
Ii— —

AD AOb2 266 ARMY ARMAMENT RESEARCH AND DEVELOPMENT COMMAND ABERD”ETC FIG 21/2
ON CALCULATING IGNITION OF A PROPELLANT BED. (U)
SEP 78 C W NELSON

UNCLASSIFIED ARBRL—MR 028611 SBIE—AD—E430 136 NL

DWIIIW~U



- —

~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
o -~~~

~~ 
c~~j NcAL .c ULAT ING JG4TION OF A]

~~
‘
~I PROPELLANT BE D~

~~~r~
ari w./NeI~ 7

U $A Y ARMAMENT RE$EAIN AND DEVELOPMENT ~~BALLISTIC RESEARCH LABORATORY
ABERDEEN PROVING GR~ JND, MARYLAND

~ ,,isim~ f r  ps*llc rs1~isE ~ str1bvt1os vnllaitsd.

8 1 1

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



I 

J ,.a _____
tesy this xs~~et ~~~ It ii i. 1~~~i~ iNØI6.

•~~ât $tufl it so tbs orisiastsT.

$ec~~~~
y distributies of this re~ort by oeiØ*It$ig

1 ~ 
or spcfls m i  activit7 ii prohibited.

cap a .o~ a rspsrt sov as ibtd*~fr tM Nsti ssl Ysohaical Iao~~ tia* 5.rvic . •U.S. Dsp.rts~ t of Ca srce, $prthjfi.1d., Virj inis
22161. -

~~~~~~

___ _ 

I
The fiadiags is this report are sot to be cosiitrosd as

• ~~~~~~~
. ~~: . as official ~ psrt t of tbe Arsy positias. i less

so d.ei..t.d ~. by .thsr autMrizsd do~assts.

,~~ i... f ~— 0’ 1* *~4 .~~u1
) 4 ~ ã i~~t ~~~ tbe L.~~~~~9 •f ~~ 

j J1.~~ ~~~~~

-
~~~~



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

$I~U*TY ~1.AamPICATI OIl OP ThIS PASS (15 510. 
~ N.1 

_ _ _ _ _ _ _ _ _ _

~~~~~~~~ ft~~~~~I1A~~~~~~ &~~s~~~ ~ UA5 WIJ i -noes
~~~~~~~~ I ~~~~~UR~~II I A I ~~~I s,opz co~~i.sr~ o rc~~

~. POST NUNUEW ACCINIOII 110 1. 11tdIóIEM~~S CAY M.OS WUNU*

~ENDRANDLI4 REPORT ARBRL-MR-02864
~~~YrrLl ( d  ~~~~~~ I. iypi or ss.om, ~ pmaeo COVENID

0~ Calculating Ignition of a Propellant Bed

S. PSUSUENSI OIlS. *bSRT NUNUEN

~. AIJf~4O~~~ 1. CONYNACT ~~~ U E Y  IIL_ _ .‘

Carl W. Nelson

S. PSOPONUINS OR *NIZAYIOII N~10S AND *0011*55 .—~ IS. P
~~2IttII E M~~ Z~ T TAlk

US Army Ballistic Research Labor atory 1’
ATTN: DRDAR—BLP
Aberdeen Proving Ground , MD 21005 PDT&R 1L161102AB43

C vid IL NEPoNY Dati
US Army BaUistic Research Laboratory SEPTEMBER 1978
ATTN: DRDAR—BL IL NUNSER OP P*0U
Aberdeen Provina Ground MD 219q5~~ ______ 

38
is. 110111T055110 a.é. ~v NAME S jOuiWVl ~~~~~ e C~~~.flhiJ 055..) II. SECURITY Cl ASS. (.~ lk. ,~~s.)

Unclassified

II.. DIC~ AIMFICATIONI0011NIR*55MS•cwioiiiJ

~~~. ~~~~~~~~~~~ $?AYNMINI (~I 101• 1~~~~~

Approved for public release; distribution unti fldted .

17. 0IST*IUT1ON STATEMENT (.110. ~~J.s~i ..t.e.d hi II..* N~ If 10~~iW S.. Sipurt)

DD C’
IS. UPPt EMINTARY NOTES 

~ 
iffji]1?IIl fIIPft! IT

U~ OEC l~~~~~

10. kEY 501105 (C—~~~~w 4 t S~~ is d~~ U ~~Ss~ I y  110N115’ Sp. *1115 51r) 11t~LIJ li IIkLJ
• Ignition Computer Codes B

• Solid Propellants Heat Conduction
Flumeapteadlng
Internal BaUiatics

• 
12.lLrramT ~d — —~~~~ ~~~~~~ S - I*UJIW II ISIUS ~~~~ U (meg)
Variou s criteria for ignition of solid propellant. are considered for use in gun
ballistics calculatio ns. Experimental data are ~~—~4ned and extrapolated for
U~• in the KOVA computer cod.. DeLuca ’s laser igniti on data are considered most
applicable . Calculated flame—preading rates with a surface temperature criter-
ion agree better with measured rates than those calculated with ignition delay
criteria from radiant flux experiments. Goodsan’s integral method is shown
satisfacto ry for use in a linearly rising beat flux.

OD , ‘ , W3 ~~~~~~~~ Unclassif lid 

—

S$COOSYY Cs..MSflCAYI~~~SP 4I*PNS~ ( N  Ouls

__________________________________

~~~~i
t 

~~~



TABLE OF C0NT~~TS

• 

0

LIST OP TABLES . . . . . . . . . . . . . . . . . . . . . . 5

LIST OP FI~ JIZS. . . . . . . . . . . . . . . . . . . . . . 7

• LIST OF S’flthOLS. . . . . . . . . . . . . . . . . . . . . . 9

I. INTRODUCTION . . . . . . . . • . • • d • • • • I • • 11

• • II. IGNITION CRITERION . . . . . . . . . . . . . . . . . . . . 11
III. INTEGRAL vs FINITE DIF*ERENCE SOLUTION . . . . . . . . . .21
IV. NU}~~ ICAL PROBLEMS . . . . . . . . . . . . . . . •. . . . 24

V• EFFECT OF IGNITER. . . . . . . . . . . .. . . . . . . . . . 26

VI • C~~~A&ISOI1 WITH NEASUI~ (ENTS . . . . . . . . . . . . . . . 27

VII. GUh APPLICATION. . . . . . . . . . . . . . , . . . . , . . 28

• VIII. CONCLUSIONS. . . . . . . . . . . . . _. . . .. . . . . . . . 29

REFIRENCES . . . . . . . • . . . . . . • . . . . . . . . . 30

• DISTRIBUTION LIST. . . . . . . . . . . . . • . . . . . . . 33

gc~~soi~ ~~~~~~ -

ens
• ~~:: ~tt~a Q

UIWItWUN~ D 0
JIIfIrLATION

~~~~~~~~~~~~~~~~~~~~ 0

• 
_L;r m

3

__________________________ - .  - • 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~f lt ~~~t o f l  - f l~? ~~~~~~~ 

- -• -



~ —~-~~~--~~~~-—-• ~~~~ — ~,••—,, ‘•~
-• ~~~~~~~~~~~ ~~~~~~~~~~~~ .“~~~—

.-• 
~~~

—,--
~~~

-.,-,-- ,
~~-.. -.-.. —~c.. — — -

~~~~~~~

—

UST OF TAIL’S

I IC Base Prop*llant. Ignition. . . • . . . . . . • . . . 16

II Input Data ø anges for Teat Ca.. (NOVA Cod.). • • • • • 20

• UI Effect of Igniter Flay Rate . . . • • . . • • • • .. • • 26

• IV Rffect of lgnit.r L.ngth. ........ • . . . . . . 26

V Nsasur.d’Plamespr.adir.g Rates . . . . . . • . • • • • . 27

VI Effect of Integration Method. • . .  . . • • . • . • • • 28

0 VII Effect on Ballistics. . . . . • . . . . • , •  , • • , 29

7.8 1.1 13 O5~~



0 - 

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

0 • ; •

• LIST OF FIGURES

-
• 1 ResultS of Radiant Flux Ignition Experiments. . . . . . 1.7

2 Flame Sprm*d±IIg Comparison, of Ignition Criteria. . . . 22

• 3 Effect of larkar Spacing. .. ........... . 2 5

-~

0 

•

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

~~ 
~~~~~~~~~~~~~~~~~~~~ :~~~ ~~ . : • • 

~~~ ~~~~~~
-• 

~~~ 4~~~ ~~~
•
~~~~

•

~ ~
• ,

M 
•

~

7 
•

_ _ _ _ _ _ _ _ _ _ _ _  __-_

0 
•



0~~•~~~~~~ • •

LIST OF SYMSOLS,

c — Specific heat of solid.

0 • E — Heergy absorbed at ignition.

q - Average heat flux defined by Equation (5) .

q — Heat flux.

r — Regression rate of solid.

• 
• 

t~8 
- Ignition delay .

t — Time.

• T — Surface temperature of solid .

— Initial temperature.

V/S — Volume—to —surface rati o for a grain .
0 

— Thermal diffusivity of solid .

0 - A — Thermal conductivity of solid.

p — Solid propellant density.

ATE — Bulk t emperature change .
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- I . INTRODUCTION -

-
- 

- 
It is no secret that it is difftcult to calculate the ignition

• a~qqence in a bed of solid propellant $taini .’ ‘ Computer cod1; have
attempted to dSscribe it by solving one—dimensional equations for the

- two phase flow,. Z~eu if. one c ócedss correctfy posed ~tf~f.t.ntial
equations, there remains the question of posing the auxililt)’ equltioni
or data for ignition criteria , he$t~ transfer to the grains~ transient
regression rates , igniter gai f~1ow~ and the like. - -

• . • 
- - - I- 

~~~~~~~~ I
• 4plication of these coaputSr codes to solid propellót guma has

principa lly focussed on the dàcri~tion 6f pres sure wave devel~~~en 
in the gun chamber. More than aüy other, it his :-becolse the stand ard
by which to judge the merit of a code . And veil it ehóQ1~d because - 

-

pressure diffei~ence is pne of the few presently measurab le phenomena to
compare with predict ion. Parametr ic studies have established that re-

• gresaion rates , bore resistance ,- a~d drag, can be vatted ~~ough to force
agreement betWe~ i predicted and’ isasured pressures . For the time being,

- 
• 

this agreement ts taken as a aufftciS*tt basis to justify interior halF

~at~ca studies of gun behavior es the prOpelling charge-is aodifted~
‘Theta is considerable evidence that ‘the ignition beh*vior strongly

influences the gun’s susceptibility to catastrophic overpreseure . -

Describing the ignition requires first describing how the propellant
itself makes the transit ion from heatin g to combust ion. In the gun ,
the ignition front movement is the progre ssion of the transition event
through the bed . The one measure of that movement is the flaaespread ing
rate which is only beginning to be measured . Such measurements will,
however provide another standard by which to judge a code. It is
necessary now to examine the details of the ignition and its computation
to improve, if feasible, the postulated laws.

This report will, address the ignition crit er ion for the propellan t
and the heating of the solid to the ignition regime. It will e,*~{ne 

-

the existing experi menta l ignition data and computat ional techn ique
of the NOVA computer code with a view to improving the postu lated igni-
t ion sequence .

• -II. IGNITIQN CRITERION

It would be most convenient if the solution of the tra nsient heat
conduction in the ~pl~4 led to an ~in~mbiguous condition that marked a
sharp txan.itiqn fro~~endotbermic beating to self-sustained combustion.

• Unhappi ly such a- condition cannot be fgund by , reference to expetiaental
data on ignition of ~itrocellulose base prope llants. Easily found in
the conducti on calculat ion are sur fIce tEmperature , total energy s b ’
sorbed , distribution , of temperatu re and energy; of these,, none has been

• uniquely correl ated vith ignition~ Worse , the propella nt sees a time—
dependent , convect ive energy source but all the experiments used a
constant radian t source. It is nonetheless necessary to somehow apply

the data to obta in a usable ignition crit er ion .

3.].
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~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



-~~~~~~“ t , r ’~~’~~ — ., F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ‘ —• ‘
-V. •

Plaassprsading codes to dat. hive used surf cc. tempera tur . or
total absorbed,energy as a criterio l, Ulually vi4out detailed justifi-
cation , Gough” referenced thi theory of Andersin’ but used surface
temperature for simpl icity bsàaufl “thS availability of sup orti~g data
favors (it)” . -It I.; rather the lick Of available dati Ou3th. par ~~~t rrn
of Andersen’ $ theory thit pr.dlUdes - it. Urns. ioo and XuO - postulated - 

a

sequ nce in. wbiàh ablation started at some threshold t. p.ratu re. The
tra usjtion to ‘full combustion at tbl ignition temperature allowed 

- 
a

convect ive contributi On Linearly d1pOndln~ on bow near the surface tern -
perature is to the full ignition tEmper ature. This is, In effect , a
surface temperature - critetton - becaus. no other fea;ure 

- 
is considered .

References for 
- 
the specific ‘tempàatUr;e w;rs not report ed although they

are within the - genera~~.y accepted limits fàr ablation afld combustion of 
-

nitroc llulo e base ,propeltsnte. 
~~~~~

•

selected 
- 
a criterion con.istónt with’ his cO~tinuum mechanicsipp~oach by spec ifying a bi4k tenparacure rise in the solid phase,

• Although this - 
ja, on its face, a. total - n.rgy absorbed criterion, it

cannot b* dtr 4~tly compared with ignition experimsnt*i. dice Ignition -

energy Is - reported on a uØ~t surfics area basis; the bulk temperature
criterion is on a unit mass basis. To compare the two , consider Rrier ’s
gun calculation, For a bulk temperature rise 4T3 tb_s energy absorbed
per unit surface area is - -

£ — A TB)(- -
~ , 

- . 

, 

~~
- 

• 

• 

(1)

where 
- 

• , . •
• 1, - 

•

p — density -

c — specific heat
(V/S) volume to surface ratio • , 

-

1. P.S. Cough, “Nwnerioa ~ Analysis of a 1~o-Pha.e Plow with Exp licit
Interna l Boundar ies”, IHCR - 77-5,’ Naval Ordnance Station, Indian
Head , MD, Apri l 19??.

2. W. H. Andersen, “Mode l Of Transient Ignition to Self Sustained
• Burning”, Comb. Sci. and Tech., ~~ p.~ !~ .81 (1972) .

3. J.H. Koo and K.X. Xuo, “2~ranai.n t Covnbustion in Cranuiar Pr ,p dUant
Beds, Part X .  - Theoretical ~~d.Ung and Nw,seri~~i Solution Of
Transient Combustion Pr oceasea in Mobi le Granu lar Propellant Beds”,
BRL Contract Report NO. 346, Augäst 19??. (AD #A044998)

4. H. Xri.r , “Pr edictions of.  F ioiraeap~’eàding and Preaa ur~ Wave Prop ag~*ion
in PI’Op.ZZØI* Beds”, University of Zilinoia ~eohnioal Report AAE ’ -

?5—6, J uZ.y 29 75. 
• • 

-
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it should be -~noted beta that lot - a given ignition energy, pv.siaably
obtain able from e*peri~enta1 data, the bulk t~~~erature assigned depends
on the volume to surface rati o of the gv~ins. -In ~~ s problarn demonstrated
by Kri er 1 a Them gun , the ratio for the seven perforated grains was
0.014 ~~~~~~~~~ - ‘If the gun contained bali. propellant the ra tio ~ould

- have been aboi~t 0.18 fo~ balls having the seas mass as thi perforated
cylinder s. With such a sprea d in the geometry term , there would have
to 

- 
be a ;correepon4Ln~ spr ead. of an o;4er of lulgP4 tude for the bulk

t~~ erat ure rise to k ep the i~nition energy fixed. In the 16 gun
simulation , Kr ier used a àominal bulk teipIratuà rise of 30 1  (17K)

- 
- 

- . which pres umes an ignition energy of 0.46 J /ca2 .
‘4 ~-~~~t - - ‘ - - -

When - eqi4’v4ant time to ig~~tion was the cçiterion for evalust~ug 
~

- the bulk temperature - concep t , a different conclusion was reached áirli sr
For a constant heating rate of 750 U/cm2 a bulk temperature rise of 4K
gives the sans tgni.t~on ~time,as a surface tsmper~ture rise of 1.55K for
a multi—perforated grain. This should not be’ considered an indictment
of the bulk temperature concep t any more than the - surface teap eratu~e
concept. Both have absorb id the same energy at ignition, 0.17 J/cm’,
a value low - by reference to any experi mental data .

Mother popular criter ion i. that the ignition energy must appro xi-
mite the energy conte t of the solid for stead y—state combustion at the
ignition pres s~~e. Nor composite pro pellants , Derr and Fleming6 found
a correlation ot ignition delay with steady state burn ing rate f or any
value of the constant stimulus . It one assumes (1) burning rate to be
at funct ion of surface temperature only and (2) no subsurface reactions ,
the energy in the solid is

E — pc (T5 
— T0) ~ (2)-

where -

T8 — surface temperature 
- - -

- - 

- ~- 
— thermal diffuaivity -c- - -

- -r- --

- 
r — regression rate - .

- - 
- - 

,i ’ . - 
-

- ‘~ -- -

5 C W. Nelson, “Comparison of Pr.dl.ation$ f ox ’  Three Z~o-Phaa e Plow
Codes”, B~cL Memorandum Report No. 2729, February 19?? (See also

- 

13th JANNA.F Combustion Meeting, Ssp t~ nbe2 ’ 1978) . (AD #A037348)

6~ 
- R.L.~ Derr and R. W. Fleming,- “A Correlation of Solid Pr ope llant Arc

I~rage Ignition Data”, 10th JANIAP Combustion Meeting, Newport , RI,
CPIA Publication 243,, August 1973.

— 
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At a givsn~bmening rate , the emargi i&~ou14 then be i*4spend~~t of the
fl*~ level;. for the 0.3 ea/.ec-burn~sig rate , the energy La, about 5.4

Pros the .zpsriaent.al date ~~ -

q (U/ cm2) 420 210 12.5 63 -

B (Jtc~
2) 2.7 3.8 3.8 4. , 5~

’

Total ener gy (E) is neither constant nor simply dependent on beat flux
(q) . Thi steidy burning energy is greatei than the ignitiàn energy by 

-

at least 30%. - - -

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

~ I

For nitroceflulose propellante with the values used in earlier
stUdies7, the steidy stá~e energy in thi solid at a regràssion rite 20~75 am/eec , is onhl about 1.3 Jfcm2. The DeLuca dat~a5 reported 1.9 .Jtcm
energy at 210 U/cm2 flux and .84 J/cm2’isec at 1050 U/Cl2 (extrapolated) .
These values ire indepSfldent of presSure and therefore . -burning -rate.

- It is then not obviouS - how steady burning Suergy content and
ignitiOn are directly related. 

-~

NOVA code studies of the 155mm howitzer with M30 propellant have
to date assumed a surface temperature ignition criterion of 450K , a
value obtained by using the DëLüca8 data for the arc image ignition of
the highly carbonized -double base proplilant with a slOpi of —2.0,
that is,

- -
~

a

where - - --

t~8 
— ignition delay time

q — heat flux.

Data on constant radiant flux stimulation of nitrdcellulose pro—
pellants are available from the experiments of DeLucs et ai8 for both
arc Image and laser sources. They found that some propellants exhibit
a slope of —2.0 which means ignition energy and ignition surface tem-
perature are independent of heating rate. In most cases the relationshi p
was t a q ’•6 which means some mechanisms other than simple surface
heat absorption , presumably gas phase chemistry or in—depth absorption
and heating. Because some of the propellant formulations absorb arc

7 • L. H. Caveny, M. Szmtnerfi eid, and C. W. Nelson, “Ignition Transients
and P~gasurization in - Cjpsa~4 C1~anbera ”, BRZ Memoa’~~dum Report No.
2558, November 1975. (AD #A0J 7747)

8. L. DeLuca, L. H. Cavemj, T. J .  OhlemiUer, and M. Szirwrf ieT4,
- 

- “Ra diative Ignition of Double Base Pr op eliante ”, Part I ., 14 ( 7) ,
p. 940—946, Part II, 14 (8), pp. 1111—1117 AIL4J (1976) .

14 

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



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

_ _ _ _ _ _ _ _ _ _ _

radiation in—dep th and because the propellant stimulus in the gun chamber
is probably convective , it is reasonable to consider only the laser
heating data which is practicall y all absorbed at the surface as con—
vective flux would be.

Corroboration of these DeLuc~ data would be expected from arc image
exper iments of Hayes and Lenchitz’ who studied ignition of stan dard
Army prope llants. But they found slopes of — 1.0 to —1.3 ,

Table I and Figure 1 compare the two sets of experimental data for
uncata lyzed nitroce llulose propellant s. The heat flux to the
propellant surfaces in the granular bed has been computed (by NOVA code)
to grow roug hly linearly in time to about 1250 V/ca2 at ignition. A
column has been added to predict the ignition time at a constant flux of
840 U/cm2 (an arbitrary but reasonable “average ” value ) assuming that

- the time vs flux data can be extrapolated with no change in slope, from
a reference value of 210 W/cm2, i.e., -

t (840) — t (210) ~ -~~
)

ig ig 210

where n is the reported slope .

— The specific criteri on is needed in the -155mm howitzer application
for the triple base M30 propellant. Hayes and Lenchitz igüited both a •

usual film sample and a cylindrical grain in air with both a laser and
an arc • The laser fluxes were too low to be applicable and the results
too different from arc image results to be credible .

For M26 (double base) and Ml (single base) propelJ.ants~ one should
expect comparability with DeLuca ’ a findings for Plastieol (double base)
and 149 (single base) prope l3.ants - respectiv ely. Unfortunat ely, the
comparison is weak . The slope difference for the double base is —1.5
vs —1.0 , and for the single base —2.0 vs —1.0.

Russian radiant flux data reports ignition of nitr ocellulose base
propellant at low flux. Over the range 5—40 V/cm2 the elope was —1.6 ,
consistent with DeLuca, but of only limited supporting value.

Given that this data *lsç somehow yield an estimate of ignition
time vs flux level , it seeàa that the most likely candidate Is the
data of DeLuca for the laser heati ng in air with a slope of —1.6 and
a predicted delay of 1.0 ma at 840 U/cm2 flux.

9. E. Hayes and C. Lenohitz, “The Thez ’vnoohemiatry of Igni tion”, BRL
Report No. 1833, ed. H . - Pre e*,an, X.J. White, I.W. Me,’ 1976.
(AD #A016902)
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For convective beating to ignition , Belier ~~ a1~~ used a shock -

tunnel with a constant gas velocity inlet gas t.~~~ra ture to ignite 2composite propellant samples using heat fluxes frau 123 to 630 V/cs
The slope was —2 • 0 compared to -.1 • 8 In the radiatjcn furnace • Grigorev
St sill ignited pyroxylin (nitroc.13.uloes) q14 i4$is by sZ~w convective

- heat ing (10 sac) (convective heating cosffi4 nt~~’b ~ .0l- W/cn~~~Z 12ccapared to a ca1cu1ated h~~~0.4 int h . gun qP ru~~ r ]. RoØnb~~d st at
ignited pyroxylin - slabs with combustion prod~~t s1.es with mean - hut
fluxes 8-50 V/cm2 although in each test the ~f~.uz mas ~~not~nicetly In-
creasing. Plotting ignition time vs mean belt flux y~1$dp a slops of
—3 with pyroxylin products and —1 • 5 to —2 • 0 i~ th .So~~~èit~~ pr opellant
products. A scatter of 602 in ignition tias vae re$rt ~~~ ~~~enba~d
at all3 reported that in an increasing heat flux the eff.C~ og~~In~tic
and ther mophysica l param eters on ignit ion timS is’ -mncb~ Lm thØ in~ adecreasing or constant heat flux. For rapidl y i~qreØ~n$ !~sat-~Jiui
the effect “may be unimportant and ignition 1~sg ~*n ha d.$.rmI~sd ~9Ie1y
by the dyna mics of the external heat flow” . 1~.r~banóv snd Avaraonf0 Lu

* 
a r~viev paper observed that thermal theory and experiment agr . to
within about 102 . They also observed that In increasing heat 110w,
ignition times are nearly the same . ~, - ~~~~ T~ ~~~~

. I>

~ Hot wire ignition yields no more credibi. data. Zarko aóI~*h1.vnoi~
5

ignited ballist its (double base) propellant mttb~an iib.ddid nf~k41 wire
uaiág mean heat fluxes ranging from 20—125 VJç*2 . AlthOugh ‘‘ er imenta l
resu lts “agreed” with their theoretical ca1oy~ations, tile slope of the
ignition time - vs mean heat flux was near —4 .~O - for the .*P*riaent and
—3.0 for the theory . H~a~ flux history was n t  reporteth Accuracy of
total ignftion energy was est imated to be not less thau~~0Z.

10. J.A Keliei*, A D. Baer, and N.W. Ryan, “Igni.twn of ~AP Cc~r~q~osi.te
Propeiiante by ~onv~c$ve Heatvng”, LW J , ~ (8) , p 1358-1365
(1966) . ~

- - -~~~~

1].. Y.M. àa ’igo4v, V. I .  LisitakiS, and A. C. N9rshqnov, ~‘1gi!ition of
- - ~

- Condensed 5tS~atanoe in Hot Gas’! 1 Fis ilca GoN~~ya i Vary *e,, L (�‘J~p 512—526 (1967) . S.-
”. \ -‘

12 V 1. Rozenbp d, V. V. Barzyktn, and A C. N#z~ahwiov, “Ignttwn of
Condensed S~j batanoea by Convective Heat F iua .a of Medium Intensity

~ tinder pyna4b Conditions”, F izika Goreniya i Vsrj ~ a, 4 (-2) , p. -

171—175 (19~~) .  - - 
- .-.~ ~~

13. V.1. Rosenj, wzd, A.E. Averson, V.N. Baraykin, and A.a.~Merzhano1~, -
“Some Cháo~ctsrietios of Dynamic Ignition Regimes”, P isika Gor.niya
i Vzi ~ va, 4 (4) , p .  494—500 (1988) . ‘.,.

14. A.G. ~~rzh~~ov and A.E. Averson, ‘!The Present State of Thei~nal- -- 1
Ignition 19~ ory ”, Combustion and F icj ~s, ~~~~~~~ 

p.  89-124 (1971) .
15. V.E, Zarko and S.S., ,Xhlevnai,~~!liot Wii~~JgnLtidii o1f BaZZiatite - -

Prop.iZanta”~ P izika Goreniya i Vzryva , j  (2) , p. 15&.-i?0 (1968) ~~

st.)~’t ~D~i ~ t ~~~~
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Given the data scatter and the diffi culty of inter preting th - 
-

~~~

slop,~~of —3 with 11~~~. -or no inte~usdiats info~uat ion, t h .ø  ~~~us
little — purpose in trying to aPIly it ~o~th gus4g~iti6u~IèqlSnee. A
sore useful course sesme to be to ada pt the radiant flux exper imental
data $Q~ t b -  e 4 7 çouysqtive hs,~$1ag - , *~ the gun. - - - - ( ‘  ii~~~s

- - 
- - £~~~

-

The Princeton laser—Lu—air data yields a formula

~~~ — 3.98 q4 6  , 
- - - - 

- 

- -

wher,~q is tb~ ~~~; f i x  i~ c1],/cu~,/ftC L t~~ is ~~~~~~~ 
~ - -

4 ;ypicai. ~0VA calculat ion shows the heat flux to a grain to be i~o~ib]y
- - -

- 
-- - - - - -~ 

- - 
~ _~~~u~_-I - - 

-
-

q — 13.4 + 4.6 x 105(e— t0) 
- -

where the heating starts at t . -
_ ~~~- 0 - j ___ i -~~~

The mean heat flux is then 
-

~

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

- q = (t—t ) I qd r . - (4)
- - - 0; ttO - -

~~
-
~ 

j~. :~-~I3.~r : ;~ --;-~~~~- - ,-; -

- - O s  route to computing the ignition delay would be ,tb s expr i~n

~~~ 3•9~(q)~~ 06 i -f; ~-1~ X~) .A1~-(~ T J~~ - - - -~ (5)

although this may not work well for a ripidly changing flux such as

ti8 
— 3~,98 [13.4 + 

4.6 10~ ~~~~~~~~~~ . ~~~::-~
- ~9- -~ 

-i 1

Solve t o  find -
1- , - -;~~- -‘-ii .

t — 0.8 ~~ , ~zc~;!~;~~- - - - ~ A~~; r~9 r c - . - - - - -

— - ig

-~ ibet’eas the surface t~~ Mta tui~e crititia -~pràdicts *bou-t 0. 3às .-~~~~ 
- 

-
- 

-
- -L ~ - - ‘_ - 1 - - - -

~ : ~ - -- ~~: - -  - - ‘~~~~
-
~~

- , - - 
-

An alter native i~~ to ule the a*era~~ vi1~V~of

~.i 6 - ,  1 - - 
—t 6 - 1 ~~~ i — - - 

~- 
- - - - -

. ) 
~~~g

’
~~ ~~~~~~~ 

-~~~
‘
~~ ~~~~ ,

‘
~ ‘i - ’ - ‘ -

~~~~~~
‘
~~ 

-
~~~

- - - :

- - - - - — 0 
~~~~ 

: ~~e- ~ .- - - - — - 
-
~~

,f .C- oi - f- ~~~ -~ - - . t-~.-

which for -
~ 

- - ~ ~~ -~L ~- -d ‘~ - ..  - - -

~ - ~~ - - -
~~ 

-
~

-
~ ~: - - 

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

q — a + b ( t — t 0)

- 

- 
t9 

— ~~—-- --

-- - - ~:~~i~~ - 
- 

- 
— 

- 
- 

-
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b co.ss~~ lr ~~~~~ q1tL $J - - ~~-L U~- ‘33 - ~-~~41~~~~’~~ ~~ ~
~r~rnl •~~-s;: ’ - ~ ~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ —06 :1 ~—~-s~ 

- I~ — - i

- ~~~~~~~~~~~~ .~~~j~~L~~[(a .+Jb ~t—t~~) - — a £~~~
.( (7) ~i

~~t — 
~~~~~~~~ ~ fl ~~~~~~ -~~ ~~~~ - -  (-J ~~ ~~ ~~ 

I

When this expression i1 ubStitóted Into ~q. (4Y, WhIch -‘1.1 thIn ~~~~~ 
b

- for ignition ties - 
-

~~~~~
[ -  

~~ ~~~~~ ~~~~~~~ X± - .. L ; , I$ ? % !  nø~~~ )t1 ~

— 1.7 ml.
C - - p b . - - -

This is a long time compared to 0.3 as. - - 
—

- i The heat flux Istimates war S taken -frdl Ca1culItiS~1 which oá17 - 
--

went to the 0.3 as ignition. The 0.8 me estimate depends on extra— - 
-i —

polati~ü ~if the heat flux. -- Ons -check is tó~Cs1óu ’ the I l eiprS$dfiag
using the continuously calculated mean heat flux to decide if ignition
criterion has been satisfied . Eq. ~4) be~o i I~ y~, - 

~~~~~~~~

tjg — 3.98 ~ 
~~~~ 

qd r ]~~ ’6 . - 
-“~ ~~~~~~~~ ~~~~~~~~~~~~~~~~ (8) ‘ - 

-

- -~,i x ii~~~; i r f i

If t > Ct 18 + t), ignition has occurred . - 

- -

- - _
-;-

~~~~~~ 

-

~~
A test case for these ignition stud ies can be conirtrueteá easily

by modifying the input data for a 155am howitzer calculation. Th. only
changes 1rS~*hoWn in Table’ !!. - -

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

-‘ ‘
~~~~~ ~~~~~

-‘
~~~~~

- - 
~~~~~

TABLE II. INPUT DATA CHANGES FOR TEST CAS~ ($~~A (~)DE) -,

155am Howitzer Test Case
- ~~: -  x uL ~ -~~~~ ~~~~~ 

“- — 
) f ~~~~~ - -

Proj ectile - - )Iovable Fixed
— Chamber Length ~ 82 cm --~~~ - - 

- - 
53 cm

Chargé Length 5~ _ ca ~~~~~~~~~~~~ 

- _  
~~ ~- I 5 3 os

Igniter Length 5 cm 15 cm

These changes are not enough to affect the flamespreading In ~~st of
- the bed , - but they do shorten the calculation . -~

Using tb. ignitiqo 4.a~~~~~ter~i~~ (-1.6 7~~~~~S) redu ces t~~ calcul—
ated flamespreading rat e markedly. Whereas the rate was about 0.~ 7 me/u.
for the fixed jgflft44)n tempe itUXS ~(45O K) 4ç ig only bts4~ u~ç value
with the average flux method. Pros a rate of 0.1 /i~s Just outside
the igniter Inpu t region it reaches 0.15 /us in a distance ~f 17 cm;
th reaf tar it is approx imately constaflt . Tb. pred icted propagat Len

- I rate of the first absorption of heat by the grain decelerates from
0.6 au/us near the igniter to 0.35 ni/us downstream. (The sownd speed
in the undisturbed air in the bed is 0.34 am/i ’s.) Ignition delmy time 

-~~~

• increases from 0.4 as at the igniter region to 1.9 as well downst ream .
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All these trends can be seen th Figure 2 where they ar. compared with
the ignition speed predicted with the fixsd surface temperatUre
criteria of 810 afld 1500 ~~~~ -

This ignition criterio n -end tra nsient S rsgrssØon eame~t bs .iasl—
- taneously applied , The transient regression ass~~~s that the temperature

profile in the solid at ignition is the initial condition far the
combustion. This ignition 4riterion ignores the ta.peratuws profile
and looks only at - the rate of heat absorption. The gasification period

- of the - flame development is not a straightforward conduction problem
and the temperature profile - cannot be so computed. Until a model I or
the flame development can give initial conditions f or the combustion,
a quas i—stead y pressure depende nce is the only credible formal a .

III. INTEGRAL vs FINITE DIFFERENCE SOLUTION
/

- 
Heating -of ‘ the solid to ignition requires a solution to the

transient heat couduct i~rn equation. Because the boundary condition of
heat f lux caflnot be specified , a numerical solution is dictated . A

— choice must be isde between “exact ” finite difference and approxi mate
techniques . Both have been reasonably well studiSd ; it r~ma{na only
to judge their relative errors for th. prOblem at hand.

It is widely recognized that the FDE solutions can case almost
as close to the exact - solution as tI)e ueer is Willing to shrink his
discretizati -an. Kooker and Nelson’° found th~t for an intense heating
pr oblem the - - invariant imbedding techniq~ue estimated surface te~~erature
within 1% of the exact solution

- A well knwn- approximate method -for transient conduction is the
integral method of Goodman which has ‘ a surface tempsrature ertO r of 9%
for a parab olic and 2% for a cubic profi le when the incident heat -f lux
is constant11 Because the heat flux in the propellant bed is c~~~uted
to be approximatel y a linear ramp in time, it would be worthwb ila -~to

- 

estimate the error for these profiles . -

- - The form Of the exact solution ii given by Carslaw and Jae ger18 as:

16. D.E. Kooker and CW. Nelson, “Num erical Solution of Solid Prop ellant
Transient Co*zbua ti,on”, ASPiN P~~er 77-NT-i?, August 19??.

-
~ 1 17. T.R. Goo~~~~, “The H.atin~ of Slabs with Arbitrary Heat Input.”,

J. Aerospac e Sciences, 187—188, t&zrah 1969.

18. H.S. Care la.~ and J.C. Jaeger, “Conduction o) Heat in Solids”, -

Oxford Press, 2nd ed., pp. 76, 1969. 
- 

-
-
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- 

where ~ - 
,, - -

T5 — surface t~~~eratu re
A — thermal conductivity - 

- - 
- - — - 

- 
- -
~~

~ ~~~~~~~~ 

-~1 -  ~~ - 
—
~ ~~~~~~~~~~~~~~~

- - vr~ -~~~~

— initial tiI..yelatUr . - 
- - - - 

- - .
~~~~~

.-

- ~~~-

- -
- - — ~~ - ~~~- - ~-1~ -

For al in s ar ramp flux -

q — q 0 +at , 
-

this beceeee

T5~~
,
1~~~~[2~0 t + ~~~at 3/2 i + T . 

-

- .  (10)

For the cubic profile where

T, . T 0 +~~~~J ~~~~~f q(t)d T

the surfac e temperature because

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . (11)

For the - parabolic profile the surface tsmp~ratUr. becomes

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ (q0 +f ~) 
- 
(12)

It can be seen that the pa~~~~lLC prof ile viii. predict a higher select
temperatUre by the ratio /~~4 or about 62 of the t~~~erstur. rise.

- -

- -  Coi~a*ison with the exact solution can be obtained by using the
typical gun heating rate -

q — 5 6 + l . 9 x 1 O 6t~~W/ca2
) (13)
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which estimates an error of 152 for the parabolic prof ii. and 82 for .
the cubic profile. For the more ustful astliste -of srt or in time to
reach a specif i-ed surface t~~~aratu re the estimates at. 102 for the
paraboli c and 62 for the cubic . -

The IDE invariant imbedding technique prod uces an estimated errót ~~
of less than 12. - 

• 
-:

~ r -

Since there ii little difference in computatisesi - effort between
the parabolic and cubic approximations it is not surpris ing, that the
cubic is already used by Gough and Euo. And ~i surface temper ature
accuracy vera the only criterion , it would be rather straight. forward
to asks the trade -off between accuracy and efficiency . If quasi—stead y
combustion is assumed after ignition, surface temperature is probably
an adequate teat because the ignition criterion will probably be -

dominated by the surfac e behavior .

- If , however, transient combustion is to be calculated with a
thermal theory model , it is also necessary to have an accurats , temperature— -

distance profile in the solid . For this reason , the only code coupling
transient combustion to the flow uses an IDE technique throughout . For —

a constant heating problem , the error in the t .riture vs diitance
calculation can be found by direct calculation of both the ixact and
the integral solutions. The error of 2.32 at th . surface represents
a t~~~era ture error of 8.3 2 for a problem of bs&ti.ng at 840 W/ce2 for - 

—

0.8 as. The temperature error decreases with distance to a distance
of i.5V~~ at which point the two solutions cross over such that the
approximate solution is less than the exact solution and the err or
begin , to grow although the values of both are small.

IV. NUMERICAL PR0BL~ (S - -

- 
NOVA economizes on stora ge and running tins by using marker

par ticles (fewer than grid points) to compute the ignition and transient
combustion . Match ing the solutions there to the flow field at the grid
mesh points requires interpolation - in both directions -. In the limit as
the marker particle spacing approaches the mesh spacing , interpolation
errors shr ink toward zero .

- T
The original scheme computed grain temperature . In the flow mesh

by linear inter polation between the markers. Surface temperature
computation of the marker stopped at ignition. - - 

- T - :  result was a . ieap j:
frog flaesspre.4ing as shown in Figur~ - 3. The “proble m was the t~~~eE*— -

— ture interpolation . An artifice -wa s then incorporated which continued
to heat the ignited marker as an inert body without taking the heat
from the gas-. It was hoped thereby to smooth the - Interp~1at Lam~~~.thout
affecting the energy balance in the gas. Things improved considerably
as shown by the curve in Figur e 3 marked 3.0. By comparison the grid
spacing warn 0.6 , leaving five (5) gr id point s between marker patti-d es.

- 

- Even this fla.sspreading is ragge d ; the local flaasspre adlng rate varies

24
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~1
over a factor of two. With the marker spacing equal to the grid spacin g
over a poFticn of the bid, the flaasapreading rate was constant (vari-
ation lees ~than 22) . Note that at the end of the closely packed marker
partic les dhe rats changes dramaticall y as the interpolation i~tçrval
jumps to 9~5 between there and the forward end of the bed . 4 $lâr

- 
route is thus marked to a smooth computation ; vhj~her the ccáv~ d1nt
artifice d superheating fatally distorts the ph~Psics remain.’ ço be
determined by the effects on the chamber dynaaic~. Appaz.zitlyy the
overall rat. is only slightly affected . / ~~~

By gOd~ 
- 

fortune thi, erro r efficiency trad.-~5f is n 1 ~~~ssar y
because , as is shown in the section on IDE vs iâtegral •GIution , errors
are sm41~~nough to avoid a full numerical inte~ration up to ignition.
The int~~~*l- approximation is adequate and can be .con4~ically used at
every grid ~point. :~‘~

- DL V • EFFECT OF IGNITER J 
~~ /

-tlaasipreading calculations usually show a d~~endence of the irate
on - the assnssd strength of the igniter gas fl~~ .~-” In the limit of a
long bed, the effect should die out far from ,the gas source if the
rate becoai~s invariant in time. To teat th% I~tuation, a problem was
created to assume an igniter of variable ~t~e~~th at the end Specif i—
call ~~e~igniter occupied the first 34~ c~’*~ a bed 53 cm long. i-
Table Ifl--- gltovs the results. - / ~~~~ 

j  -

~ C
TABLE III . EFFECT OF IG$~TER FLOW RATE

A*iumed Primer F a read Rate 8
Flow Rate (ka/ca/sec) ____  

40~cm 50 cm

.89 .08 .1]. .11 .11
- 1.79 ~~~ .09 .14 .14 40

3;58 - - .13 .17 ~19 ~-.~l4
Igniter flow rate can be increa sed by changing its at~ amed length

while keeping the flow rat. per unit 1engt~ the same . The effect of
such a variation is shown in Table IV for 9he nominal case of a deLsy
ti-ms criterion and 0.9 kg/cm/sec f low rate ~

TABLE IV. EFFECT OF iGNITER LENGTH

Igniter Lenath (o~~~~~ L. - 
~~~~~~~~~~~~~~~ 

J231.2_~ ~~ .~2
Flame Spread Rate 

- 

- .06i~. il •0~~.12 .10+. 15 ~
‘

(_/ ;~s) 
- - - 

~~~
- 

—

~ 

—

~

~~~ • -L 
~~: ‘ i  L E ~- -(w ;~ )

26 

~~-~~~~ ---- —- -- ~~~- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
______



__________________ 
— —.——- _—,__-___-_—, -_ —_.--- - ~~~~~~~~~~~~~~~~~ 

_•___]_4 __ - Z~~~~~~ ’____ -

Iscais. g sbs~~~• are messily not long compmr.d’ to igniter -
- - 

‘ 
length, any- Teal ~~A$M~ of fi—epreading rate Viii be Sensitive toigniter assu~~tLeee. lush unp~àsaent new, means that assumpt ion. -

— about the - igniter mast either be catefully foreniated from experimental
data or - th. flow rate will becems just another arbitrary perimeter.

- 
That is not to say, however, that- the gun calculation will be otherwiseuseless; s~~ important bal1istic~ variables sSim insinsit iv. toflaaesprssdjng rate. Nov insensitive is not limediately assessable.

VI. COMPARISON WITH )1EASURD1ENTS

• East St have made the few measurements of the fl spr.edingrates in naval gun propellant bedg. Their data are shown in Table Vwhich shows th. major variab les expected to effect the fianespreadingrate. - ‘ -
- 

- -

‘ -
. 

~ TABLE V. MEASURE LANESPREADI~~ - RAflS -

Nominal 
- 

Grain Burning Flameapread
- Length Diameter Rate 7 MPa - - Rate - -Diameter Propellant 

~
‘ (an) 

________ (ma/ lee) 
___________

76 me 1(6 17 - -~, 7.4 13- - .36— .48
76 me 1(6+2 17 7.4 12 .35.~.39-.

127 me M26 30 14 11 .44
127 me NACO 1,3 6.9 4 .30

It may well be noted that there are experimental uncertainties In
igniter gas flow, in flame front location at only a few di.cr.te ~locatio ns, and in distinguishing the igni tion front from the luminous
gas penetration ahead of th. front. Nevertheless, it is clear that i ;J-~-f -~the observed rates are much higher (0.4 vs 0.2) than those calculated
under the ignition delay criterion. The only calculations which estimate
these observed rates are those under a surface temperature criterion of
about 130 C.

For the 155me howitzer propellant bed which formed the basis for ,these calculations, the propellan t geometry and burning rates are much
the same as the 127as - gun. One would expect the flamespreading rate
to vary only in relation to the degree by which the igniter gas flow
differ~.

$tudi.ee of Igni.ti.on wid
• Cc*nbuatj on 4n tavczj 6~asa “~ ~~~~~~ t~tga &f the 12th JAN44P C ustion

Nesting, - Impor t, Rr,, Auguet- , 19?~ - ~Seq~aii’ç~ 2~lth J 4IVNAF 
- Combustion 

- 

-

Meeting) .

‘

~ 
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- That the cliculations predict a lower than measured rate suggests
that some aspec t bee been incorrectly represented. Th. ignition - ~~
criterion based on ~ delay s~~~ supportabl. by experi menta l data - 

- —

- - although below the expected heat flux ran ge. - The nost likely suspects
then are the 1~ast fj.ux calculation, and ~hs transient regres sion -rate

- just if tsr ignition, Because there have bean no direct measurements of - -
these variables, their contribution meat .till be crudely estimated .
For now, the surface tan peratu rs criterion gives wore credible answer s
despite its apparent deficiencies.

vii. GUN APPLICATION

Since the wotivatio n for these stud ies is improvement -in the
ability to simulate gun -ballistics, the ignition crit er ion was tested
in a simulation of a 155ism howitzer . The base case was a bore size
charge simulation reported in Reference 5. It was this that formed
the base for the flamsspre ading ca~.cu];tdrn s. An additional calculation
simulated averaging the funct ion (ç 1.b) by doubling the computed
ignition delay time from th& (q~~”’) as used i~ Equation (1) . Table V
compares the predictions. But by this time the t~~~eratu re has dropped
to only 10% of the surface temperature. Although it is not straight—
forward to estimate the eff5ct of such an error on the non—linear
conduction problem of combustion, such errors are often accepted in
combustion calculations.

For many cases, however , ther. is little practical benefit to
combining an integral method for heat ing and an FDE method for transient
combustion . The only attractiv e combination would be a condit ion - - - -

where in the ignition time is at least comparable to combustion time ~~~~

- 
- and a surface temperature ignition crit erion is used. Under any other ~~ ~ —

conditions the useful combination would be either (1) integral heating— —
ignition delay criterion—quasi—steady combustion , or (2) FDE heating—
surface temperature criterion——transient combustion. -

For a nominal case with igniter flow rate 0.9 kg/cm/sec over 15 cm,
comparisons are shown in Table VI of ignition propa gation rates in the
first 10 cm ahead of the igniter.

- - ~~ TABLE VI. EFFECT OF INTEGRATION METHOD

Surface Temperature Ignition Delay
Crite rion (450K) Criterion

FDE 0.21 (me/it s) 0.11 (me/u s)

Integral 9.23 (u /u s) 0.13 (me/ps)

These differences between the FDE and integral method are small ~~~~~

- enough to justi fy using the integral method .
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TABLE VII . EFFECT ON BALLISTIC S

• Doubled
Revised Revised

Co~~~dity Experimental ~~~~~~~~~ I~W*it ion Ipition
- Flame Spread Rate unknown 0.35—0 .44 0.2—0.3 .17— .21

(me/Us)
Peak Pressure (MPa) 235 293 268 265
Pressure Differences —40/35 —73/48 ‘75/51 47/53

~~pa)* -
- 

- 
Muzzle Velocity (mIs) 790 768 MC

* — First number is first negative difference; second is second positive.

An ii~~sdiate conclusion drawn from Table VII is that the ignition
• criterion does not apprec iably affect pressure difference amplitud es.

The results also show that the reduction of - 50% in flame speed reduces
peak pressure by only 10%.

It should not be considered significant in this stud y that all
the simulations over—predict the actual ballistics. This condition
could be remedied by adjusting the mostly guessed—at bore resistance
function . The trends should remain the same.

VIII. CONCLUSIONS

(1) Laser—in—air radiant heating data yield the most credible
basis for an ignition criterion .

(2) An integral method based on a cubic temperat ure profile La a
satisfactory approxi mation for calculating transi ent conduct ion in the

-
~ - solid . Only a small error is the reby caused in flamespreading rate.

(3) Calculated flameapreadiug rate is sensitive to the assumed
ignition criterion .

(4) Experimental data on ignition , transient regression rates ,
and flamespreadin g rates are too scarce to form a basis for definitive
conclusions on the correct methods .

______________ 
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