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INTRODUCTION

An Electrothermal-Chemical (ETC) Gun Modeling Workshop was held at the Weapons Technology
Directorate (WTD), U.S. Ammy Research Laboratory (ARL)Xformerly the Ballistic Research Laboratory
(BRL)) on 12-13 May 1993. The workshop was specifically focused on technical aspects of ETC gun
modeling and was sponsored by the WTD/ARL. Thus, the meeting was not as broad in scope as an carlier
meeting heid at BRL under the sponsorship of the JANNAF Combustion Subcommittee on 9-11 July
1991.

The objectives of the workshop were to: (a) assess the current state of ETC modeling; (b) determine the
class of problems currently being addressed by various organizations; (c) encourage exchange of ideas and

modeling techniques among participants; and (d) provide recommendations for future work, particularly
in view of declining research funds.

The following compilation contains: (1) the meeting agenda; (2) a list of current known US. ETC
modeling activities; (3) diagnostics measurements desired by ETC modelers as summarized by the group;
(4) presentations by organizations attending the workshop; and (5) a list of participants. The workshop
benefitted greatly from the participation of university, industry, and government (Army, DNA, Navy)
persomnel and contractors who all worked toward the common goal of understanding ETC processes
through modeling.

We would like to thank Ms. Sharon Richardson for her excellent administering of the workshop; each
participant for their active roles during the workshop; each author and funding agency for allowing work
to be reprinted in this compilation (note that there are unclassified/umlimited and unclassified/government
& contractors only sections)—and Army, DNA and Navy personnel in many different agencies for their
cooperation and support in this endeavor. The modeling community has made significant advances in
understanding ETC gun interior ballistics over the past several years and continues to impact gun cartridge
design. It is hoped that this compilation will convey the development of state-of-the-art models for ETC
guns.

Gloria Wren

Bill Oberle

Weapons Technology Directorate
Army Research Laboratory




Electrothermal-Chemical (ETC) Gun Modeling Workshop AGENDA
Weapons Technology Directorate, U.S. Army Research Laboratory

Wednesday, May 12, 1993

8:15 Administrative Remarks
Sharon Richardson
8:30 Science Applications Intemational Corporation, San Diego, CA
C.-C. Hsiao, Fred Su
9:30 General Dynamics Land System/GT-Devices
Niels Winsor
10:30 Break
10:45 Science Applications Intemnational Corporation, Ft. Washington, PA
Sandy Dash
11:45 Lunch
1:00 Sandia National Laboratories, Albuquerque, NM
Steve Kempka
2:00 FMC Corporation, Minneapolis, MN
Patrick Janke
3:00 Break
315 U.S. Amny Ammament Research, Development, and Engineering Center
Lee Harmis .
4:15 Pennsylvania State University
F. Cheung
5:00 Adjourn
7:00 No-host dinner at Tidewater Grille, Havre de Grace
Thursday, May 13
8:30 U.S. Ammy Research Laboratory
Gloria Wren
9:00 Olin Corporation
Hugh McElroy
10:00 California Research and Technology
Phil Hookham
11:00 Group discussion and wrap-up
12:00 Adjourn




soyuaxa Ppow THY o N [enudjod ¢ (PHD Andepy-gAL) AT 91 VNd L4 91
swseld (47 ST NON A0q/aed ‘Ausy sqe] [euonBN sipueg ‘G|
ar/ao ‘v VNG SQB°] IRAXBJ ‘PAqND-S Y
repudod ag ‘(LDJ) A7 ‘@0 €1 VNG 03a1q ues OIVS €1
(uoydwypumdn) @t/ az “zu Auy uojdupyse 14 ‘OIVS ‘71
Pud - 0} - puyg ‘40 ‘Cwiseld i ‘11 VNG ‘Auay suepy ‘OIVS ‘11
(3uippays aidoap pajrelap sas adninw ‘oseyd z) 4z 01 Auay ‘q ¥ WX AysIaAtun) )e)§ uudg 0f
ar‘ao 6 LU §3)8POSSY Y3noo [ned °6
o0 71T AT ‘00 '8 arua uopesodio) wiQ '8
swseld I L a ¥ ¥I ‘fuay Anszaaun RIS ON L
3pod YWV ‘d€/aT "9 VNAd INTT 9
(uaumnlg AuLY) AT ‘«dl ‘+d0 'S SRS ‘ A ¥ U S$1a9 °s
PPOJAl JUISTI[E] ISIIAUL‘PUI-0)-PUF ‘(DU MNULI) AT'AL'«A0 P SRS ‘A P W ONd b
QLA - INV1Y) ANSTWANPOWIN], € Amay 3)EP0SSY 2P UBWPRAY IF °E
(g1 ‘ewseld 1Imog ) pud - 0) - pug ‘0 ‘ewsseld 4T ‘T Awry TAV T
«d0 1 fway J4a¥V 1
Suppuny weidorg uoneziuesi

SAIAIIY JUILIND

(€661 ABIN) °S°) Y} Ul SANIANOY SUIPPON DLH IudLIN)




dLD Wi sjep quoq
PIsSOP deys [IIM YV L

VINS 9

VIN 'S

INA ‘MeIS uudg “THV ‘P

J3qay ‘Iv ‘¢

ONA “TaV T

8IS ON
‘Nug uwdd “1HV 1

(@Lo)duopaque) L

3dudnyuy Judyiudis 8 umoys
124 J0u JA8Y SJUANULIIIXI VINS 9

anssy ue §1 A)LIqIsed)
Inq ‘anssy Juissaappe AP22a1P
5110359 Suroduo ou SHueiiodwy °g

J)e)S uudj ye 3uoduo  THV
je 3upae)s 5)4053 ‘8)Bp PIIN °p

dutop aq uoos [|1m ‘ejep PPN °¢

J[qB{IBAR 5] BJBP JWOS T

sjusjpdoad ) 17 Meud)e
pasodoad ynam pue yuejpdoad
IO AL ‘3ujop moN T

spapout dureudp piny
BIA B8P [Bjuawadxd quioq pIsop Jo siskieuy

(wnjuduiow 'sa £333u9 e J)
Suixyu uo ssew sused uy sa3uvyd Jo $3YF

asuyd om) *sa pmby opadsdud
snoduddouioy YING Uy JUCIJ UOIIBII JO UOHBIOT]

(yuegradoad pijos pue pinbij Jo saanixiw)
sLLINs 20) swidsAs Juduodwod - oMy
uy §)93)J9 uopBIIuI ssBWL Jo/pue e Sutuing

spios 2 5193
‘spinbyq jo sjea 3unwing uo sewseyd Jo s}

jusjddoad ¥nq 10 [BUOHUIAUGD 0)
pasedwod vwseld y)m mef s Sujuing Js

swised yja PG
[820] Uf 221108 uOiBIpRA SU)u] 10 Bwserd
£q 4§ jo uonvjudwidne 3jea Jujuang jo Ru3aq

‘L

‘9

'S

Ve

‘Ce

e

Te

Sujssaappy uopezjuedaQ

smye)S

JUIWAINSEIA]

SPPPOA DL

Aq paJaIs3(] SHUAWAINSBIJA] dnysougdei(q




Apn)s J10j N0 pINRIOM
3q 0) pIRu SINIpUNOLD “Of

3)81S DN “T8V ‘V'INS 6

*SUONBPI{BA 9O J0j 5338 BJEP
paue)qo Anjaaed Liddns
e pinod s)syejudmadxy
"upunsuod 3wy Inq ‘PIPBN 01

WP
APWAIIXI SHUIWIINSBIW
YO ‘sdanyxy dysoudep
Jamod moj duios u pasnseaus
U93q A8Y $I)uJ UOHBIqR

pug anjesddud) Qunssaig °¢

uonepieA pPpow
Apunuiuiod 10j , spuduitsddxd yasewydudyg,, ‘01

aanysaaduid) ‘uorysoduod
$3133ds ‘s3je. uonjeqe ‘AIOPA NXI ‘danssaad vwiseld ‘¢

sopjsouderp sudisap LA
JUON '8 w10j2d ued 3je)g Uwdd ‘g jueqadosd pinbig us uonyBwrog 31doap jo sajey ‘g
Sujssaappy uopezjuesiQ snjels JUIUWRANSBIJA
SIRPPO DLA

Aq PaJISI(] SHUIWAINSBITA] dnsouder(q




INTENTIONALLY LEFT BLANK.




"a?yl S71dO pue L100-0-¢6-Slvvva
‘1901-0-06-SLVVYVA -dapun pawJsojiad jiom

€661 AVIN €1-21

nqjinH aAe( pue ueyuldeg uop
Bi1aip qog ‘1osuip\ S|9IN

S301A3Q4-1Y LV DNITIAON 213
TVYNOISNIWIA-Z ANV | ‘0 HOA
SNV1d ANV SAQOHL3INW ‘SLINS3Y

ONITIAON D13 NO dOHSHHOM 1HY




‘uojjejuaWINIop J0 Sapod yum buidjay Aq

10 A|39941p J9Y3I@ pajnqauod ualp elIolo pue
uojbujyyiom siuuag ‘Aos|3oW ybnH ‘NoiI P
‘19]]19)] ab103H ‘Zseynp pedsy ‘ybnoy [ned
‘1319Zzng Q0 ‘uosiapuy uoy ‘Jejnopied uj
-pabpajmowyoe Aj|njajesb s) |jouuosiad 19yjo
pue uijo ‘Juswuian0y Auew jo asueysisse Y|

iISINVHL ANVIA




SNV1d NOILVINNIS JdNLNd *

SININIH3dX3 Ol3d
SNOILVINdINOD JDIMNVAONX ¢

00d ® SINFJWIONVHNI ¢OAHHI °

AHOM ONIT3AON O14

:.oﬁ.i.ﬁ SwaysAg puey
SSINVNAG 1vHENED EE seojreq - LD




NITO HLiM NOILVNIQHOQD »

NOILVLINIINNODOOA TTVHINITD o

10

1VIidOLNL JO1F »

SINIWIONVHNI D13 °

.

S3A1vdadn ¢cOAHAI

VOISING SWaIsAS puel . -
SOIWVNAQ vEENTD wm% sedjAeQ - LY




vivda LNdino Ol13 ¢

TOHLNOO 3LVH NHNg *

11

SAOIN NOILYND3 ADHINIT ¢

1NdNI H3IMOd 21410313 °

SINJWIONVHNI 013

UOISIAIQ SWaISAS pued ‘
SOINVNAGQ TvHENED $E seojneg - 1D




ZOAHEl G
(sw)3niL

09°C oc'e 08’} or'i 00’1 09°0 0¢'0
00z | 09't ! ON.J ' 080 o¥'0 moo.ol

dX3

1 ] 1 i L 1 1 0
- 0!
-~ 0¢

3

P < L

m

)

- 0¢ ~

14

=

o/
- OF%
-4 0S
09

voIsing SwelsAs puel

SSINVNAG TvaEaNED $E seojneq - LY




dX3 —— toANEBl O

(sw) anu
e ) i | 90 T0
vz |t ] osy oL oT | ose el 9 o
| 0
4 01
og M )
§
oy S
0$
09
oL
19d 9290
S1INS3Y 3000 'SA V1va 'dX3.NINO WWOgL
UoISIAIg SWeBAS puB] mm wm m00_>00-._.0

SOINVNAQ TTVH3N3D




dX3 o TOAHB ———
- (sw) 3ru
T o v \ 90 :
e e e T e T o
of
i

900

13AVYL 371L03r0d¥d "'dX3 ANV 3009

UOISIAIg SWelsAe puR T

ot
11
ot
oy
0s
09
0L
08
a6
001
01}
14}
ocH
or\

14

(wd) 13AVML

e seojneq-19




THVY LY SS3IDJ0Hd NI TviHOlNL ¢

15

ANNILYOId <- INSSIIH €6 HVIN °

HOLNL + 6¢8¢-H1l 14vHd ¢c6 g3d ¢

Tvidolnl Ol13

SOINVYNAQ IvVHENED

$E seojreq - LY




SNLVLS NOILVLNINNDOA °

S3ANSSI LNV113d0Hd °

16

SAONVHO HOSS300HdLSOd *

SINIWIHIdXT IAVM TVIXY

SIVIHL OLMVAONX

VoISING SWOISAS pue] -
SSINVNAQ TvEHENED %m soedjAaeQ - LO




INJNIHIdX3 HLIM NOSIHVAINOD °

SNOILVINIXOHddV JLAVAONX °

17

NOILINOI HO33HY *

AHL3IWNO3Y TVLININIHIAX3T °

SAAVM 1VIXV

VOISING SWaISAS pugT : Pyp—
SOIWVNAG TVEENED wmﬁ jAeQ - 1O




18

AHLINOID ONIAVOT

 UOISIAIQ SWEISAS pueT H
SOINVNAGO TvHSNED R E seojreq - LY




Aeoap saAeM\ ¥

‘sjIsueI} 7 19358 sAe0ap aaep D
10921Qq SOYOBaI UONIJ[JY '€
"jisueI) paq sunnp

yooys 03 suadaals aaep g JUOIJ Sayoral JO0US 7
'SOABM SOALIP UONIUSI Yo321d 'V 21nssaidioro yoaaig |
NOILV.LNdWNOO LNANIIHdXH

EY SO Yo AN ’ SRR

BAVA WY SO NOLV WIS HAYAL TEKY HLIA DN

dAVM A<Um< SHSNVO NOILLINDI HOdHYY >Am<m




HONNV' J1LSIT71vE OIsve ¢

HLON3IHLS TTVM TINNVHO °

20

ALI'TIEVLS TINNVHO VINSV1d °

SNOISN3LX3 T3dON °

- SIN3INId3dX3 0134

UOISIAIQ SWeIsAS pueq -
SOINYNAQ IvHENED mmﬁ sedjAe(g - 1LY




“(0’| A il ek b D bkt | . A st 51 s e s . A atn -
£
i

{1 Toge i

B S
PV Sy

aTy Y -
s Q) RPN s
~ e T, 4u<)40 v, 0}4»1»4»1?‘»0 o TATAT Y
K ‘h<V>4vA \_“) vaval VA.”N”P”V“)A RO '}4’“74'“1’4 [
QDA‘A VA 'li.)ib("}{ A Vet AN 20 '.A YAVAYAVAN
l‘bd»ﬂ»fkﬁﬁ»ﬂ"l' NSNS
A A VAV A TAVAVAY @ 5N

4"’4&“‘ AVAN




ST3AOIN NOILINDI

AHLSINIHDO L3 T1dINOD FHON *

22

SANVHEWIN IT9IDNVHS ‘AIDIY o

SLN3IINIT3 ILINId NIHL ‘ONOT °

_ SNOISN31lX3 0134

uoIsINg SwelsAg puey
SOINVYNAQ IvHENED

$E seojneq - 1D




SNOILVOITTdINl TVOISAHd °

SA33dS ANNOS JVI1INISSIA °

23

JONVNILNIVIN AHVANNOS 104 o

1HOdSNVYHL AiNTJILTNN

TINNVHO VNSV

UOISINIQ SWeIsAS puel
SOINVYNAQ vEHENED

$E seojneq - LY




ST SR O O

SR

Uoaseopd

=) {he o
P

Gyt DI

et guraqd

9 Seban g

i peshiopdsep esrg noh
I : :

P
AT

e
A

155

IR R A R LR T L N L R A

(RPN S O ATV RSyt

PO+ P2E "G~ LB b= L I




1S31 9mog-a3so1) ¢
SYVIHE JHNSSIHJ-VL13d * :

AHVANNOAQ aiTos-ainid «

T1VM TTaNNVH

_mo.a.s.ﬁmsegmbc: ‘m00>o..0
SOINVNAO TVHENED %ﬁ ine@ - L




00+ 30000 ‘' ®0+30000°0

STRAN
IO i &
Y AT LTSN AT A/ TAVATAVAVAR AV Ty

.t

1

fi pe
4

Kk
[EEPVORSIEEN

R N IR I R I

SR A RS IRI SIS IR A ; Aty
{ D+ pops g

E
e ]

HEN B N
SRR RN <yl
. . : B L e ey K|
I e ; 3 B . )
A | | S
A o

Yo

e e e b e e e b it L




10+3122C°00+386681°0 SC




HONNV1 371L03rodd *

AV3HdSINVI1d NOILINOI *

28

H3LINOI ..__.Om<w ‘aod e

39NL NND WIN 02L 11Nd °

"THONNV1 oILSITivs

VOISIAIg SWeIsAg pue %m so9jAeQ - 1LY
SOINYNAQ TvHENAD




ONIHOLVIN AHLSINIHO O13d °
NOILVHOdHOODNI D13 DIMX ¢
ONISS3I00Hd-1LSOd ¢OAHHI *

SISATVYNY 213 WIN 02} *

MHOM JHNLNS

UoISING SWeIsSAg pueT wmﬁ soo|AeQ - LY
SOINVYNAQ IVHENED _

30




aasn-| [ 006€$ ‘89VS-V¥¥6-008-1 ‘dHOO 1dI 33S
06°C UOiSJaA ‘LNIT NvHLlHOA

obipuj Jasn-} 10} 00S}$ 180D L¥P.-008-008-}
SS3UdX3-NN SOIHAVYHO NODJITIS 33S
1°L°} NOISHIA s)10Mm|00L/uO|SIATSYD

31

NOILVINHOANI| HOd H3T113X 3DHO03D 33S
920} NOISHIA ‘OLMNVAONX

S31d0D HO STIV.i3A HOd NIHUM VIHOTO 33S
SNOISNILX3 013 H1IM ‘v0°S NOISHIA ‘TOAHSEI

A3INOILNINW S109nNndodd

UOISIAIQ SWolSAS pueT H
SOINVNAGQ TVHENSD | %E seolneq - 1D




INTENTIONALLY LEFT BLANK.

32




1i

9906-S001Z AW ‘PunoiS Bujrold ueepleqy
Alojpiogpl ydinesey Auuy °sn
dOHSHYOM SNITIAOW Di1

:j0 uojjpbjueseid

€661 ‘€l B CL AVIN

33

£[9S8-2¥S/S1T X4 00¢L-Z¥S/SleC ‘euoyd
112€-P€061 Vd ‘uojbujysom Hod
0Zy elns ‘eAuq i1ejued o4O 10S
UOJSIAIQ SO2uejos eAjsindoid
uojpiodio) [puoypuieju suolpojiddy edoue|ds
pyuis ‘N pup |ppbBupsoH v ‘Useq ‘N 'S

SA13IdMO1d DUISITTVE JORIALINI NNO D3
INV113dOdd ditos AaNv daindil 40
NOULVINWIS TVYNOISNIWIA-ILTNN

89¢2-dl Md/DIVS




sopewnN 14vid Jo esn + Appejsun/seppibdn pwspld -
Jl3-dS — e2Jpjn§ woij seoiiond
JO UOJSOIF/UOHSNQWIOD OJOIDd ©}e1ds|d/IeA|os upjbupibp] -
Jl3-d1 — ©JDjeju|
1/9 10 uojpwiod jejdoiq/sioey3 dUjeWwNjOA/IeA|0S uppe|n3
SIAVIO4N MOTd ISYHJ-ILTNN/NOILOINIA m~_=._.=u_

sjoys $1adO Yim suosppdwod -
14VdD ojuj uoyoibejul pup uoybinuno4 uing jupjjedoid pjos -

TAAON D13-dS/14V¥D 40 ININdOTIAIA SAIVMOL SSIIO0Yd

suie] ejpasqng/bBujiepoy edueinainy s31 -
Sjoys D4 Yim suosupdwiod -
suololpeld epod 9d1 ee)ooD yjm suosuyodwo) -
uojpjnwiiod peiqiinbly pinbri/sns -
13AON 213-d1/14ViD 10 ININDOTIAIA SAIVMOL SSTYO0YUd

Appejs-json®/6ujjdno) epod pwspld -

SO3 IPHIA/SO3 PInbn :Assjweydowseyy -

Buippequiz/Bupjupig/owpuiq Bulpppo -
NOILVINIS NND 13 J40Od4 SIAVIO4N 1iviaO DIsve

uoypInWIS UnNS 13 10} sjuewelnbey -
SOUOWNN JO MOJAIOAD jelg -
300D 1IDINdWI/ANIMAN FNNTOA-31INId 14VYED

34

$J1dOl




pezispydwe sessecoid Bujpupjsiepun -

SNOSRIVANOD Viva LOHS
NO disvd aIINOIY SV SIAVI9dN ONITIAON DILVINILSAS °

J13/d1 404 ST1IAON
s31 F1vosans “B'e ‘s3avi9dn/SNOILYOIIIIAQON T1IAON
40 ION3NTINI ANVIS¥IANN Ol S3IANLS ALIAILISNIS WAaOoddid -

JOV4d3INI VINSVId/ainon “6e ..QOO.—mmmoZ: 1.dM 1ON
$35S300dd ¥04 S1IAONW 318ISNVId ISTTdWIS ILVIOJdIOONI «

NOIISNEWOD
INV113dOdd 11vE ““6'@ ‘aOOls¥IANN T1IM $3SSIO0Ud
404 S13S VIVA ANV S13AON Q3HSIT8VIS3-113M 3LVAOJYOONI

eInjonijs [DIIHOA/JuUeiNaIN}
pup selligpisul Jo uolpinwis ejpnbepp 10} "d}e
‘uoypdissip [POUOWNU YJIM POJDIO0SSD SIoNe OZIWUIN -

SAld® da3IATOS3d
ANV SOIRIAWNN 13V-3H1-10-31ViS QIONVAQV J40 3Isn

AHdOSOTIHd ONITIAOW Dl13

‘
' . .




REICRIEIE

NOISOY3 37011HVd
/NOLLVINYO4 1314040 e |

NVIONVHOV - |
NVIHITINT - | F1010HVvd-a39/A110S o
WNIEIIND3NON Q'd/9 e 131d0OHa/aiNDN e

— ettt e e ——————

um<:._-=5§ )

msz._.x_s_ aalvHanino3 e ISVHA-SVO e

=

o8 om~_._<xm_zmu

36

» V_mogms_,é“_ ._<o_mm_s_az

~ OH3IV FLI3rOYd e |
JONIINGHNL ST o
ONIINOD YWSVd o

OWHIHL [ soisAHd.

S03 aInos/ainoltl e
SO3 IVHIA e

SLN3IN3HINO3Y ONINFAOIN NN D13




i

ysieesey 1of ©8BYJ-jN/EoULINGIN] .

sSUOIdBIGIU] J0YyIUNBT] [BIJUGA

19204 peidng

sisneyx3/s1010 18320y juejjedoird pinbly/ plios

1018101029y wey

(9d14) uny juejjedoid pinbjq eapeseusboey

uny (913) 1edjwey) [ewIeYIONI8]] SNOILYOI1ddVY
suope|nwio4 uojsieds|q ejd|ued
jusnyqepely pue UOUSW jO S|BPOW ©jeds pubans s3I
SUO[IBINWIIOS [{BM-I1BON ©H MO

lesenes pue sepeibdn 1eapsoA/ANIIqI8SeIdwoD YIM UONBINWICY. 3-) 3ON3TINgYNL

Bujuing
Jopeju} pue uoissedey edepung Bupnjou) Gupdno) eansiqy/ujers

uopiejnunio4 wnpqlnba pinbyy/seyn

(suopejnuso4
uejbuesbe] pue uspe|ng) sieajos jejdoig/e|died wnyuqgiinbeuoN

MOTd ISVHILTNW

uopezyeeul] wiej edinog yondwy Apnd

suojjovey pue sejoeds jo JequinN AseniqUy/ANsS|Wey) 81eY-elju)d

(SO3 I18uA/80I1gBL OUMOYL
JVYNNVrnaoepedwy Ajjewieyl pue Ajespojed) sesnixin seo jesy

AYLSINIHOONWHIHL

Swojqold Apog-pin|jy 10} UOHBINWIOY PeINIINNSUN/PeINMINNS PHAAH

Buppuo eapdepy-uopn|os

sopjewoen xejdwon 10) Bupjueig/buyoted pHO

sejepunog Bujaol 40} JUNOIIY O} SIWBLAQ PUYD

SIHNLVI4 AIHD

SUOipuUo) Alspunog/suiiel 02Jnos Jojdun Ajnd

uopenwiiod (gAL/eod) pumdn 1epiQ-1eybiH ‘yopduwy

Uojjuz|1ela8|g ewn|oA-e)uld ae/Xv/ae/al

SOIHINWNN

NOILVINNIS A13IAMO1d JAISTNdOY¥d JO4 SIiNivid mn.OU 14VdO

37




yoseasas S37/buippays XelopA e

uoljejnwis unb juejjedord pinbry . d1/14vH0 Dd1 v
sbujpeo| :

asuapyuolsnqwod ajejnaied uoqie) |9)90YH
19004 paloNQg o HQ/14vdO pajong WOOIN

|0JBasa) UolSNQWo9/aousinging 10}BIB|800Y
uoljejnuwiis J0jess|adoe wey o  WVYH/L4VH) wey 4S04V

18Aj0S PaINjonJIsun/paInionils puUgAH o ABojouyoa |
swejqosd Apoq ejdninN e J/1dVHO| pedueApy|  WOOIW

sgjoiued wnuqiinbauoN

uoljejqe/uolsosd ajoiued suofjoeIou|

Buipnjour suofioRIBlUl JOYIUNE| [BOIUBA e W1/14VHO STA OMSN
uolsnqwod ajolued/paq pazipiny <---
uolisnquiod paq paxij - 913 uejiedosd pijog | OL3-dS/L4VHO
uolisnqwod jejdoip <--- amnxiw pejeiqiinbe

pinbiyseb - 913 juejedosd pinbiy «| 913-d1/LVHO 013 THY

("'€0civ) SUONOBIB)U|

sejoited apixo oljjelow wnuqiInbauoN olISSIN
suojjoriaul olee/anisindoid oliSSIN o WL/ L4VHD [eaijoe | WOOIN

S|opow 8JusiNgIN} ST B SH o yoseasay
Apeajsun g Apeajs ‘ainjoniis 1ef o Hr/14vHO 181 |OHe/VSYN
S3IHNLYIHA/SNOILYIITddY 3009 NVYHYDOUHd |HOSNOdS

3400 14VAOD ONIZIUN

1{

SNVYdOO0dd LINININO

38




i

CObL RC Ol 1NN VI V) JYNNW WSL

/
1l NOISINIQ S)IM1IS Asindoisy
ety . vopvs0dio) powoynia] suoyogiddy s3uajog
ag1vs

S ONIONHYIAdId
AALROY ANIMAN ONISN (9% '3 **'7) NOLLVI'IVAT XN'Td  ®

sHY = -2%+ 1 Jm-1lu-ge-1 [a-1lu-ve-i
:ST WHOJd QAZILTYOSIA

NOIHSVA A4'1dNO0D ATONOULS V NI
JALVIIALNI ANV QAZIIVANIT OSTV SWAAL ADANO0S ANV SNOISIA -

saoLIjBW Isyeds-uou I0|q U X U — *3)9 ) ‘g ‘V

591qoLiva u (%0 ’p ‘9 ‘nd ‘ad ‘nd 4d) =
?—Qu + od = —...r.\ .°< —0& t wd = el ‘OV + w0 = -:.Q

O OL LVAdAT HLIM "9 ‘d ‘d SYOLITA XN'1d A0 NOLLVZIUVIANI'T
ANIL SHAINOTT AD0TOAOHLAN LIDI'TdNI/AALLVAYASNOD o

aeaf[[+upapl®y, - Py)f sw_m +2020(™ s - PIYf[ + spuplttiy - iy m_m -

-~ + ~ . * ; -4 * . 6
up3e(™ %o - “olff + 2p3pl™a - l)f[ + spupl™a - D[ + Av0ff[7
NOILVZILFAOSAd FNNTOA-HLINIA o

SOIIHINN DISVE 40 MHIAYIAO

39




BTN

% . . n% , de

W ge T de de

SIAILVAIHAA 3HNSSIUd
JH1 31VYNTVAI O1 33N

g

n 0 0 0 }i-vo o M v n*-vo- ]

0 N 0 0 1% “1v0 1% av

o, e a0 "I'o g 1V 1° o
NG 03 agE a@E+n FEa+mn w..h=+=._ o+ af+un-|=vy
1-w [ of ©
Sty o 3 M FEneent Sueet Fusen Rueen-
T o W @ #v 0 SPheen Fhrera Fhren gdheen-
1~ ¢
Cily o Sy gy dn 0 FEaewn Tt Fhestea @Trma-

0 0 0 ] " “ ) 0

SHOLJ3A XN1d4 3HL 40 NVIG0IVr

illl'lll‘lll'L




i

G wopsIq $ouapdS sajsyudosg
ERLFS) woyvs0dio) (ouoyroussny swoyoddy sowsds
J1VS

%_ | pis % ijh w&.m_s_.a
89_52: *x..a

(‘0 - *0) [*7* vl + ss.im = Wiy

M -
uonddp aamsod uy Juijjaaed) sasem jo uopnqriyuod = 'z
uoy)IRIIp dAnedau uj Suj[PARI) SIABM JO uOpNQINUEd = *'g

saxnyf aspao 1oySpy + —s...ﬂ S N .ﬂ_ = Wiy
A9 NAAID SI 7' 3O VINA.LNI ﬂmo AHL LV XN'1d e

AVTVANHOIH HH.L 4O NDIS JHL NOd @ASVe AUV SHONHYAIAId X114 e

NOIHSV4
GNIMdN NV NI AALVTVAH ST HOVAYALNI 11430 LV XN'Td TVOIIANNN e

NOILVINDTVI XN'14 TVORIAINNN ANIMdN




RIZE

ANWLL NI ADVH

-0V, ¥AAHO0 YAHOIH YOJ NOLLVYALI NOLMAN ASN o
TANAADI0Ud

. 1aV ONISN Y0LVY¥AdO LIDI'TdNI QAZRIVANIT m»m% .

gaASVIg ANIMdN YAAYO-QUIHL V SV "4 ALVIIVAT e

AWLL 40 NOLLONNA V SV INAWAAOW QRID AJIDAdS

SOTNAWNN |

omowm pafesaa oum op 6 § puv ‘YU = g

A =19S. N + v O+ v
ELVE R T R by LI RN b o

‘ONIAID SNHL “TIATT ANIL

MEN FHL LV dRID FHL 304 WYAL 30MN0S ALVNTIVAE e
NOLLOW dJ0V4

TIHD WO¥A ONISIIV XN'1A TVNOLLIAAY AANTONI e
dJNTVA AADVIAAV-ANLL LV LNVISNOD

A'TAH ST AIdD ONINWMNSSY A9 WYAL X014 ALVN'IVAT e
GIONVHO
ome N ALIDOTIA LNVRIVAVYLNOD 40 NOLLINIAAQ

91 "ALLLNVNO DRNLANOAD ATHUNd SV RO LVAUL o

JNNTOA DNIAYVA dNILL :0A

SIWYIL JOUNO0S I Wi,

SIWYAL XN'1d ]I u9],

STTEVIIVA AAYASNOD XAVIRId ‘] W,

I woy Il g, I oy,
oo™ ][ < w1 5",] + 0] - 0]

ADOTOAOHLIN

42

SNOLLVNOA

SNOLLV.LNJWOD aiid DINVNAQ




“INITIAL GRID (v GUN CHATBER™

+

“GRI0 (v GUv CHRBER AT 0.8 1S~
4%

XX T L T

X
x
. - B G e w - —

r &

Fr -}

B ottt R A 1 R 1 Bt b tH et Bt £ e G R ORI £ 50 gPon s SR {4

43




- St 1ONE 313 d98.
- 84 GEE°L 1V SIINTY TUEIAIL 900.




K-Constant index Class

~NMmewnL

- e -
L] L]

SINGLE DOMAIN/NO BLOCKING INEFFICIENCY

SIMPLE GRIDS/COMPLEX GEOMETRY

J-Constant index Class

PATCHED GRIDDING IN PARCH (FROM PARC)

~NM-

45




‘w3{qo14 12pOH [euojsuawjq-onl PItdno) jo djjewmeyds -y sanByaz

MOJJInO oluosqng

MojInQo
ojuosqng

M,006t = 1

Guennmt———
uje gL = d

Mo Ino
ojuosqng

46

\l/

M, 00¢ = L

wie | =
#©1=d MoiInQ

ojuosqng

MOJ}1NO dluosgng

AH13INWOIY




O N S .

Figure 2a. Numerical Grid for Two-Dimensional Model Probleam.
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Figure 2b. Grid Patches Employed for Flux Calculation.
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Axisymmetric Model of Capillary and
Mixing Chamber

l | | Mixing Chamber

—T_-—

Capillary Radius 0.3 cm

Overall Length 11.4 cm
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Distorted Geornetery-

Cathode .

Energy Deposition Region
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100 us

Temperature (4.2 eV)
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200 us

Température (3.3eV)
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100 us

Pressure
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Pressure
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100 us

Polyethylene Density (107)
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200 s

Polyethylene Density (107%)
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Imposed Power (data)
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10 .
10°
s Calculated Ohmic Heating
2 10* i
8
10° §
100 . Y § n
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Doppler Radar Data

Analysis of In-Bore
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Enhanced Propellant Burn Rate
through Plasma Erosion

L.E. Harris, D. Chul, J. Prezelski, P. O'Reilly, D.S. Downs
US Army Research, Development, and Engineering Center
Picatinny Arsenal, NJ
and
W.F. Oberle
US Army Research Laboratory
"Aberdeen Proving Ground, MD
and
J.R. Greig
GT-Devices
Alexandria, Va
and
H.A. McElroy and J.G. Buzzett
Olin Ordnance
St. Petersburg, FL

ABSTRACT

In both ETC gun firings and ETC closed bomb experiments to date, it has been
observed that the burn rates of solid propellants are not altered by the
presence of the ET plasma except through the pressure created by the addition
of the electric energy. However, in a recent series of ET gun firings, we
have observed that the burn rate of the propellant can be dramatically
increased by the erosive effect of the plasma. The propellant was JA-2, and
for these ETC gun firings the whole propellant charge was cast as a "single
perf" monolithic grain. The central perforation was 0.25 inch diameter and
the outside diameter of the grain was 1.10 inch. The propellant was fired in
a 30mm (bore diameter) gun in the Army’s ET Gun Facility at GT-Devices. The
pPlasma generator was a high pressure capillary discharge and the emerging
plasma was carefully injected into the central perforation in the propellant
grain. All other surfaces of the propellant grain were inhibited using
silicone grease. The charge design is described in detail, and results
obtained by simulating these firings using IBHVG2 are discussed. From these
simulations, it is concluded that the burn rate achieved in these gun firings
was enhanced significantly through the erosive effect of the plasma.
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CBP EQUATIONS
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* Table Il CBP Calculation of Interior Ballistics Time Profiles
in a 120mm M256 Tank Cun

. .
. . .
* —— L
.
v
o oo e

000  0.000 3424 0004 0
0.10  0.002 42 3244 0002 268
020 0008 8 3037 0007 536
030 0019 127 . 2933 0016 804
040 0034 169 2881 0028 1072
050 0053 211 2854 0043 1341
100 0211 423 2812 0173 2681
150 0476 634 2804 0388 4,022 °
200 0846 846 2,801 -0.690 5,362
240 1218 1,015 280 0994 6435
1,018 6,453

241

1225
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OBJECTIVES

To evaluate the applicability of existing correlations for
describing the entrainment and subsequent breakup of
the liquid propellant droplets caused by the discharge of
a plasma jet from a plasma generating cartridge.

To identify the key elements of plasma/liquid propellants
interaction that are not fully understood.

To summarize the findings of this critical review and to
define basic research needs for futu.2 modeling and
diagnostic activities in this subject area.

To perform a theoretical analysis to provide guidance in
the development of a suitable correlation applicable to
ETC gun conditions.
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CHARACTERISTIC LENGTH AND
VELOCITY SCALES

® Two Macro-Length Scales

d, — Hydraulic Diameter of the Core Region
(Associated with phenomena of the
Interfacial Shear Action and Inertia of the
Core Flow)

8 — Liquid Film Thickness
(Associated with Phenomena of Liquid-

Film Motion and Induced Surface Wave
Form)

® One Micro-Length Scale

hw — Taylor Wavelength
(On the same Order as Ligament or Initial
Droplet Size Before Secondary Breakup)

l o 12
™ [g ® - pg)]
® Two Independent Velocity Scales
V¢ — Bulk Liquid Film Velocity
{ V., — Relative Velocity Between Gas and Liquid
Phases (V, =V, - V;)

or

Veand V, 189
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‘OBSERVATIONS OF ENTRAINMENT PHENOMENA

® Similarities exist between the entrainment of liquid
propellant by a plasma jet in an ETC gun and
entrainment of droplets in two-phase annular mist flow.

® The interface of the two fluids i~ inherently unstable.

® When V; > (V) aidcat OF Vi > (V) airicar, inStabilities set in
and grow in the interfacial region.

— formation of wavy interface and large
amplitude roll wave (so-called Kelvin-
Helmboltz instability)

— ligaments and droplets torn off from the
interface dynamic interaction

® C(Critical Conditions for the Onset of Entrainment:

v, d,
v unstable
g
location of this
boundary is a function

of fluid properties
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 OBSERVATIONS OF ENTRAINMENT PHENOMENA
(continued)

® Detailed studies of entrainment mechanism have been
performed by Newitt et al. (1954), Hanratty and
Hershman (1961), Chung and Murgatroyd (1965), and
Ishii and Grolmes (1975).

® In general, entrainment may take place in a number of
different ways, depending on the flow situation.

® Hydrodynamic and surface tension forces govern the
motion and deformation of the wave crests. Under
certain conditions, these forces lead to an extreme
deformation of the interface that results in the breakup
of a portion of a wave into liquid droplets. The forces
acting on the wave crests depend on the flow pattern
around them as well as on the shape of the interface.
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RELEVANT ARTICLES ON ENTRAINMENT
MECHANISM STUDIES

"Liquid Entrainment: The Mechanism of Drop
Formation from Gas or Vapor Bubbles," Newitt, D. M.,
Dombrowski, N. and Knelman, F. H., Tran. Inst. Chem.
Engng., Vol. 32, p. 244, 1954.

"Fundamentals of the Hydrodynamic Mechanism of
Splitting in Dispersion Process," Hinze, J. O., AIChE J.,
Vol. 1, p. 289, 1955.

"Initiation of Roll Wave," Hanratty, T. J. and Hershman,
A.,AIChE J, Vol. 7, p. 488, 1961.

"Studies of the Mechanism of Roll Wave Formation on
Thin Liquid Films," Chung, H. S. and Murgatroyd, W.,
Symp. on Two-Phase Flow, Vol. 2, Paper A2, Exeter, UK,
1965

"Prediction of Onset of Entrainment for Liquid Metals,"
Ishii, M. and Grolmes, M., Trans. Am. Nucl. Soc., Vol.
21, p. 325, 1975 |
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| FIVE BASIC TYPES OF ENTRAINMENT
MECHANISMS FOR TWO-PHASE ANNULAR MIST
FLOW [ISHII AND GROLMES (1975)]

ROLL WAVE:
The drag force acting on the wave tops deforms the
interface against the retaining force of the liquid
surface tension. The tops of the large amplitude
roll waves are sheared off from the wave crest by
the gas flow and then broken into small droplets.
(most relevant to ETC gun conditions)

WAVE UNDERCUT:
Entrainment is caused by the undercutting of the
liquid film by the gas flow. This mechanism is
similar to droplet disintegration by the gas stream.
(could also happen in ETC gun condition)

BUBBLE BURST:
Associated with the bursting of gas bubbles. The
droplets may be generated by the bubble rising to
the surface of a liquid.

LIQUID IMPINGEMENT:
This is caused by the impingement of relatively large
li;luid droplets to the film interface for production
of small droplets. .

LIQUID BULGE DISINTEGRATION:
When a counter-current flow reaches the flooding
condition, large amplitude waves can emerge from
the liquid film and coalesce to from a bridge.
Bulged regions of the bridge can then disintegrate
into small droplets due to the gas dynamics. (not
relevant to ETC gun conditions)
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ONSET OF KELVIN-HELMHOLTZ INSTABILITY

When both the gas flow and the induced liquid film
motion are sufficiently high, the interfacial waves
transform into large amplitude roll waves.

Beyond this critical point, the interfacial shear forces
become greater than the surface tension forces, and the
onset of entrainment occurs.

LIQUID FILM
NN NONON NN N N N N N N N N N N N N N N N NN

- -+ cm————
B o

W —

GAS CORE Vg == ° ° ..«

\\'\\\\\\\\\\\\\\\\'\\\\\\\\\\‘

ENTRAINED DROPLET
ROLL WAVE
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ONSET OF ENTRAINMENT
® The criterion developed by Ishii and Grolmes (1975) was

based upon a force balance at the crest of roll waves.
Droplet entrainment starts when

F; > F,

[ interfacial ] [ surface tension]
shear force retaining force

® The dimensionless critical superficial gas velocity at the onset
of entrainment was found to depend on the film Reynolds
number and the viscosity number of the fluids, i. e.

(Jg) critie = £ (Reg, N)
m
Hy - Hy

. [pfﬂlm]é [ . 1]~}
"f"[g(pf-pg)]’

where p;and p¢ are the density and viscosity of the liquid, d
the hydraulic diameter of the cone, and j; the superficia
velocity of the liquid (including liquid film and droplets).

o Jg is defined as

i 19 ) )
Po(o/w) ey g P Jg @) () | P

o B3
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ONSET OF ENTRAINMENT (continued)

For a horizontal two-phase annular flow with
160 < Re; < 1635, the criterion of Ishii and Grolmes
(1975) gives

J, > 1178 N Re/'/3 for N, s T15
and
J, 2 1.35 Re/'/? for N, > TIS

For values of Re; that are above 1635, a so-called
completely rough turbulent regime occurs in which the
critical superficial gas velocity becomes independent of
the film Reynolds number. According to Ishii and
Grolmes (1975), the inception criterion for this flow
regime is given by

J > N for N, < 2
and 1
J, 2 0.1146 forf N, > T3

The inception criterion compares favorably with a large
number of experimental data for various types of fluids
covering a wide range of the film Reynolds numbers and
the viscosity number.

The inception criterion of Ishii and Grolmes should be

applicable to the case of plasma/liquid propellants

interaction provided that fluid properties are known.
197




o8
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Comparison of the Inception Criterion of Ishii and Grolmes with Data
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METHODS FOR MEASURING THE FRACTION
OF LIQUID MASS FLUX ENTRAINED
IN THE GAS CORE

® Local Probe Measurements

— To determine the axial liquid mass flux at the
location of the sampling probe.

— Used with limited success by Wicks and Dukler
(1960), Magiros and Dukler (1961), Walilis (1962),
Steen and Wallis (1964), Cousins et al. (1965), Gill
and Hewitt (1968), and Yablonik and Khaimov
(1972).

— Measurement along the centerline with the
assumption that the mass flux is radially uniform.

® Liquid Film Flow Measurements

— Flow rate determined by removing liquid film
completely from the test section.

— This method, which eliminates those uncertainties
associated with the local probe measurement, is
probably a more accurate measurement technique.

— Successfully employed by a number of investigators
including Paleev and co-workers (1962, 1966),
Cousins and Hewitt (1968), Petrovichev et al.
(1971), and Ishii and Mishima (1981).

199




ENTRAINMENT CORRELATIONS

Purely Empirical Approach

—  Wicks and Dukler (1960)

—  Minh and Huyghe (1965)

— Paleev and Filipovich (1966)

— Wallis (1968)

Semi-Empirical Approach Based Upon
Mechanistic Models

— Hutchinson and Whalley (1973)

— Dallman, Laurinat, and Hanratty (1984)
—  Ishii and Mishima (1989)
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ENTRAINMENT CORRELATION OF WICKS
AND DUKLER (1960)

Developed a correlation that relates the entrainment
parameter, R, to the Martinelli parameter X, i. e.

R = R(X)

Entrainment Parameter:
R = e Uilig)

d
8

where W, is the liquid drop mass flow rate, and We, the
critical Weber number defined in terms of the film thickness
6 by

v: o
We, = p‘:

where v, is the velocity of the gas phase.

Martinelli Parameter

, 12
X =

(dPldz),
(dP/dz),

where quantities in the numerator and denominator represent
the single-phase pressure drops which would exist if each
- phase flowed alone.

Two Major Drawbacks

~ The dependence of the entrainment on various
controlling factors is hidden by the use of the Martinelli
parameter.

— The correlation is dimensional which severely limits the
range of applicability.

201




ENTRAINMENT CORRELATION OF MINH
AND HUYGHE (1965)

Empirical correlation relates the entrained fraction, E, to the
gas core momentum, i. €.

E =E(,J})
where P, is the homogeneous density of the gas core given by

- . Py
home (1 27

where j4 is the superficial velocity of the entrained liquid
droplets.

Entrained Fraction:

L/

where W, is the mass flow rate of the droplets and W; the
total liquid mass flow rate including both the liquid film and
the droplets.

Two Major Drawbacks

— The use of the dimensional parameters results in
uncertainties regarding the dependence of the
correlation on the fluid properties.

— The range of applicability is virtually unknown as the

effects of many important factors such as the liquid
Reynolds number are not included.
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ENTRAINMENT CORRELATION OF PALEEV
AND FILIPOVICH (1966)

The shortcoming in the Minh and Huyghe correlation
(1965) was eliminated by introducing a dimensionless gas
flux® in correlating the entrained fraction in the following
form.

W,

f = -
.Wf. 0.985 - 0.44 log

- . \2
_p_[___lly]g] x 104
P\ O

where Wy is the mass flow rate of the film and W; the
total liquid flow rate including the film and droplets.

Entrained Fraction:

This correlation showed fairly good agreement with a
limited number of data.

Major Drawback
— The range of applicability is not well defined as the

important effects of the hydraulic diameter and the
Reynolds number were not included.

The dimensionless gas flux is very similar to J; used in
the onset of entrainment.
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ENTRAINMENT CORRELATION OF WALLIS (1968)

® In an effort to improve the correlation of Paleev and
Filipovich (1966), Wallis introduced a modified
dimensionless gas flux (wx) by replacing the liquid
viscosity by the gas viscosity in the Paleev and Filipovich
correlation, i. e.

E =E (xn)

“[Vgug] P )2
o Pr

where

® Major Drawbacks
— The range of applicability is not well defined.

~  The dimensionless gas flux is not general enough to
account for the effect of fluid properties.
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ENTRAINMENT CORRELATION OF HUTCHINSON
AND WHALLEY (1973)

Proposed a mechanistic model to correlate the rates of
entrainment and deposition of droplets to the liquid film.

The deposition rate is taken to be a linear function of the droplet
concentration in the gas core, i. €.,

D=kC

where k is the mass transfer coefficient.

The entrainment rate is considered proportional to the equilibrium
concentration, i. €.

E-=kcC,
The equilibrium concentration is correlated in a functional form
given by
q=q[“°]
o

where 1; is the interfacial shear of the two-phase flow and 6 the
liquid film thickness.

Major Drawbacks

-~ It is difficult to accurately determine the equilibrium
concentration. = The data for this .quantity showed
considerable scattering, sometimes up to more than an order
of magnitude.

~ In order to estimate the entrainment, two different
correlations, i. €., one for the entrainment rate and the other
for the deposition rate, need to be employed. Any error in
determining the deposition would add to the error associated
with the entrainment rate.

— Conceptually, the entrainment rate is not dictated by the
equilibrium concentration.
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ENTRAINMENT CORRELATION OF DALLMAN,
LAURINAT AND HANRATTY (1984)

Conducted an experimental study of horizontal annular two-
phase flow using air and water.

The amount of liquid entrained in the gas flow is assumed to
be governed by a dynamic balance between the rate of
atomization of the liquid film and the rate of deposition of
droplets from the gas core.

The rate of deposition of liquid droplets was considered to
vary linearly with the concentration of the droplets whereas
the rate of atomization of the liquid film was assumed to vary
linearly with the liquid film flow rate.

Entrainment Correlation Developed:

E _ A_L(dh -29%) p‘llz p;lz vxsiu
E; 1+A4 [(dh -25) P,”z p!uz v:]l.s

where A is a dimensional constant having the value of
3.6 x 108 in SI unit and E, the maximum entrainment
fraction. The latter quantity is v%v n by
E =1- i)
f

where (Wg). is the so-called critical film flow rate.
Critical Film Flowrate

— The critical film flow rate has been determined by
Dallman et al. (1984) as a function of the ratio between
the droplet mass flow rate and the mass flow rate of the
gas.
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ENTRAINMENT CORRELATION OF DALLMAN,
| LAURINAT AND HANRATTY (1984)
(continued)
Major Drawbacks:

— The correlation is given in dimensional form; thus, the
applicability is limited.

— The effect of fluid properties are not included.

—  While the concept of critical film flow rate is correct, the
functional dependence of (Wg), is generally unknown.

— The. correlation is cumbersome as E, and & are
unknown quantities.
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ENTRAINMENT CORREL.I}'ITI%I;I OF ISHII AND MISHIMA
9

® Based upon the mechanism of roll wave entrainment: The
shearing off of roll wave crests was considered to be the
dominant mechanism of liquid entrainment.

® Droplet entrainment would result whenever the retaining
force of surface tension is exceeded by the interfacial shear
force.

® The same forces controlling the onset of entrainment were
assumed to control the entrainment itself. However, a
modification of the inertia of the gas core flow was made to
account for the effect of droplet inertia, since there are many
droplets flowing in the gas core.

® Under an equilibrium condition in which the deposition rate
exactly balances the entrainment rate, the entrained fraction
was correlated in the following form:

E = tanh (7.25 x 107 We'* Re;%)

where We is an effective gas-phase Weber number defined by

We = Peig % ( P = P )3
o P,

® The Ishii and Mishima correlation, which compares favorably
with a large number of data , is probably the best correlation
available today.

® Unfortunately, the entrained fraction represents the
equilibrium value that includes the contribution due to
droplet deposition.  Thus, this correlation tends to
underestimate the actual entrainment rate in the ETC gun

environment.
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- SPECIAL FEATURES OF DROPLET ENTRAINMENT
IN AN ETC GUN ENVIRONMENT

® Droplet life times are relatively short due to
— High rates of heat transfer

— Evaporation, thermal decomposition, and
combustion

— Secondary breakup to smaller droplets by highly
turbulent flow conditions

® The deposition rate is negligible since the droplets have
very little chance to return to liquid film before they are
totally consumed. The absence of the deposition process
in an ETC gun represents a unique feature which is
different from all annular two-phase flows studied by
previous researchers.

® For ETC guns utilizing piccolo igniters, the phenomena
of mixing of plasma and liquid propellants involve two
sequential stages.

1) Development of numerous mini-Taylor cavities
and subsequent expansion of cavity sizes.

2) Merging of mini-Taylor cavities onto a single
large cavity.
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RESEARCH NEEDS ON DROPLET ENTRAINMENT

The single most important element in accurate
prediction of the performance of ETC guns is the
droplet entrainment rate, since it controls the rate of
conversion of chemical energy into propulsive energy.

A suitable entrainment correlation, excluding the effect
of droplet deposition, should be developed for ETC gun
application. This can be accomplished by performing an
experimental study to measure the rate of entrainment
for the case without the effect of deposition.

In order to develop a realistic model for simulating the
mixing phenomena of plasma jets and liquid propellants
in ETC guns using piccolo igniters, it is useful to conduct
detailed observations of the evolution of mini-Taylor
cavities.
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THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT

The starting point of the analysis is the selection of an
appropriate inception criterion. Since the roll wave
mechanism is the prevailing mechanism of entrainment
during plasma/liquid propellant interaction in an ETC
gun, it is deemed appropriate to adopt the inception
criterion of Ishii and Grolmes (1975) in the present
analysis.

Owing to the relatively high velocity of the plasma jet,
the plasma/liquid propellant system in an ETC gun is
likely to be significantly above the inception criterion.
However, there is a potential for the liquid film Reynolds
number to be reduced to a critical value as the liquid
film thickness decreases. Below this critical Reg, no
further entrainment is possible.
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THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT
(continued)

An upper theoretical limit for the entrained fraction may
thus be determined by assuming that the liquid film flow
rate is given by the critical condition for the onset of
entrainment:

1/2
(Re,)* = 1178 Ng-s[ o ][ L ]
Hr Jg

where (Reg). is now the critical Reynolds number on the
critical film flow rate introduced initially by Dallman,
Laurinat and Hanratty (1984).

The critical Reynolds number is defined by

o Upr)e @
Re.) = Fr\irle n
(f)c p)“

where (jg). is the critical superficial velocity of the liquid
film. The use of this definition in the above equation is
equivalent to ignoring the effect of droplets in
determining the critical condition.

In terms of the liquid film Reynolds number (Ref), the
critical superficial velocity of the liquid film is given by

1178N°8[ o ]( "f]
YA
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THEORETICAL ANALYSIS OF DROPLET
ENTRAINMENT IN AN ETC GUN ENVIRONMENT
(continued)

® Following the conventional definition, the entrained
fraction, E, can be expressed in terms of the superficial
velocities of the total liquid (including the liquid film and
the entrained droplets) and the liquid film alone, i. €.,

E=Je i dn gy
I Jf J

® The upper limit of the entrained fraction is given by

E = 1 - (jff }'
? J
f

After substituting the expression of (jg). into the above
equation, E,; can be expressed as

3
11.78 No8 [ 9 ) [ L} ]“2 ]
Wrlg )\ P

® Theoretically, the actual entrainment during the mixing
of plasma and liquid propellants in an ETC gun should
be bounded by the above upper limit and the lower limit
given by Ishii and Mishima (1989), i. e.

(E)y <E<E,

_1. 1
Ep=1-pp
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THEORETICAL ANALYSIS OF DROPLET

ENTRAINMENT IN AN ETC GUN ENVIRONMENT
(continued)

From the above equations, a functional form can be postulated for
the actual entrained fraction as

E =1 -BRef'lN“{—o-.- ]3 [ Lij ]m
" UK P

where B is a coefficient that needs to be determined
experimentally.

In view of the fact that the critical superficial velocity of the liquid
film represents the lower limit of the liquid film flow, the value of
B should be bounded by

B >1635 x10°

In terms of the dimensionless characteristic gas velocity as

J =] iz
F e yele

a more general expression for the entrained fraction can be
postulated. This is

E=1-BN'ReJ:

Based upon the preceding physical arguments, the values of the
exponents should be approximately equal to: a = 2.4,b = -1, and

= -3. [Experimental data to be obtained in the proposed
experiments will be used to obtain a final expression for the

entrainment correlation. 216




ENTRAINED DROPLET SIZE DISTRIBUTION

In an ETC gun environment, the chemical reactions that
are directly responsible for the transfer of chemical
energy to propulsive energy are controlled not only by
the entrainment rate but also by the entrained droplet
size distribution.

In an ETC gun chamber, the majority of droplets are
generated by entrainment and not by secondary breakup
mechanisms. Examples of secondary breakup are
turbulence eddy-induced breakup and particle/particle
collision generated breakup.

The size distribution should be governed by the process
of the droplet entrainment based on shearing off of the
roll waves.

Studies of droplet sizes have been performed by Hinze
(1955), Hass 9964)’ Wicks and Dukler (1966), Cousins
and Hewitt (1968), Tatterson et al. (1977), and Kataoka,
Ishii, and Mishima (1983).

A correlation of droplet size distribution, which could be
applied to the interior ballistic processes of an ETC gun,
was obtained by Kataoka, Ishii, and Mishima (1983%|.m
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DROPLET SIZE CORRELATION BY TATTERSON
| DALLMAN AND HANRATTY (1977)

® An experimental study was performed to measure the
entrained droplet size in an annular two-phase flow using
a log-normal distribution function to simulate the droplet
size distribution:
1/2
2
w ]

ah opg

We(d,,) = 0.106 Re!

where p, is the gas viscosity, Re; the gas Reynolds
number, and We(d,,,) the characternistic Weber number
based on the volume median diameter.

® The gas Reynolds number and the characteristic Weber
number are defined respectively by

. y
Re, = %It%  ana we(d,,) = Pl Gm
K, o

where d,, is the volume median diameter. Physically, d.,
is defined such that droplets having diameters greater
than the volume median diameter would occupy exactly
half of the total droplet volume in the gas core.

® Major Drawback:

Their assumption of a potential flow is not strictly
valid for two-phase annular-mist flow with a highly
turbulent gas core. As a result, the correlation of
Tatterson et al. does not compare favorably with
experimental data over a wide range of gas
Reynolds number.
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DROPLET SIZE CORRELATION BY KATAOKA
ISHII AND MISHIMA (1983)

A mechanistic model was developed that was based on
the mechanism of shearing off of the roll-wave crest for
%;chneration of liquid droplets by a viscous shear flow.

e potential flow assumption employed in the standard
Weber number criterion was eliminated in developing
the model development.

By incorporating the mechanistic model with test data,
Kataoka, Ishii, and Mishima (1983) successfully derived
a correlation for deducing the volume median diameter
from the Weber number

p -1/3 p'g 2/3
We(d,,) = 0028 Re;i/s Re 3 ( % J [ 2 ]
f

In terms of the characteristic Weber number, the volume
median diameter is given by

o We(d,)

d, = ,
O Iy

vm

The above expression correlates the experimental data
of volume median diameter within + 40% errors.
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DROPLET SIZE CORRELATION BY KATAOKA
ISHIT AND MISHIMA (1983)
(continued)

The mean values of the data on drop size distribution
were fitted by Kataoka, Ishii, Mishima (1983) to the
upper limit log-normal distribution:

%yé = - L expl - (2y)Y

yr

where A is the volume fraction oversize defined as the
volume fraction of droplets having a diameter larger than
a given diameter, d.

In the above equation, £ is a distribution parameter and
y is defined in terms of the maximum diameter d,, and
volume mean diameter d,,, as

’ m[?r‘t;k-‘-id)} nd = Llny fn)

vm

Based upon the experimental results, the values of £ and
k were found to be £ = 0.884 and k = 2.13 whereas
using the upper limit log-normal distribution, the
maximum diameter was related to the volume mean
diameter by

dn =3.13 d,,
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- DROPLET SIZE CORRELATION BY KATAOKA
ISHIT AND MISHIMA (1983)
(continued)

® The correlation of drop size distribution developed by
Kataoka, Ishii, and Mishima (1983) is probably the most
suitable one among the existing correlations for use in
simulating the phenomena of mixing of plasma and
liquid propellants in the ETC gun environment.

® Itis recommended that the correlation be used in future
modeling. The reasons are:

— The correlation is based upon a sound physical
model, taking full account of key elements involved
in the droplet formation process

— The use of the upper limit log-normal distribution
gunction is evidently appropriate for annular-mist
oW |

— The correlation compares very well with available
experimental data on drop size distribution covering
a wide range of conditions

— The correlation is easy to use since the primary

quantity that needs to be determined is the volume
median diameter.
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ETC iB Models
Model Description Status
P2SM 1. 0D, power systems for electric guns, Complete
lncludos mission scenarios .
Piasma 1D steady state capillary Compiete
1D transient capillary Compiete
- treats metals (In Progress)
1D piccolo tube In Progress
20 capillary In Progress (SNL.)
BLAKE-ETC Thermochemical code, treats Complete
electrical energy as a constituent
IBHVG2 -ETC 0D, EE source term | Complete
input power
* - coupled to plasma (In Progress)
SPETC 0D, SP, Determines power puise for Compilete
givon perlomlance
- optimization (In Progress)
LUMPET 0D, LP, Arrehenius EOS Complete
EE source term
Conpress OD; Constant pressure solution, Complete
EE source term
XKTC-ETC 1D, Solid propeliant code, : Complete
. EE source term
CRAFT 1D/2D/3D research code, fundamental In Progress
hyslcs, state-of-the-art numerics
- gas/gas (Complete)
- gasfliquid (Complete)

- gasfliquid/solid (In Progress)
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sCcomM

This ~ur canvertea
NOBBS. IN
J0mm SUBSCALE ARTILLERY REVERESE ENGINEEFR MG FOR Ef e

1IJSING ADJUSTED oTH LAYER TRANSITION
ADJUSTING FATIO OF LARGE TOQ SMmALL
PROCESS COMTROL

[

®

*o XNOVAKTC 3/19/°93 KRL

i1 Zommented cut 2t stuff.

3IFGIN TIZES TO DEMONSTRATZ

g (NMF D
QUN =  30mm &<RTILLERY RESULTS:
+XCONTROL sM2 CONTROL DATA
NPRIMT = NGRAPH = 0O
NDISK = 3 DSHRD = 0Q
v IBTABL = | NFLAM = |
NPTABL = | NERQOS = 0
NDYN = 1 NHTW = 1
NBC = O 0 !
- 3 MRES(l:= . NRES(2) = J $not used
LDBED = 1 $ O = PROP BED INITIALLY 'NCOMPALT, |1=COMPACTED |
IHTW = n $1
LYER = 0 $IBRFS = | mnv/ed *c res)
NTC =0
$ INHIB = 7,0,0 NC LONGER NEZDED
NXCW = 0
NBLDWN = O
NSWSOL = 2
KMODE = ¢
MODET = 0 $ | = TANK GUN allows modeiing uf certer nhole i orop
NECHO = o
INBCX = 0
SXINTEGRA $M3 INTEGRATION PARAMETERS
DIM = |5 s4 320 € 10 320
TPRT = 0
STEP = 120 TSTOP = 0,02 $0.7002 $.0200
DTST = Q Z25TOP = 50.184
STOP = 3IJU0Q TINT = :*,0002
UNIN = G SAFE = 1.1 $3 $1.1
UNQUT = 3 CRIT = 1,2
RIO0LVY = 2,05 sa.1 0, 0%
TABLIB = ,0002
TABLP = O,00C1
$SXFILECNT $Ma FILE COUNTERS
NSTA = & moved to GUN SNUMBER OF TUBE DIAMETER STATIONS
NTEM = 0 NEL =0
NEPS = 0.0,9
NZPT = 3 % MQVED TO RESI DECH
MORE = D,0.0
NBL =
SGUN
MAME = ' J30mM SMOCTHBORE' £ 3 CHAM = 10..2384
N % GRVE = 1.131¢ LANC = 1.1311
% G/L = [ .OGaC TWST = I9F9Q .7
% TRAV = S3.77h08 CLEN = 7.8740
MGAG = £  &Gi0C = cm L mF3C, -E.007%, 2.4018, 25.236c, S1. 173
NSTA = o $MNUM nf Statiscns in tube profile
2A = L0 - LWE, g£.09, 50.184
SUNDIA =1.26&. 1.25, 1.1811, 1.1811 $ or use RA (radius)
TWST = 9999 3 RA[F = 6.0 >r uvse “WST (TWST=36G RIF! s thig right®7°7
FRESDT 3012 DN0RI RESTSTANCE - 5T = LIZT. BR = PRETSURE




IBRES = | SLINEAQF RESISTANCE ., 2=BASED 'N “ELOCITY CZD
8 . f TRAQV or BR2 start with . C.the rest ¢cf *he values are relati.ap
¢ to 1nitial proj. location., 1f > 3.0 all is relati.e tc breech
s AIR = 1
NPTS 2 -
TRAV = Q.,0, CL.8169, D.6169, S3.7008
PRES = 0,0, 1200.¢, 100,90, %¥Q.0018
PROJ $M13 PROJECTILE aND RIFLING CHARACTERISTICS

ZBPR = B8.03 $7.8% 38.03 $2.3%&

PRWT = 0.72% & WIPR or PRWT or WT

PRIN = O,14 $sPOLAR MOM OF INERTIA --LBM-IN#x+2
SRIF= 4.0 movea *o SGUN

XAMBGAS $MS AMB 3RS PROPS
TEMST = %30 PET e, T
GMST 29 GAMST 1.

XPROPBED 2Mé PRCPELLANT BED GENERAL PROPS
$ can use either: TEMPR .or TEMPF, or, TEMPC
TEMPC = 21.3

sFRIM %C8 [GNITER THERMCCHEMISTRY
MNAME = 'LX CAPILLARY' $ CHWT = ,2eQL6E-03
GAaMA = 1.1100 cav = 22.5743
TEMP = 300.00 FQORC = 2343%.3
$ EIG = 4$303C00. ar if FORC is used it will be used internall.,
L to calculate EIG = (FORC+iZ2.DO). (GAMA-1.DO)
GMIS = 36.13
$ NOTE: Following is a gquess and mavy not match [BHVG
JJ = 3 SNUMBER OF TIMES
11 = 3 SNUMBER OF POSITIONS (SEE M4
POSIIG = 0.0, 2.0, 4.00
TIMEIG = 0,006, 1.008, 0.210
RATEIG = 9,070, 95.070. 0.070Q,
0.G60, 9<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>