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I GcEleral

1) 1ntTOductlOrL

E SユrrauOfFrancearzdothershave

trledtoobtnirLユgeneraIsolurlonorthe

InterIOrJhll)stl也 thcoret】cauybuth】led

unrllP CharbonnieTll) WaslhcflrgttO

achieveasuccss HoWeyer.mhlSmethod

ofthesolutlOn.heellmln:ltCdtheseでOnd

LerlnaJldbdoWI一le〉LPand】nglnrOこlSCrleS

ortthelntegl.こIt】0】10Itheequtlt10nrClllト

IngtOtheLrこICtlOnOI"elghtburrLt･Lttlme

I,IaTldexp.lnSIOnr.TltlO0 Thusquttcan

errorc.lnnO一beavoided

G SugotttIimpT'OVedtheabcヽcandca1-

ctLlatedIOLhc secondterm Tnsteユdof

tユklngtheco-vo一umeI/asaCOnStユnt,he

usedI/.asafunctionof=?.ndobtalned

LlmoreLl(:CuratesolutionHoITeVer.;lSrJllS

methodISCOmplicatcd.andlnpr.lCnC.ll

c.Tllculation many tablesこIre ne(:CSSary

lヽ●】thlnこlCert:1】nrこInge,m SPeCmlc.lSeS

)tlsstlllqu)teerroneous

ThepresentauthorhastはedtheLunda･

mentalequ.Tlt10nS used byCharbonrller･

Sugot,andrlrStObtaLnCdarelatlOnくIfthe

velocltyOFproJCCLJIct･ヽvithtJleFrTLCt10n

oLwelghtbu∫れt=.LlndfromthlSObtalned

thesolurlOnOLexpansionratloeaSa

functionoFvelocltyr lnthesameman-

ner.therclatlonofthepressurePWLthv
hast光enObttlmC(l Thus,bythcscme-

thods.cqu:ltlOnSIVlttl(I,=),(0.V)arid

(I.I)C.1nbcobtil】ned､vLthout.lbbrey】nt･

lnganyOEtheterrtlS Theauthorhas

already nLdeareFKIrt(q uslng'7.asa

constnnr,butlnth-LSPaperhewilldlSCuSS

about theこICCurateSOlutiorlbyuSillg

･,･弓+(･/-:)= (1)

2) ThecretlcalForm FtlnCt10rLOFPro･

pcll;lntSBurnlng

ThettleOrCt】CalforrrLfuncll0nq,(8)Can

bereduCCdFrom thegeoTnCtrJCalformol

agra1rLOEpropellant P Charbonn】er

hasprovedq<Z)-V/i二もtlorcyllndrICal

gralnand(1一三)0Fortubulnrandrlbboll

grain,IbelrlgthefractlOnOflhewelght

oEthep帥deTgninbumfattimeL. 0山

experJmCntSaTldcalcuZatlOnShaveshoヽm

us一h:lt(-).theyveriLzedthatrわelhcoretlCal

form EnnctlOnSOfpnsrtlllLIC,Cylln(tnca),

tubularrlbbonand multltublLlargralnS

CouldL氾 SatlSfaclorllyexpressedbythe

Eorlllulユ.

や(I)-1/1-(,空 く2)

InthlSCase,WhenG=1ltlSaCyllndrlCal

gra)rt.ュnd0-0ヽ＼henagmlnhavlngCOn-

stantbumtngsurfaceandeyenlnAmer-

icanSet,CnPerforatedmultltubularpowder

thegTeユ【erpartsOEl:OmbusrlOn follow

1/1+(,,I,taklnga,= -0 PrevlOuSIy,the

authortA)reportedthユーtherateorbrnlrlg

ofsltlOkc]esspowderlSpIOpOrrlOnalto

pressure Therefore,therchtLOnbetween
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burnlngveloclty.PressurealldtheoretlCal

form futlCt10nCartt光CXprCSSedby

意 -･U,叩く‡) (3)

3) Co-volumecorTeCtiorL

lnmyprevlOuSpaper{').thecoIVOLurne

l/duTlngtheburnlngOfpropellantwas p.

treated asaconstarLt.btJtherell=asa p

varlableof=assho≠ntrlequat10n(1) p

sameasSugotdldtllhlSlntemalball1-

sttcst:) T hererore･ tこklng Some mean p_
valuell'asaconstanttntweenl/-lIot

tlmCt

Forceconstantofcxplos)ve

VIVaClty

CoefrlCJCntOfLrLtCrlOrbaulStlCS

Co･volume

IndexofadlabatlCe】叩anSioJI

oTSpccl氏che:Itsratio

Shotstartprtssure

Pressurecfpropell:lnlgこIS

Maxlmum pJtSSurelnClosed

v塔Sel

Ma3(lTTlurn PreSSLuLe

P,. MuヱZlepressure

andI/,-tJcorT印 Ondlngt〇･･-0and-･- 缶 LengthohmvelofproJectlle
l･､Tehave MeandlameterOtbc,eorcat-

C-1I.Li1-､C-')'O(1+bO′(1-A-･ヽ) (4)

whcrc

a-(･/,-;)/(i-"′)

o′-(三一,′′)(2- /,)

= (E.-∫/'Li))/(CJl'aI)

紘 ( ･,-i)/(I/′言 )

p- C'/C.

(5)

rLA:lSt一eaTtO1.0/nLLartoo.ilndassu一

mlngthedcrLSltyOfpolVdcrtT-156,and

1/-1.Thenl/'=0821VctlndforA-02.

b-00･17EventhehlghestdensltyOfload-

1ngJ=∃06.a-0171VhlChlSamuChsnlaller

rlgurethan1.thereforeterm b!canbe

elmllmated

4) Notこlr10nSこlndFuncbmentalEqua-

t10nS

I) NotaLIOnS

1̂1notatlOnS 一̀rCnearlythesameas

thoseusedbyC:lrborLnler･SLlgOt Kg,dm,
andsecこIrCuSCdこlSunltS

u WclghoFPowdercharge

p WelghtofproJectlle

Fral:t】OrtOfWc)ghtburntat
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q-汀叫LISect10nalareaOfthebore

VolumeofThebore

C Totalvolumeofthetnre

a. VolumeofpowdercharrLt光r

p-0/co

A-G}/eo Loadlngdenslty

VelocltyOfpro)ect)lc

V MuZZIcvelocltyOfproJectlte

i TITTLe

u) Au)こzll̀一ryCquこLtZOnS

IL-1 ′,=73(1十号)
】1-2 J''=/A/(1-AI/)

11-3 =.=J'./I〟

11--1 ,P(辛)-1/1101

11-5 6才-CIC.

ll-6 6-鰭

･L-7 0- '(CT二,/;芸,'

111) Aull)LlarynOTat10rlS

ll- 1 ll--意



Jllne195Jコ JdlerlDrll

･ハ-2 L=K,G÷与 王孟

I一l-3 -,∫-与やLL･)-･V｡9(E｡)

-1ト4N=号

･tL-5 R-7,'qJ',
/Li)TJ

Iu- 6 /▼= 一一一J1

･】.-7 〟-7芸㌃
111-8 8 ゴIV+2JlJv-vt

lV) Fundamentalequat10nSOflnterlOr

bこIll】stlG

(I) Resal▲sEquatlon

p(a-･'.a)十ヱデ pv,=fG,I

(Jl) Newton●sequat10nOfmotion

Il窓 -qp

95

Obtained.

意-A苦言tr甲(,)
IfH sirttegratedfroTu 0 t0I,,andI

from t.t○I

Jl号 可 :｡志

-÷【,′i二両 -1/i二両 (6.)

Th)らg】ves3aS.IlunctlOn(Jtl･

---3｡+2̂r少(I.)V-1lI'Gtl≡ (6)

ll) Equat】onofveloCltyI.)nrelatlOn
tovoll‖lleOfbore(･

SubsMuleI0tequatIOn(6)lnthefunda-

mentalequat10r..(1ヽ.andatthesaTtle

timeby.rLSertu】gthefundament.lIequa-

tJOn(A)ForP,and"eget

号意 (e-･,･｡ 十 字 〆

-fG,(I.+2Jrp(E.)r-K'Opつ

By=1Serr.ngqdR･-dcfrom theこIuXlltary

(也) Geometricaltom functionOfp,0- nOtat10Jl()I-5)

pellantgraln

TnklngthebLtmmgVeloczLyaSprOPOr-

tlO】1.lltoP,

II壬 -.･mp(I)-.lPl/1二でzrLE

(Ⅳ) I:quatlOnOfe)【panslonofpropel-

).TntgasIVht:nallburrlt

P(e-'/Ei))-COnSt

ll MctllOdsofSolutionS

5) Zh lZ)gbtlrnLngOtp〇､､-dergrams

l) TheequatlonofvelocLtyt･andI

(ract10nOf､velghtofpowderbumtat

llmCI

FrorrLlhefundarrLentalequations(皿)

.上nd(皿).thefo110ヽlmgrelat10nSWlllbe

31

豊 tdと-号[=Q･2ム- I)一･

-(A-2o･竿 惹)Vゥ] (7,

Touse.luXILlary nOtat10nS(llL-1,2,3

and6)

,I､一J< 1.T'1

C-r/一ON+2.1h:-tJt

relVrltlrlglJ.lllthequation(4)

LYLIc D+L･0'(llkB)コ.dv
c-,)'LiI- JV+2.1Jt'-I-

alsofrom e'ofequation(5)

o'Jc
-dO′-讐 欝 -7 両 J

andsubsllm tlllgthlSJJlequaltOn(9)



96 _T(obtJJiYaTnlga rt･.'I.Ⅰ5.:<0 2

･IO' 亡1÷be二(1-kz)コtdp~〝O,= J＼一十2,llr-i,言~ (10)

Asy-与 ｡r,dy--ed2'

l･l_v
LTy777~lV+21h-D,

-A1(1-A-･)了72_5= P 0

t■
y

TTLSertequLltzOn 6 Intユndletrlr)and

rt(v)be

J･I.(l･)G ,.(-Y+21J7.-I,) (ll)

∫!I ≠

LLK'GvL 2L̂'V･(tJl･+rl一山,))
L＼■÷2.VT-1= (12)

and The follcIWlng d】lferentialequatlOn

wllIbeobtained

dd: ･yF,r- bJ･:M - 0 '13)

Thesolu=Onoftheaboヽ･eeqtJaM niS

y-exp -IF･p､dr､[中 ち(r

x-(IF,(r)｡rdt.･C｡ns,] (lJ)

1EthelImltSOLlntegratlOnこIrei=0,0'G

1lhcncoEISt-1 Next.thelnregrat10n

oEe(lu.TlttOn(ll)lS

一丁:I" V,dV-去tog(-:I)

･嘉 og[言㌫ :,= 芸_'i]
ConscqueTIt1y

- ｣ 凡 (r)dp､-(..V)''

[著 諾 宝 2-+]罰 15'

InLhc neytplace,byequat-onく6).lcE

32

1-1王EL=JL-'(;vL ZL=Arq)(壬｡)I

+1- LEo-也′l-■-帆 +′ (16

bysubsHurlngthlSlnequarIOn 12,we
have ■

I."V)exp恒 .dと]-÷
o′L'L .bW((.:,) -A

x(憲 iL'二 紅 芸;i)̀ ` 17

rt】S(lJfrlCultto=ltCgratethlSC(luat】On

aftersILbstltutmg,rLC(ZuLltlOn(lJ).butas
thetern OLFさ(I. zssmaJlContamlngb

asaI.ICtOr,itcanreasonablyhetTeこIted

JustこISm thecこISeOfraktngg,(1〇二三l

namely.I-0ln-JleSOlut一〇nohhecqua･

(】on(17 ThlSproof､'ll)beexplained

inthene】(tsectlOn

lnthlS Case,aSequarlOn(6 Jeユdsto

=-jL'r(2-JR-伽) 18)

AndbytheauxzllarynOtat10nlu-3.Jl1-

4･1--0andJ7-.1ん ThenF,:I.,and/!

(t')cEequations(ll and 12 leadto,

takmg2山､I-A.′

y-(t･)-- 1l
Lr(2.1J.-一.)

J･モ(.･)31と b'㌦+l
n･(2.V.-l･)

/T･(･･)exp(IF･(tl)･lt･)-"-･(2･,′｡)-.L

x[a′-Lb'●r+1]2.ll.-r)i~1 19

hTextlet2.V.一p-XandwehavedL･=_

dXandletI-1-日 heTeLorcl▼

芋 r,ex｡(Jl･.I dp)a,LL(+

=iI(.一立 )卜】[豊 (1-2訂



jutle,195J】 1nl

･U'芸T 21V･(1-岩′.)

･竿 1]

-[て'I,'l･讐 '◆2･V｡

∴ ･‥ 一日 (20)

lnthatcaseyofequatlOn(14)glVeS

y=去-(i:-T)f'(三笠三豊

x一芸等 )邪 [1-bE(A.I｡･.)コ (21)

ThlSIStheequatlOntOIVhlchthecorrect-

edterm bhast氾enadded

Ill) Therclat10nbeh､･eerL Pr6SureP,

vel∝iryt,arLdvolumeofboree

From the fundanlentalcquatJOn(1)

and(Jl)

/-- 宇 JLV,

〃t意 -qp-q-¢一･〃〟

Subsnltlreequatiorl(6)forEandbyuslng

auxlllaryrlOtnt10nS,

P(cJ/za')-76JL(N+21Vt一㌦)

IntroduceequatlOn(4)forp-.I/.oJ,cqua-

(16)Fori.andequatlOn(5)forO′,and､ve

have

P- P,o′上7諾 謡だ二芸 才) (22,

ThusPlanbefourLdasatunctlOrLOfI

andと〉/.

6) ThepolntOf)-ustburnt

AttheplntOf)ustburntE-1,tl=t'l,

1ヽehaveFrom equation(6I)

vl-(∠車重霊4二少 (23)

cS0EGunS 97

Insertequatlon(21)lntheabove

去 - (A:-)'.[二;諾 話 語 芸 ]'J 火

xD-bE(.V.,t=J)j (24)

andlnthesamelヽayfrom equat10n(22)

pr6 SureP.atthepolntOFlustburnt

becomes

BI

J'l=PO'･/JTi775.,(a,V.- a,..,十C,)(25)

7) DeterlTunatlOnOfallbtlmtOrnot

allburntlnthebole

'rhecondltlOnOfallburt一tOrnotatthe

)ttuzZ:lec.lnbedecldedbyO主GIonl】1Serト

lr)gthecondltlOn.lLequatLOn(23)m equa-

tlon(21).asfallo.ls

粥(!-)(部課三::fi)I
xD-bE(.lI,t･l)コ一九 (26)

rnltlalvcloclfy l'andmtJZZtepre鮎ure

P,canbeIouItdLrorElequanOn(22).and

Zfrom equation(16).
8) Jnltla1veloclry randthemuzzle

pressurePJ,Whenthecharge lSnotall

burntlnthebore

WhenthepowderlSnotallburntbe-

foretheshotreachesmu2r2rle,1nlt】alveloc-

ltyI′canbeobtLllnedfrom equatlOn(24)

takmg0-0.andmuzzlepresstlre PJ'from

equat10[1(Gl)

I/iニ(,_･｡-1/i二GIz

J{0

9) SolutlOrlalterallburnt

AnannlytlCalsolutlOTIOfP,Vュndc

afterallburntcanbetreatedbytheor-

dlnarY Tr,_ethod uslng the fllndarnental

equ,atiorlrl ThelnrrialcondltionbelTlg

P,.cl.andOlattttepointofjustburnt

ofcharge
33
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JJ-P･(eel二,;ruv-)YI-,I(eO,r (27)

wherel'lCanbeFoundfrorllequLlr10n(25)

sotherelotloJIOfpressureandposltion

canbeobralned ConceTnlngVelocltYl･,

uslngruehLndamentale{luatlOn(A)and

lnSertlJlgequatlOn(27 inPwehave

prdは qPltヱ-P .(雲 /):)'de

TntegTatlrlgthlSErorrL-tItOY.andfrom

Eltot.aLldlnSertlng equat10ttく25)for
P.thevelocltyaEIerユllburntcanbeob-

tユ】nedasfollollTS.

･!--Ill+,2Il[.-(oe.)'-']
I+bO'し¢′1lt-b'V.+a)

(28)

Flnally.atthemuzzk,pressurePandeX-

panslOn0orequat10nL27 shouldbemade

PCand6I,.ind thelnLtlalveloclty VIS

ド ニ -蓋[1-(eq)'L']
BI

x1+b両 _a,示 す (281)

10) Ma)､川lum pressure

BydlffcrerLtLatmgC(Luat】On(22).＼veob-

taln aCOndztlOl1OflllaXlmum Pressure

putt】ng筈 =o

主意 一1,一昔 ･｢諜 _Jv7%
- 1+｡〆 諒 =uL.Tg lbO12dv

-小 bd1-tL,,.〟,'笠]-o
･f-eusec｡ua-.on 10)For'IOC:,e′can

beexpressedasafuncttonof1.nodthe

velocJty DI corTeSPOndlng tO maXlmuTn

34

presStlreCanbee〉.pressed

I_TlY

1+ 2√r

LYbe'(2Lt′石IV)(N+2▲lJv--1'j)

1+bO′dF一一U百十′1
(29)

asthesecondterm onthenghtlt.In°of

thisequat10nCOnEalnSb.andlElOrderto

ta上etheこ叩prO:くIrnateV;llueofI,putfG

蕊 ,A.l･-β-1んandtnrT･esam vayfor

C′･take5 -(1- -2-)A lnsem ng 【his胡

the点rstappro:(lmatlOnfromequatlon 29

V--p･V-bP(l一言);
X.壁 β･V-b')(｣ヽ'+:2-0)班 .

1+A(1-号)̀(a,P,.lJ-Uβ.1I+eつ

､30

Thus.ちcanl光 repreSentedqulteact:uratel

lybythesecondapprox】mat】oTl

ll) Ollthe)ustLfIcaI】Ol10fthelo､､er

llmitlnregTatZOnOfthedlfferentlこIlequa-

tIOn(13)■)

Toprove､vhaterrormayoccllrbyP･s

sumlngE.-0,letexactequatzons(ll)an【t

(12)bePl(ll)andFr!(Ir)respcctlvely

Tllen

l(av!-I/1+/)

pl(-I)-三 ･p!(.･)- .一･一芯 -1rI

NextletI ,(V)alldl･'(I)benpprox1-

matecquこlrtOnS.andWehave

1
FL(i)≡ In･(2..1｡一局 ~

(31)

F,こr)- 一旦 竺三二牡土色
Er(2Ilo-I.)

TheTlprObtem こlr)SeSaStOWhattheerror

-ube､､henI:F,exp(I:p･dr)dl･SSub･



Jl】t)C.195･l〕 TntcrLOrLil

stltLltCdby/:I- p(I:F･dv)d-

MathcmarJC.lllyltlStruethatlVhen=

tendstoi;ere,FYICOnVergeStOF.unlform-

1yand illso F,tendstoF,lL1.≧e>0

1loWevcr,lfWechoosean】nterv.lltoreach

t1-0,thLSCOnVergenCydoesnotbecome

unlform andaquest10rLユrlSeS IElthenp･

○(G11n写 99

1 ,expI:帥 ､,exptJ:Jl)̀Lv
therefore

FeeXp(I:F･LLv),爪 exp(lこF･,I.,)
F!exp(I:FIL'l)-P:exp(I:p,dv)
･(Fr F,)- (I:帥)<(F,-P,)

pro)【lTniltlOTITnCnnOnedabove ThlSCan lVhlchleadsto
betreatc(lasfollows,atthevIClnltyOf

zerowtththeposltIVeValueof1

-F.ラ-Fz>0 (32)

I:爪 exp(I:pLd中 -I:p･･

汁-(I:pt･tt･1dv<Iこ(F!-i.,)dr 34)

F'> P,>o (33) mththtsequatlOntheerrorcanbeascer-

Froltlthelo】~rTle】~equatlOn

･l:(J',-F,)dt･-

Zur[11-0くJt1-.V.)+1-甲(Eo))]V一亡4kKJlん(){OjVo-1)+1] ･7▲篭ご

･i(4ui-Jl/[̂-0:J-- ]･u{VN･ト句 ,"意

･叫 :.LJkIJJ(A,Oili 仙 十 J誓 詣 諾 ●〉+2u'N(JmJV-f'tJ)

xL･▲(忠 ;::x票 等 諾) (35'

∴ -∴ ､ 一 一 ● 一 ∴ .∴ -

rll ProceBBOf CalculzltLDnSaT.a Ex･ tiol-(16).

11mPIcs IV) Const,uctO′, t･cu,vebyequation

12) PT∝ESSOfcalculat-on (21) ThIS】Snear一yastra唱ht1,neexcept

I) ,･･q･C ･ 句･P= 三･p-･/･-Io･A = ､VhenO′.slnthev･cln,ryOFI Aftcr･lll
buTnt,ttleV,0curvecanbedrこ11Vnby

l■l
寸 Y･'･･Lare glVenLlSdarnoragun equZltlOn(28)

andexplosIVC
Alsothep,t'curveshallbeconstructed

ll) TllefollolV川gShouldbecalculated byequatlOn(22)afterthecurlJeOfO′･
byau={LllaryCquatlOnSJJ,‡J,P/.Poe.JJ,, tlhasbeenobtalned Theseh､fO Curves

o.e′,0,A areSh0､､･mlnflgures1arLd3

rfG=15,'/-1theTl'7'-08andb,0', V) Theposlt'OnOftllCmaXlmumprCS･

andLrcarLbecalculatedbyequat10n(5) SurCISObtanedfrom equatlon(30)･Ttnd

Ill) AttxLllarynOtatlOnSA,JV,/I.Il,JJ, thepolntOEJLIStburntfromequatzon(2Ll)

35
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1lX) _NobtJJlYJllIu酔 ⊂VollSh'02

ユ3) ExnTnplesofcこ11C1llatlOrI'】 llL) AuxtllarynOtatlOnS
Example1 ltcsultsofcalculat)Onand

IAterエOrbalLlstlC⊂urVeSOfこ1121rLCh(30

cm)gun.

TocomparetJleauthor'smethodsot

slrnplebut exact solutiorlS mentioned

3bcve≠lththose()EChaTbonnter'sb:llLts-

ttcs.calcul.TltIOnSユremadeontwokinds

ofpropellant cordlleandtublte The

l unltSusedlnthlSCa)ctdatIOnaftkg･dm･
S∝ (Seetablel3,FIg land2.andtable
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