ) .  ~~~~~~ i - ~~ B f S ~ N ) / P ) ’ C P , :~S

I ’S ..
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T NTEST

SUBIOUTINE TNTIST (TM,N .OT ,IOMI .TIME F ,L,O(PTH,Y DEL,I )
DIMENSION TMISO .1 )~ N( 4 ).DUMP I 4)
DATA DUMP /lw VC ,IH YG •4N PG •IH NC /
DEL•DEPTH/U-l )
O TI  • T I NE F l  1 0 0 .
DT2—V DEL’D (LlS.
DT.DT)
IF (DT?.Lf.DTI) DTeDT2
i•IT!NE F lOT ).i
DT—TIME F I I-I )
S IC. I
WIITEIS.SOO ) SIC .OT
IV (I.GT .SOO ) I.S00
OT .TIMCF/1 1 - I )
IF(I.t0.500) ~l1IT( 5,6 O O I DT

500 FORPSATIIHO ,SINTN( NUMBER OF DATA P15.110. D USING THE SMALLEST VAL
.01 OF DT IS .112.5 ,23w THE VALUE OF PT 51 INC .112.5)

600 FOIPSATCIN O .IISNTHE MAXIMUM PERM ISSASLE NUMSER OF DATA PTS . ALLOWED
• BY THIS PIOCRAN S DIMENSIONAL ARRAYS ARE S00. THEREFORE *00 WILL!
•IH •SI M SE THE REQ . D NUMBER OF DATA PTS. THE VALUE OF DT WILL St
•1I2 S . L Z N SY O ( F AU L T, )

DO I I N — I , I
IA.N( IN)- )
I F (  IA tO.O ) GO TO I
00 2 I M- I.IA
II~~IN.I
I II (1’N(IN .1.LN -~~wI lM .I NII.G( .Dfl GO TO 2
WRI T ( 6.iOO DUN P (IN I .II .IN
B OMB.) .

2 CONTI NUE
CONTI NUE

tOO FO*MA TIIHO,Z4HT!N( STEP IN INPUT TASL (.AI ,ISHS(TVEEN VALUES .12.1w
• AND .12 .1 7w 15 LESS IMAN 01.1

ICTU IN
END

10t~
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C RAP N

SUBROUTINE CRAP HI B .SUM K ,N)
DI MENSION 11 (50 ) .TIH P IISOO .b0).PRISSI 500 ).TI HPG(SOO ).VLL (SO0 )
•,N(500).TIM((S00I ,PVTEKP (500),TG(5O ),VC (bO ).PG (S0),TMC (IO ).TMV ISC )
• ,TNP( 50) .SICMA O( 500) . XYZ( 20 ).)4G~ SO) • TMN ( SO) .SUNN( 500 )PE A l. ~ , X t l ) .i
C OMMON/BARREL TIML F .DEPT I4.N ,E XP .T5O ,PO .Q(L,GAMA .INTRVL.QIN .QCAL ,
•(lROR .TMA K .!,OT .A .NRUN .1(MP I ,TZ, PR (55.TE MPG,V(L.$.TIN( .PVTEXP .TG.
•VG, PG .XY2 .SIGMA Q .T HC .NG .THV .TMG .TMP .THN ,NV ,NT ,NP ,NH ,K ,C.IOH .TN.L.
•CND . TR

IZ~~0

7.1
Do II 3 - :  .~~~

l ’4 ’ I~S • l
: 1 S ~ M~ i ) . (. , .( I ~ 2 ) — T ~ ) I IT ~~:~~.I
U C I  3 . 1 3  I ).C~P .(J.(Q . M) .O*.( 1N .(Q. :N ’ R V L  ) . 0 R . ( S U M X I J . G T . S U N X 4 J - I Z

. 1 ) )  ~ B t ~~~ ( Y . -~~~) wR~~N .’ : M t l J I .’tMp : (J. 1 y I .H(J) .TIMp C4J )
• P RE SS . ,) , , ‘.~~~C ~ ) ,~~~~‘1W A Q  3 ).SLM .J

I r ( I N . I~~ .1.~~ R .i , ’ N—0
2 1  ::.:
qq •OBNA’ (:S .sl:S.o .,.uIS .B I

I NI

- - -.~~~ 
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V ELOC T

SUBROUTINE VILOCT
DIMENSION III 6O),TEMPI(S0O.SO )5PRESS( 100) T(MPC(100).VEL(100)
•.H(S00).TIME (500).PVTEKPISOO ).Tc(3O ).VC(1O),PC(5O ).TNG($O).TPIV(bO )
•.TMPISO ).SIGMAQISOO ).XYZI2O ).HG(SO ).TNEH(50).SUNX SOO).S(*00)
COSSSON/BARIEL/TIMEF.DEPTN.,N .EXP .TSO.PO .Dfl ,GAMA .INTRVL.QZN .QCAL .

•LRROI .TMAX . I .OT .A , NRUN ,TENPI. T 1 .PR(SS. T(NPC .V EL. N,T I M E ,PVTEXP .TG.

•VG .PG.*YZ.SIGMAO .TNC .NC.TMV .TMG .TNP ,T’MH.NV .NT .NP.NH.K .C.ROH.TM.L
•C ND • TR
COISMON/PIOJ/VN .AREA .PN*SS.ST
IN.0
F.1.

3 3— I
SI 1 1.0.
IN. IN.
DO I N .II.I.I0
3—3 . 1
VG (J).F AIEA IPRESS (M).PIESS IN-I0))’OT )SI,/PPSA%S.VG (J-l)
S (J).S (J-l)•(VC(J ;.VG (J-1))•DT 5.
TNVIJ .TINE N
IF tSIJ ) .G1.ST ) GO TO S
CONTINUE

S Z-ABSHVGIJ)-VN ,VN )
IF ( IZ .LE.O .l).OI .II N .(O.SI) GO T O2
F.F ‘VN/VG( 3 I
GO 10 3

2 iFiJ.10.i / IO I GO TO I
VCIJ•I).VC (J)
SI 3•I I—I TIME I - TIME IN ) ) VGI 3 1 . 5 1 3 )
TMV IJ .l ).TINI T

7 VRIT ( 6.99) VN .A IEA .PMASS.ST .F
DO I 31—1 .3
VII 7 (16 • 100 I TNV 3l ) .S (JI ) . VG i t )
NV.J

99 IQIMAT I 1M1. T 30. I7 I4CALCULAT (0 V ( LO ( ITN VALUE S ‘cT.istc. 1/)%4O.~~7W MU•ZZLE V(LOCIIY..FS.2. 1lN  (FT , /SE C , )/l H .2SH SASE AREA OF PROJECTILE
• •.,rI.S,9M C F T . 2 / I N  .20)4 MASS OF PIOJ(CTIL(..FS.5.SH (LB .)IIH ,I

• 3 N  TUBE LENGTN ..FS ,S.6H IFT .I,IH0,30H PRESSURE FACTOR . •F
•— .FS .2.6H ,1w0 .T S . I I N T IM (  SIC . .T4I .IIHDISTANC ( FT.) ,T60~~1•9NV E1. O C I T Y  ( F T .  SE C . )/l NO )

tOO FO INAT4IH .T25.(II. 4.T4S,IB.5. 165,F S .2
IETUIN
END

_ _ _ _ _ _ _  
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CALCULATED VELOCITY VALUES (FT /SEC.)

NUZZLE VELOCITY . 2*10.00 (FT /SEC .)
BA SE AREA OF PROJECTILE . 0.00360 (FT. ’Z)
MASS OF PROJ ECT ILE. 0 .ZS000 (LI.
TUBE LINCTH.*5.00000 (FT. I

PR (5SUIE FACTOR . F • 0 . 3 4

TINE (SEC.) DISTANCE (FT . I VELOCITY (FT./SIC, I

0.0 0.0 0.0
0.12601-02 0.00739 11 .12
0,21001-02 0.05276 60.70
0.37601-02 0.21766 203.06
0.S000E-02 0.70469 576.11
0.62501-02 I.9422S *403.97
0.75001-02 4.19276 21U.SI
0.07501-02 1.12126 2500.00
0.10001- 0* I0.311S9 2S93.32
0.11251 -el 1 3.S7370 2626.06
0.12501-01 16.16226 263S.64

L
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0 0 0 0 0 0 0 0 0 0 0
A A A A A A A A A A A
0 0 0 0 0 0 0 0 0 0 0

0* 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

0-

Pd 0 — 0 0 0 0 a 0 P. — Pd 0 A A a a Pd 0 0 A
0• 0 0 0 0 — a Pd 0 — A • a e 0 0 a ~ S a 0 0 a a

15- 0 0 0 0 0 0 — A 5- 0 A A a a Pd a 0 0 0 0 0 a
— A 0 0 0 5- 0 a S • a • • •

—
a D

5-
a

0
• 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
• 0~~~— A S  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

5.. A A A A A A A A A A A A A A A A A A A A A A A
o a a a 0 0 0 0 0 0 0 a a 0 0 0 0 a dS 0 0 4’ .0

a
• 0 0 0 0 0 0 0 0 0 0 0 0 0 0 5- 4’ a • A A 0 a
• 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 - A .0 — a 0
a 0~~ID —~~~ 0 0 0 9 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 — p. A

A A A A — I’S A P’s I’S A A I’S A A A A A A A A
o a .o 4’ 4’ 4’ 0 0 0 4’ a a a 0 0 a a a .I~ sO .11 4’ *1’ 0

a
• 0 0 0 0 0 — a a a a a a A • A A .0 .0 A 0 a ao o fl 0 0 0 0 0 P a — A A 0 5 0 A 5- 0 P5 .0 .0 .0
P. - - - 
o a. 0 0 0 0 0 0 0 0 0 5- 0 P. a a a a a — — - a s

5.. - A A A i’S A P’S A A A a a Ill A 0 a • .0 a -.
o 4’ 4’ 4’ .0’ 0 0 4’ a ii’ 0 a .0 0 0 0 .0 a a •. 5

P.
O 0 0 0 0 A dl — a 0 0 .0 0 5- A a a o a A — ‘ p.
O 0 0 0 0 0 # 0 ~~ P~ 0 • 5- P. 0 • A 0 - _ a a

S 0 a a  0 0 0 0 0 0 0 — a 0 a A a — S A a .0 .0 0 .0
— — A PS i’S P PS PS I’S • s’ a 0 A a s a o a a • — —

S 0 4’ 4’ .0. .0 dl 4’ .0 .0 .0 a a a 0 0 a A • a a a

I — 0 0 0 a .0 4’ — .0 .05 dl S — 4’ 4’ 0 A sO *1’ 0 -
,- o o 0 0 0 s-s a a o a A S a a 0 .1’ a P~ 0 — ‘

— - - . .
— o ~~~ e ., o o o 0 P a 4’ a a A • d o a a a a p. 0 —o . — — A A I’S A I’. PS A a A A a Pd 4’ ,JS A 45 O t e a A  5-

o .. a a a a a a o 0 .0 .0 - a a o : ~ ~ : : ~
2 0 0 0 4’ P.. a o 4’ a — a a a o A 0 0 a - 4’ 5
0 0 0 0 A .0 A A 0 5- 5- — 0 Pd 0 a a a A a .0’ 4’ A
0 - ‘ . - . . - .
o -~~~~ o o o 0 — a a a o P. — A A 4’ ~~ a a p. a ‘~ — 0

A A P S  a a Pd a —. 5. .0 0 p. 0 A 5
o a a .05 a .0’ dl .0 w’ a a A dl 0 a a a — • .0 .0 .0

0 A A 45 5 • 0 .0 45 -‘ 0 a — a 0 .0 .0

- 
0 e a 4’ A — 5 A • o 45 0 a — a 4’ .05 o a .0 A

o — a  o a a .. a a a .. — ~s 0 a 0 -. — a a a ‘ -I
- 5.- A A i~* A A a a a 0 a — a a .~ a a A A P -s .v A
o 4’ 0 45 .0 .0 .0 a a a .— —. a — a a — .  0 .

5- Pd A 5.5 5- 5.. p. 5• . . .~ -

4’
4
.3

A — — a 0 a a A a 0 a ‘~ a a P. a a -. P . — a 4’ *
• ~~ 

p
~ — A 0 • a 4’ 0 4’ a a a PS a 5. .0 . 0 .0

0-  -
— 4’ • a o. - . a a a a a a o a a — 0. ‘~‘

. A .0 A 0 ~~ S — 0 P. Pd 0 — A 4’ A S — 4’ a

5 4’ . 0 0 — S .05 Pd Pd .0 P 4’ — a A P~ a S a 0 A 4’
P 1 — Pd 5*5 A A a a a ~ a s A a a a PS P. 5.

4’ 4
a .

a S

0 0- .
4
* 0 0  I- — 5- — — — 0 0 0 0

0 0 • 4’ 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
• — — , S i * , •  . . . • . . . • S 5 * 5 5 * 5 . 5
— 0 — 0 a — a — a — ~~ — — a a — a — 0 a a a a ~~ Pd ‘~~ .1 5
• a • a . — a e a a Pd a p.. 0 I’S — — —. a 5* 0 0 A 0 4’ 0

4’ • A • — . ~p 5- 0 A a a A 0 — P. a a a P. A 0 — 5- 0 Pd .0 a a
a. S a S  0 IS  0 A A P. a a P. 0 a Pd 0 5 5- Pd 5- I’S a a — 0 .0 a

• — t  S~~~~ D 0 5 0 5- — a 4’ Pd .0 a — PS 4’ a a a a A Ps — — — S 5- —
C) • A D S ’ I”
- 5-• . . . 5 . - 4 a  0 0 0 0 0 0 0 0 0 0 0 * e a 0 o 0 o o -‘ o .-. -,

.. . . - 4 S

4’ O .? 3 ..s Sd 5 0 5-
a —  It  —
• S 5 O I a  4’ — A Pd 5*4 P9 Pd P. Pd PS Pd P. Pd Pd Pd Pd 5- 5- 5-

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
• 5 ) 0 5 -~~~~~— — • ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- .a -’O 10 — — a - a a a a a a a a a a a a a a
o a •aao - a a - • e a a a o 0 0 0 a o a 0 5. .o P..
I lan a D— o O  0 5. 0 a Pd 4’ A 0 Pi 4’ 5- A 0 5- dl 5.* 45 — ‘
4 05- 0 — A 5- 0 0 Ps a dl — P.. 5- 0 0 Ps 5 0 — — p.

C • 5 J  I t, 0 4’ — — P* 5- 5- .0 a a a a P.. p.. 5 • a a
.... - * 4 0 4  ~~~0C . s O O a *  5 . 0  0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
S — *J 5 0 C % J I  —

_ _ _  - - -  - ---—-_ .  - -,- -  -.. -~~ ~~~~~
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— 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
5-

0
a.
- 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0

P. 0 0 0 0 0 0 0 0 0 0a 0 0 0 0 0 0 0 0 0 0 0p

a 0 0 0 0 0 0 0 0 0 0 0 0 0 0 53 0 0 0 0 0 0 0
— P. A A P. 0 0 P. A 0 0 0 0 A A 0 0 A P. 0 5- A A —

4’ — a a .0 0 dl .0 - 0 dl 0 0 5- .0 0 0 .0 4’ 0 4’ 5- —a — Pd dl P. — a a P. e 5 5- 4’ 0 dl Pd — —
— — — PS A a A A —
a
S.

3

S-I

-S

a 0
I -
— 0
5-

‘I

4’ — 0

S -.
4 —

— _5 0

- o
S 5-0

‘I

5.00
.
-_.

5*- 1 -
— 0

S-I — —

PS- 5. -a 4
0~~~~~

:.~~— - D a
0 5,_i 5-

— -
— 0

5- ea -0
o
— 5* 7

1 4 5  ~~~~-5~~~ ‘I
5.5 -4~~~~ 

5-

*5* - a

3 3
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~1
5-

5..

0 . 0 5 - P s OO S  ~. 5 0 — A 4 ’ a  a 5 - 5 4’  PS . 0 5 5 - P S  A
I eo .o a. r s .aA #a— d l r s —p .  O P .  00 0 4’0 o o 0 a . 0.ds 0 P Sa P o s d P d O P S A r ls n~~~~aa P da

50’ 0 0 0 0— O P .0 0 A S 4’ 0 0 0a P - S a - 4’.aaPS

0 0 00 0 0- . 5- i’- .0 A A a 4’ P.. Pd . 0 00 0 0 0 0
- 5 - 0 4’  dl P. 5 5 5 5 5 5 55

— 04 ’  005 A a # s. O S  P.. 00  a ~~ ~ a .*- — P. 55  I’.

• 0~~~ O O~~~S 5 - P . a P da 0 5 . 05 f lA# 4 ’ .~~~P.i4 ’d l O
P.000  0 a 0 a a 00  Pd # 5 50 00 5-  — P.O

— Pd S A P ’~~S # P d  a ~~ 0 05 -  5.. S OP. 1*4 55~ —
— — 5 S -. - . .O AS— # P . .~~ SP.AA P. d — —

0 d’S S 0 A a d 5. A 0 a ~~, P . O A S 0 O P . O
- O OaJ ” - — 0 O 0 - 4’ 0~~~~-’ a # # d S a 0 A~~~

.- a~~~- .~~~~. a * 0 5 5 - — 0 0a O 0 ’ - dP-, —~~~~4’.0 P . 5- 5 -
A ’ *. A A a 5 - a p . s O Oa 5 - 5 - 5 - ep ...0aaA

‘ . 5- 5 - 5 - 5 - 5 -  

o o ., •. 0 0 0 0 0 0 0 0 0 0 0 0 0 . 0 u V S 4’# d l 0

•:- 0~~) O O O 0 O O O 0  
( •‘ ~) 0 0 0 0 0 0 0 0 5- A PS 5- 5- 5- 5- 5- A 5-

S .  •~ - . 5  •~~ 0 0 0 0  0 0 0  0 0 0 00  0 0 0 0 0 0 0
— S ~ 0 0 0 0 0 0 0 C) A A A 15 5- A I’S A 5 - P S  PS

— 0 I~~~~- S 5 - )0 0 0 00 0 O0 0 0 0 O0 0 00 00 0
O 4*’S . - r _ . ) 0 0 00 0 0 00 0 0 0 0 0 0 0 0 0 0 0

O C  • ‘ - )0 0 00 00 00 0 0 00 0 0 00 0 0 0
5- 0 C s ’ . ) 0 0 0 0 0 0 0 0 0 00 0 0 0 0 0 0 0 0
5.4 - * .

0 00  5~~ 0 00 0 0 0 0 0 0 00 0 0 0 0 0 00 0
a
0 0 O a A 5 - 0 ’ a - 5 — P S O a . 0 A 5 4’ A d S A P S P ’.
— si 0 ~ 4’ 0 4’ 5 A * 0 4 ’  — dl a — .05 IA — 5- 0 5- 0 0 0 . 0
50’ — 0 . 0 a a 0 s O — a ’ - 0~~.~~. 4 ’ P S A 5- # — 0a P . a
0 5.4 0 0 0 0 — . s . o oS a 0 00 a - - S 0 0 0 0 A
C
— 0 0 0 00 0 —  • . 0 4’ A  S.- . a a 0 0 0 0 0

1’ 4’J  A 5 55 5 55 5 5
S.,
* 5) 0 * a S . a aA ~~~~4 ’ 0 a 0 4 5p .5 a A 4’~~~~ao a a

~
0~~~~0 — ~~~~’- S~~~~S’  - - — a -  • 4 ’ A~~~ #~~- s a~~~ dl

—I
• — — 5- AS P~ P~ P. Pd Pd Pd P~ Pd

* -~~ a . 0 0 0 0, . a a . 0 P S 0 0 0 P S — — — aa — .
a - - - . * . . - -

a a a  • .o a  s s 4 ’ a  s’. 45 5 - 5 0 00 5  •A 4’ a
— _ 4 ’  0 - ” 0” 0  0 . 0 0 0A O A P* P SA P d a - .

.0.0’ a . O O S - O S I”  a 4 ’ O  A 0 5  — A Pd

~. 5 - 5 5  o P -— 4 ’ 4 ’ 4 ’ C ’—— 4 ’ P S —

5) *.. . .a o . a 5 -a a a A a S A o a_ o_ a . 0 A A
I-

A _a S .  ~~0 P P d 4 ’ S 0 d S#~~S 0 S 5 P S 4 ’ 5 S 0 P S
A 0 5- 5 5 5- .05 4’ 4’ dl a .0’ — 5- 5- Pd .05 4’ a 0 0 5- P.

P.. 4 5 — 0 . 0 0  A P.. a P . 0 5 5 4’  P S a a  aPI
— p . P~~~~~ 0 . 0 4 5  5- 5- 5- 0 0 0 5- 5 - P d  — —

0 0 4 5 P’ a 5 - 4 ’ 0 a 4 ’ - . . 0 — . .- - 5 0 d 5 4’ 5 - 5 P d . .
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