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UNCLASSIFIELV
8CUPT'Y C6AaPICATIOW OF TIg PAGC(bWm Oda •%wque*

20. The followivg transient phenomena occur in -A few mlliseconds:
penetration of hot gases into interstitial voids, convective heating of
pellets to ignitioo, granular bed eospaction and rapid pressurization in
.& thick-%alled, steel chamber. Pressure transients and flame-front speeda
are measuzed by high-frequency pressure transducers and ionization probes,
respectively. A gaseous pyrogen ignition system utilizing a spark ignition
es. found most suitable for varying igniter strengths and achieving high

reproducibility.

The physio-chemical phenomena described above have been fdrmulated
into a theoretical model. The method employed in this stady in the gas
dynamic approach which is developed by formulating the governing equations
oa the basis tbat mass, omsntium and energy fluzes are balanced over
control volms occupied separately by the Sas and particle-phases. The
governing equations were derived in the form of coupled, non-linear, in-
homogeneous partial differential equations. This system of equations is
solved together with some empirical input such as heat transfer, flow
resistance, Intergranular stress and the burning rate law. They are
found to be of hyperbolic type, since all the eigenvalues are real.
The compatibility relations are used an extraneous boundary conditions
together with some phyF' U boundary conditions to solve the boundary
points. A stable, fast .ourvegent, explicit numerical scheme incorporated
with predictor and corrector are used in the iaterior, and the netbo4 of
hr acteristics is used on the boundaries.

The results show that the flame front accelerates significantly and
the race of pressurizacton 'ncreseas subscantially in the downarrmes
direction. The igniter strength and tba propellant 4asification temperature
%%re found to have pronounced effects on the pressurization process. The
theoretical predictions are in close agreement with the experimental data.
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CKAPr=* I

The w-tivratioz, and the over&U objective for the preent invegzigatimA

Is first defined. Raving -pruvlded the sotivatoo ad objective for this,

some usefuil applications are pwea In r*gad to this stuady. Me thea provias

oimw Uackgroun I S ouexomt telated to piomeuzing wuk in the early stage

of interior beU111tic modeling~. Datcreoce is mde to Dome of the related

vokin this aee. Tbis ckmpter LA caac3.uded by a brief discussim of

tbai basic eqproach taken for W~ffamt wadels associated with flaw

apreadiza and gavowaw~~ propellent buzuiri. The mai purpoee of this dis-

cussLon ia to point out t~e f undamntal di ferencts in the imtbad of

approach for all n~o*&".

This research is stiuilsted by the poaust"I. of Ias-perusab.lo gro-

pallants for &..hie"i high gasification rates mad produclag high thrueta

murL~q extremal:7 abort tine intervals. The tresearch Is also "nartl2.y

awt1Ived by the recmnt progress Im the area of Smeular pioelmleat studies

(I . 2 . 3 , 4 . 5). Besides the enocsrayminr of fered by th..e adwuce-

moto to this f5144, tht problem of fSirn spreading In porous propellent

cbamgss As obvieicsly Supertmat In doe deeign and samlysIs of -#r*7uU.sia

rum Omasn uOMewx& sotiutlan and tJoectiv~e afe:

1) A~menslas burning beaisvior haw beam aoasrvd In Lcmhustim of

gramler solid ytopeLlintta. A baimer amdersumdleg of the

6 wh ord "Sme-Pameable proevallant or "'poram PrpOUslAmt" us"d In
this a-mdy daealptesa eftbe a paed" b*d of gralm Var ~~lwsv with at
vithas . puariortiam, or a cast umm3thic gomyelJimt witb potn
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transieot cumbustion phenowma is required to reduce hazards

ard to improve the design of propulsion systems.

2) To advice the statt-of-che-art in the combustion of granular

prope..lents by forwilating a complete theoretical model describ".•j

the Important physical phenomena involved in both gaseous &M

solid phases.

3) To solve the cheore-ical model by selecting a stable, fast

couvergmt wimerical scheme so that effects of a) igniter

strength b) propellent physio-cheical characteristic and

c) propellent loading deusi•y can be studied.

4) To couduct e~perimetai. firings in a thick-walled coabustor

with 8 fimed boundary, to measure the pressure-time transients

at various UAil locations and flma propagation ratee so that

the theorecicat model developed In this study can be verified.

The remilts obctined frm this study are directly uwaful for more

accurate predictiaas of the interior ballistics of artilletiy systems. The

researtb it ala pertLent to the futtre development of end-burning

pommu propullent chares to be used in a more predictabLe and con-

trollable manner for eocket or missale pwapulsion. In addition, the

techniques develvoed in this Lovesti3etion can lead toward both a better

uadersrtmdin of paroueropelLent combustion u4 the earlier behavior

of the overall deflUlatio.-t@-detomation tramsiclan (DOT).

The p hbamm8 that occur durlag the tronsimt event Inalad the

foLOmiu:

a) the b•metrM±I. of hot p- 4uct gasm iuto the grammlar bad

b) cosvec.tie heting of prop€elat to igition

c) smputlen of the pmJa bed



d) generation of peak pressure within the chamber

e) propagation of the peak pressure to the shear disc end

of the granular bed

f) flame front acceleration

S) rupture of sb&ar disc vhich initially seals the combustion

h) the depressurization processes after the burst of the

shear disc

11



1.2 Pioneerina Work

The theoretical formulation of granular propellent combustion for

interior ballistic calculations can be categorized into three separate

stages: 1) lumped parameter analysis; 2) theoretical madeLing for

earlier behavior of the ignition and flame spreadinb prc-eases by assuming

that the granular propillents are fixed in space; and 3) modeling cf

mobile granular beds so that the overall transient processes in ballistic

'ycle study can be achieved.

Beer and Frankle (6)were the pioneers to use the lumped parameter

method to develop an interior ballistic model. Their model is governed

by five simplified equations. Due to the uncertainties of the burning

rate law, this model's predictive capability is 1=mited. This is further

improved by introducing ballistic fitting into the burning rate. Some
other lumped parameter analyses are contained in Ccrnse's(7) text including

the ctasic~l work of Lagrange, Lo,;e,Pidduck oftd Kent on hydrodynamic

theories of interior ballisti"s.

It vas not until recently that Fuo, Vichnevetsk7 & Summerfietd

(1, 8)have developed a fixed-bed theoretical model (referred as KVS m,' ael

in ballisticrý, to describe flame propagation in a packea bed of granular

propelleet.. The calculated pressure-time-distance transients, wave

propaegstu bpered, and m-ss fraction of propellant burned during flame

spreading, all agree well with the experimental data obtained by Squire

and Devine (9) in a venting botb axpriment. Soper(lO)conducted

experimental firings in some artillery systomms. Re utilized trmaslucent

cartridge cases together with flash X-rayy and photographic tachniques to

deteramnA the relative positions of the ignittion front to the pressure

wave front in the pecked bed of NACO propelients. He claims that h.,

V _ _12



expazeinntal data also &grees vall with the theoretical conclusion made by

the KVS modcl (i, 8)i.o., the iguitios front lies near the leading edge

of the pressure wave. Lno at al (1, 8) used an implicit finite difference

schema to obtain the numerical solutions and erae also checked by Kitchens

(1) usins the iathod of characteri.stics.

The XVS modal and its numerical solutions (1, 8) based upon the fixed

bad assumption for a packed bed of granular propellents, has stimulated

the Interest of other Investixators in pursuing studies in both theoretical

and experliental directions. Governing equations similar to the KVS model

equations have been further developed by several investigators, to include

the amtion of solid propellent grains. The zodlxs are develooed by Fisher aw

Grsves(.21, Gough and Zwart~s(3), E~ast and HcClure (4.), Kriar, Van Tassel-,

Rajan and VarSha" (51 Gough (2,) and Kuo and Simarfield (30(Som discussions

on each modal are sOwn in sec~con 2.1).

zn the formulation of boundary conditions for a transient combustion

study, except KVS model (8)and Gough's aork (12 none of tha previous in-

vastigators have used the compatibility re)etions for the solution of

boumdary ccnditions. The treatemnt of bouwdary conditions are usually not

satisfactory. Due to the complIcation of thQ tor•retical modeling and

difficulties in eaxrlentatlon, no investigators ba'.e verified their models

by performlnq their on expearlants to match With the sam cdomutions for

ths models.

In the present Investigation, experimental firings a~e done to verify

our theoratical model. The ;ovmtang eguations are derived veing the

pr••w~iplee of gas dynamics. Thev tiature of the systme of 1,over1n.ng equatiums

am deteramued to be of by7'-rboic type. The comatibillty TulSos are

deduced to avpplument dhe phyul.e' oumads condtions to wo.lv the bcwidawv

uL



?oJLnt. A combiaaLiov, of *cplici finite di'ference scheme au• the method

of chare.cteristics is amployed for the numerical soltioux. The pre-

dictionc made by the present model are foaund to have good aareomnt With

our siperiamnatLl date.

,14



1.3 BasicAvooach

Z ~Due to the complexity in describinS rha phyuical processes for this

two-phase cambustiou problemL, saveral different approaches tsave been pro-

posed. 21ta theoratical mathoas c- V* claaaeifJsd into four categories:

A. statistical1 wa.del;

B. contlvur'~.aschsni-cs modsls;

C. formal zvera!,i-S sodals; and

D. two-phase f1la~d dynamic sod-ti.s

'Ile method employed in this study is the two,-phase fluid dynamic model

which is devzloped by fcirmulating the gowcrizý aqusatits an thit basis

that mawa, maomentum and energy fluxes are bu~anced over control volumes

occupied spearately by the gas- and particle-phases.

Up to now, aPtat~itical methods have niot bae= applied to thig parPricular

combustion problem Auv to their inconven.Lenze in obtaining useful res'Atsr

and also due to the Lick of reliable ist~tistical infamwtion for describ.aig

sooe of the important terms in the model. Only a few~ applications of

these mathodrA are fotmd eth applicalricm to the j;ovarnfag equaat Ios cf

chemically Uon-reacting two-phase f~ov system. "'a'w statistical methodu

are Included In the tezt Ly Seran *3), Avnj all the fteatigatare * such

4s Aronw (j Law ad Funt(O) Com and 1rsnnar4Q6)b, the must ccmprehansiw,-

wirke are those 4one loy Nyeirich(17,16 l *2.) The main difficulty of this

approezh lise In the description asd definition of the mean properties of

a tvwp-phaso botion and also in the svaauatt.on of the net offset of m~icro-,

m~pic behavior. letau.&e of thes" difficul.ties Involved, the statistical

apprutac Is not ftlloiped In the present Investigacion.

Is the =MtSUam sedhanics tiethods, the gSp and solid Media are conj u~isiwatee se saW14anut oem ~e that Inteanct with sarth other Sesed cm the

_ALA



continuum mechanics princ~l.ples. The basic theory was laid, down~ by

Trueuidell and Toupin (20). Most analysis in these methiods start with the

consoxvatioýý lams. Since continuum mechAnics doas not seek to reconcile

the properz.o.s of m~ttor vich the structure of the constituents, thierefcra,

this theory hus been arplied bothi f or homoganeous i~luids and heterogeneo..s

Earlier stuzdies by 0-rqen and paghcti (21~, 2:4 rigen znd Inrfrm, (23) and

others were criticized by Truesdell (24) .Mi~ller (25) and Dor-.146) have

investigated the constitutive laws for mixture of rvo fluids. tRoat of tha

previous. iwiastigetors have made =a attempt to construct a theory with

Immediate spplication to the tv~o-phase reacting flcw cowkbuatlon problem.

Recently, Krier et &1(5) based on the continuum taechanics concopts, formu-

lated equations for A model that ax-sociated with flame spreading aud comn-

bustior. in pru rp~e~1*4 h J.kia i h t41nw~vn~

iKrier e-% al Ia discussed in section 2.1.

The fo~dOLav.eveaging methods waurse that the Dowa. betimvor of the micro-

scopic aspects Is determined and cook~ for the macroscopic~ aspactx of the

flov. The formulations are deri.ved by averaging the flow properties over

:egiors larle compared withi the size of propelteat grains, but small

"Whinauce4-red with the macroscopic scxale of the emkieriments, Among thoeý

investigators who aipplled these methods, the better knoea work~s are three

by Slattery (27, 21A Anderson w-d Jao-a"on (2* Whitsker (3%. 2d Panton (3

Recently, Gough (14 based an the workiv bvr &cderson and Jaitkeon.(2w. Wbiitakar

vu Panton (3V developed a theoretical awdel Po soiva the fi .v of a

compror#sible gas through an aggrtgate of mobile "'actin&, partic~vi. The

diffevewsoa Wi derivation of conservation equa~tions betvewu our approacit

md this -f a Aivorain& approaches are *snalogotas to the di.fferences

16



4*twean thae loltzmann' c Molecular derivation (32) and the couventionAl ton-

tinuum derivation of conservation equations in f luid mechanics, The

diffaronct between these two roproaches are discussed in more detail in

Chapter 11.

finally, the two-phase fluid dynamic methods are co-asidered by

formu~lating the governing equations on the Z)&sis that asss, moi utuw

and energy fl~uxes aet balanced over control volumes occupied separmatly

by the Saw- and particle-hases. Among the previous inv-estigators, r~rray

03), Iraiko and Sterniri (34), higmam:uliz (35), East and McClure(4) , Fisher and

Graves (2), and Ruo and 1Summerf iald (36) have f ormulared complete saet of

goverming equations for the two-phase reacting flowv problem. The interface

conditions txtween the gas and the solid are coinsidered by local continuity

of fluxes using empirical correlations. The advantage of using

approach Is to be ab,1a to lump the detailed flow behavior b6etweon the two

p L~s v, no tar= whicL can bt evaluated by using empirical correlations

such as heat transfer, flav res istance, intergrdawzlar stress and btwning

rato Law.

Hathoimatica~ly, this problem is %pproachad b~y den. uing the mass,Iaosintwu and energy equations for the gas phase and tb* msess and monentum

equations for the sol;Ld phase in a transient quasi-ace-diunonsiomal form.

'La sumeary, tatisvical netbods are rejected because in this Investi-

latim 'e azv vinti Tted In the *bsa values ad there Is not enough Ia~-

1?oxastion to evaluate the net contribuation of thr microscopic fluctuation

ters. The cuntiansu nscbmiu.cs mstbods are wit considered because the co-

existence of solid end gas are Massmed without considerning the Inter-

pmeetratU*a betiusen the two me~dia. The formal sveragsn agiethdos are

nftt couvesiomt state tbey ane too wmtatm~Lcal and too abstract for

1.7



formulation, and some quantities are not directly measurable in the

equations. In order to obtain useful solutions, the complicated integrals

in the conservation equations have to be simplified by the proper definition

of averaged quantities. The final form of this simplified equation should

agree with the equations derived from the two-phase fluid dynamics approach.

The gas-dynamic approach is then formed. Such an approach will pro-

vide a clear definition for each term in the governing equations in both

phases. Some bulk properties of the fluid defined in the formulati•r. and

the gross effects of heat transfer and flow resistance can be measured

experimentally.

U
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CRAPTER II

LITERAXURE SURVEY

7z this chapter we proviae a literature survey on three different

topics, nmely (i) a brtef survey on stir4 two-ph&ae, wactive flow

cowbustion models; (ii) e ,pirical correlations such as enrrelat.ons for

beat transfer, f .o resistance and ntergranular atreuw; (iii) nwrical

methods to solve this nmahmatical modal.

2.1 Surve oan Related Works

The objective is to sminarise the past experiez "as of various in-

vestigators working in this field, so that all important physical phenomena

and Influencing factors are Included in the theoretical model.

before going into several recant investigations of tra• -ient burning

of granular propellents, s•=e publifhd work(37, s.')on the steady-state

burning of similar proplelents are reniewed. Steady-state and transient

burning studies are alaut.- Inseparable, therefore, some discussions of

Current stsaty-state results prove to be worthwhile. luo at a. (1. 3V *how

that gas-penetrative burning of porous propellents or explosives tunder

strong confiesment is In•eremtly self-accelerating. Muo and Sasrfield

07, 38)hsve shown that under suitable physical conditions, the internal

premsse distribution gm8 rated by propeonent gasification c€n produce a

costwt rate of ps penetratin through the vmrn*- region, and may

sYvatually Sive a constant speed of coftustio%-qave pwopestio•.

Several imveensttsto (40 41, 42, 43) have *sservd e .perivinally, sam

sviAesc, of Steady guo-ptetnative burning in porous propneaets. Recent

Sorts oft awts by various 1mvetisators to gtau a deeper understanding

of the "I#A1 #bhwovasm a Is ±5iting md WrtAg of grawilar ptopellents.



In the consideraticn of the affect of propellent typ.t on the presiure-

tlim-distance variations, Warlick (44) conducted several wz-pari•wnts on

various artillery systema using XACO propellents (tha cool-burning pro-

pellenL which reduces barrel erosion), and comparisons were made with the

PM prcpe.ll•nts. The pressure-time traces oLL.-a-.ned ar. the cAse base

showed no significant difference wviti propell•nt type. The pressure-

tim history at the projectile base is later found to be radically different

from t0'se recorded at the cartridge case base. The intensity of the

t.aveling presdu-e front in the combustion chamber was found to be strongly

dependent on primer venting, porcsity distribution, and the physical-

cheoical characteristics of the propellent. in the bad. Warlick firmly

suggests that intsrio= ballistic systems studieas must include the con-

sideratio* of the above effects to minimize the pressure irregularities.

Soper (10)performed experiments on ignition waves in gun chambers

loaded with WACO prope,1le ,.s. Riij experimental results reveelad savera

wave action during ignition: a distinct pressure wave traveled down and

continued oscillating inside the combusti.a chamber. A strong prersure

spike at the base of the projectile was reccrded, (the typical intanvity

is 2460.0 kg/=I. Soper's fluh X-ray apparatus detected a pronounced

acceleration of propellent particles ahea" of the gas pressura wave. This

suggests consideration of both the motIcA of propenlets and also the inter-

grwular forces tranvmitted in 4ompaction beds are equally laportmnt.

Cast and KcClurt(4) set up a trainsiet inta•eior ballistic model by

consAring thb two phase phemomena. Their mathematical model is mut quite

colete for teb fo:.lawrai masons. They aasoaed that the initial state of

the systo la alremo fu•ly ip4ited. This aaswqtion defeats the major

VuM*C fLO om effset of ignition wave sca optimising the primer
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d.*±p. In their SAs momentum equation, thc mometum of raactee mass va

inc:r. act. The solid phase normal stress transumssiou was excluded in, their

solid phase .w•entum equation. In their gas energy equa•:icu, ther neglacted

the heat loop to the propell•ent from the IaU pIxase. Most important, the

solid phase energy equation was eaczlded from their formulation, and the

surface tealr tture of the propenla.t was not treated.

Gough and Zvarts (3) made a good attempt in formulating a mathematical

modal for ignition of porous prupelents by considering the aotion of

solid particles and s•ress transmission In the compacted bed. Their modal

was far more sophisticated than the East 4ad McClure mod•l. Nowrver, a

fey errors of the modal we manifeusted la the £V1w.viu•. rgwui's cort~lation

W4•) was used to calculate the force between 1aasous and solid particles

in both fluidized and nom-fluidied sectiovs of the grenmlar bed. lut

(S -A 4- .. -.d 'i.. A *.4q ..mw .f.14a ff4v.A) 1%&AL Ti.A-i

tc the tbe'sml ahermal energy, t• total energy ad4±tioun to the aS phase

doe to burning should Inlmud * th chemictl energy, and the !low work

w'ltc- drives the rearted gaaous mess into toe space, ocwmp'.! by other

gS•zv ft .s ",%trol volume. Th. flow work was aot "•cltItdd In the gas-

piM& 'm1y eqrat~im of tkiUr nodae. Their bo1odatr wodition on the

rojaect:Le ed af ter the sAot uvt aw rot well specified. G•ouO and

gueszts' uWsuical solttems Indzated swre srciLatIvAL on the 1oundse-es.

Tboe ipoaloim a ves, Sawad by aitoal SwtsiUtivs, prOp"egted into

tb inez and laa L e ne mited. Geu& CU. 46) had iUpiswd hia

modal " r-eamduin~ tk* ceawsmveten oaqtists nw this to disensovA later

$A this estiSAS.

ftrber as &X (2, 47j, 4., 41) a:4.ed propellst LgngjtLos aad ombustion

PmOeSse&S L$A sewas 4MOOt ers mSIIY S7,tm; tbe PaOmou lmvaled aSt
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quite different from a one-dleaeional model. They coriidered the combustion

processes in the ignition cartridge, the flow of hot reacted gaes eand pro-

pellent radir.Uly through the vent holes on the wail of the xguition cartridge,

and the com?•ustion of the bag propellant. Although the action of propellents

is considered by the conservation equartions for th, propellents, the models

are incomplete and their predictions have not been verified thoroughly by

wn~erismntal data.

Krier at al (5, 50, 99) approaa-heO the tw-phase granular propellent

burniug problem in a different neer. I.hey took the contirwur mechanics

approach for both 8assoua and solid phases. They treated chs propellent

particles as a fluid. Fovever, the fluid and solid media differ distinctly

b7 the charactaris-tc differences in ttrsa toneor. 'in a fluid it is pro-

portional to the IaM of angular deocrmatu•, hereas the stress tensor

In a solid msedlum Ls proportional t4 the a•jaii. of deformation. To

analyze the caut5 of generatiou of the pressure spike at the base of the

prcjectil- and the wave action in t'!e umburned propellent, the stress

tranamnsIon in the solid miterial mest be tivated differently from the

stress-to-stra:tn-rata relationship for fluids. In addition, the anergy

eqiation for the solid ph•u was writtme in team of global stored energy.

Thin lumpo parameter in not adequate for studying cha flme progagation

aad for calculatIng the hest trafer from the hot Isa to the uabrmead pro-

pellenta. The conduction process inside the soaDA puopel.eut so a relatively

slov proass in c€mIMrim with the overall trasaisn' Characteristic. of

flw spreading. The tperaure proftle within the solid prieal•l must

have a sharp tradient; it La vajýw to use a lump" patmeer in the solid

phase esew otqatles. The Lat U•ti•ato realised the .Upoetaue of

sM194le mpUea eMdAtIous for the i.""41ind sad non-fluidised bed
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and they collected a brief survey on e•istiv. correlations for heat transfer

and fLow resistanct. Th boundary treatmnt is iuadwquate since rthe

reflection conditions are used at the boundaries.

"Gough (1"2 46) in his more :rcent study, has investigated the interior

ba•listics of guns by con•idering the microscopic equations of motion

L~tod on iu e anti explixA ~eL~; -'.g S .S1.1 isi £j4?Qý. u dictad

upor a combination of tha xotbA& of Indermor and Jackoon (2p), Whitaker C0) and

Panton k.34 A weightin functiaa is adopted for the definition of all the

average flow properties. Overall, this proved to be a useful sche to

di ive a set of conservation equati•4ns directly from the microscopic point

of view to give the flow properties in the microscopic sense. But, this

approach is too mathematical cd too abstract to give tangible physical

unings to each teom in the conservation eusations. Gough's. model still

MSLSq thaa !rgrw n eatlon fmr fltxidt,-td and sackad beds. It ha~s not been

vtrified by some of the rigorous, one-diu'tnsional aaperimants. With a

€cctinuous intovinet in tha bo•udary point treatment and accurate forcing

fLuction specification, it is ezpected that Gough's model should give close

predictions to the results of ouT model.

I
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2.2 Survey of Empirical Correlations and Their Limitaticns

Ir con-'tructing a complete theoretical model, some information

besides the major conservation equations are necessary. These g•rirical

correlations serve to deteraine heat transfer in the granular bel, drag

forces between particles and gases, and stress transmitted through closely

packed granular propellents.

An extensive literature survey was conducted to collect available

correlationa on heat transfer and crag dara for non-fluidized and fluidized

beds. The chemical engiusering industry generated the majo-Aty of the

available correlations. A largo quantity of fluidization studies have been

contained in hundreds of reports and papers, and also in textboo'ks by

Zen: and Otluer (51) Lava (52) .=U and Levenspiel (53),Soo (:,),and Davidaun

4d arrrison (5$. Unfortunately, empirical correlations that cover a Vide

range of Reynolds numbers and porosities, particle size and also include

the effect of particle iwsafication, are unavailable. Krier et al(s)

encountered the sam problem in their recent report. As a result, the

empirical correlations for flow over inert spheres in non-fluidized and

fluidized beds are employed in various combustion models, and even extra-

polation to larger range of Reynolds numbers and porosities to continue

with the calculations on a computer.

Since no suitable drag correlation is available foT * wide range of

Reynolds number and porosity, ws perforued a large number of cold flom

experiments and obtafned a useful correlation between the pressure drop, Reynolds

nuaber and porosity for non-fluldised beds of WC 870 propellents (76).

The Reynolds number has been extended to be six times higher than that in

1rpam'. equation. For fluidized regions, Muderason's Correlation (J6) has

been fooad to be a s"itable imprical forwala, since it is valid for

2___________________ '



porosity from 0.45 to 1.0. However, it must be noted that the Peynolds

number varies only from 0.003 to 2000 in his correlation. It must be

used with ceution.

lor convective heat transfer calclations,Denton's (57 formula is found

to be adequate for the non-fluidized region. It is valid for Re fromP

500 to 30,000 and porosity around 0.37. Rove-Claxton's correlation is

found to be the beast one for describing the coavective heat transfer in

fluidized regions. This expression is valid for Re from 10 to l0", ancp

norosity from 0.26 to 0.632.

A constitutive law is newaded to specify the normal stress transmission

through packed granular particles. When particles are dispersed, the inter-

granular stress, T p is zero. When the particles are packed, -p may be large

due to the physical contact between the particles under steep pressure

zradients.

After a literature survey on intergranular stress correlations, it is

found that not uuch information is avas4Lble. Soper (I) observed that the

force and diasplacement of a piston acting on a granular bed of MACO pro-

paelents, were linear.ly related vithin the range of 0 to 352 comprassion.

The speed of sound in granular propellent wa deduced from his eiperiwmnt&l

"data. Sesides Soper's work, the dependence of particulate stress tensor

upon porosity of the mixture was given by o.vt•) MaW GoughL2). Further

discussion on Tr is given In Appendix 6.
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2.3 Survey on Numerical Studies

After the theoretical formulation is completed and the nature of the

governing equations is studied, a literature survey in selecting a stable

and fast convergent numerical scheme has been conducted.

Obviously, the theoretical model is a system of coupled, non-linear,

inhomogeneous partial differential equations. Sinc& the eigenvalues are

all real, the system is hyperbolic. In order to select a suitable

numerical scbeme, two important criteria must be noted in making such a

decision. They are the stability and convergence of the scheme. Papers,

reports as well as textbooks, have numerous types of finite-difference

schames to handle hyperboli, partial differential equations. Maretti(60)

makea a good comparison of the differences of some r marical schemes. The

stability criteria has been studied ior each scheme. In practice, a

rigorous stability analysis of the set of coupldd non-linear partial

differential equations cannot be performed due to the complexity and non-

linearity of the equations. For the study of non-linear systems of equ•.tions,

Yicks (6) suggests disregarding the study of stAbility criteria and proceeds

directly to the heart of the problem, namely, the convergence. This was

nIsa discussed by Lax and Richtmyer(625. Basically, the t7DE (finit"e-ifference

,aquation) solution must approach the PDE (partial differential equation)

solution, and stability criteria then becomes of secondar, interest. As

.a result, several convergence tests vera suggested to test the numerical

solution's convergence to the unique solutions of the system of partial

differential equations.

None of the criteria or enalyses are adaquate for practical computations.

4 In actual fluid flow problewa, the stability restrictions are applied

locally. The typical and prudent practice is to use some percentage, usually

80% or 902 of an 7alytically-indicated maximum time step. When transients
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are large, smaller percentages are needed to stabilize. the solution. For

example, Tcrrance (63)ha" dons some computations on natural convection by

using a smaller At t.o achieve computational stability.

The shortcomsingmi of the abo~ve approach are not very apparent. In-

vastigators such as PhI 11 ps(K,) Rinhtayer (65), Hirt (66) and Gourlay and Mtorris

0 7) have reported iunstabilities from nonlinoarity or from non-conestant

coefficients. Lilly(68)bas reported the pbienomnna of time splitting of

solutions w.-hich is not precisely an instability in the sense of producing

unbounded solutions, a~ctually an Instability due to interactive convarseace.

Therefore, i.t is important to realize that no distinct difference exists

between a "tius" instability and a poor convergence.

Overall, fou3r methods &te studied in detail to evaluate the stability

of the numerical scheswe, newaly, tbot Courant-Friefiricks-Lavy (C.?. L.) (6t,

conditions, the 7:nargy MIethod (7Q), the von Newsaza method (71) sand the E1curistic

Stability Theory of Rimt (64

In the selection of numerical scheme for the hyperbolic governing

equaticas, saveral d~.farzent schema are consiLdered: the sathod of Couzcant,

Iasaacson and lecs (7,% the Lalevier schem (Ný the two dtep Laz.-Vendroff

saboe (65) ,the - up "ro scheme (22 the two-step Ricbtawar &chem(q the

gm=&rLised IMILicit schme (7j the method of ebarat.teristics (h4) and

the matbod of Unsa 08). PV=o the previous inwestgators' experience we

finally dec-ided upon a mogifted two-step Ulcbtaye *came. This will be

discuased In detail in Chapter IV.
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TREORE'ICLL FORMULATION AND ANALYSIS OF TRANSIENT
COMBUSTION PROCESSES IN GRANULAR BEDS

We begin this chapter with the descr.iption of the physical

processes that occur in an actual firivr.. Then, after a brief

discussion of some basic assumptions in this model, we formulated

our mathmatical model by d4indriLbng the physical meaning of each

term in the conservation equations of mass, meuentm and hnergy of

the gas phase; and tha conservation equations of mass and uomntuu

of the particle phase. The ener&, equationaof the particl.2 phase is

treated separately. The conservation equations derived in section

3.3 are very general in nature. In order to arrive at a sot of

sequations that car he solved economically on the cociputa., various

simplifications are made in secticn 3.4.

A sot of gaverning equations ir. th entr.an=& region aria derived

1o facilitate the calculations at the left boundary. The tature o.!

the governiuig squatiJos irc determinad in section 3.6 and detailed

mathematical steps are shown in Appendix 3 and A. Initial and boundar.:

coldition3 are specified in section 3.7, further discussions on the

mmarical treatment of the boundary conditions are given later.

In order to close this problem, associated empirical correlations

and 1•ritatioun, such as

A. Constitutive law for the total stress

5. Or&a correlation

C. geat traa3fer correlation

D. Surning lat* law

umi the ipttion ctiterlonfor the solid propeilent are "sparately

d.Cscussod in thv ramiuing of tbechpvr



3.1 Descri1ttion of Fhysicl ?rocesses

It prepisation for an experimental firing, spherlcal gtwlular (WC 870)

propellents are loaded into a thick-walled cylindrical steel chamber with

15.24 = i length and 0.777 cm I.D. (Fig. 1). At the left end of the

cylindrical chamber there is a gaseous pyrogen igniter which introduces

hot gas into the granulaz bad by forcing it through a zultiple perforated

nozzle to achieve a tmiform strnam. At the right end of the cylindrical

ch- er, there is a 0.81 u stainleus-ateel shear disc "burst di.aphrap",

(bAts provides a fixed b.undary). As the igniter g$a Ii turned on, the hot

igniter $&wea generated caus* a compaction of the granular bed near thc

entravce regior. This also heats up the nearby granular propellents

to ignition condition. The burned przpellents give cff more hot Sames,

these gaseous products are thon pushed forward by the pressure gradient

""re rft#-k1Ms- Thus, a Tte, 'ek-. ur.. we,.l..t ... created

inside the combustion caamb•:. The rat* of pveseu±:sati:o increaess

further in the downstrem direction, resulting In a rapid acceleration of

the flme f:ont. The shear disc begins to rupture when the pres ture in

front of it raches a criticAl value. After the shaez disc bursts, the

combustion chamber pressuse decreaas abruptly an tevzat*es tbe eveot.
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3.2 Baslc kiMF•tins

There are 3 basic arsum;tions pertinent to this present study:

1. The flow in th, granular bed is considered to be quasi-one-

dimensional. T7e effect of flIcturtions in tha flame front

for twv-dicansional or three-dimensional models may be

obtained w±¶-r i.xthcr sodificart.ons. In this model the

chianges of flow properties in the transverse direction are

considered in the ea .rical correlations for heat transfer

are flov resistanu e.

2. All chaexcal ractiaons occur on the propellent surface,

in the combustion zone, a thin region that is vary small in

comparLon vi.th initial particle diameter.

3. The dynimic buxuing effect is negligible i.e. the rate processes

at the Vroepllant surface are qaswl-steaty in the sente that

the characteristic tLies associated with the gasoous flme and

preheated propellent are short compared to that of the pressure

transient variations.

~~31



3.3 Theoretical Model

In order to study the detailed structure of the transient gas

dynamic behavior of hot-gas penetration, flame propagation, chamber

pressurization and combustion processes in the granular propellent

bed, a set of governing equations describing the changes of mass,

momentum, and energy for the gas phase and the changes of mass,

omentum for the solid phase are derived. This set of governing

equations is expressed in a quasi-one-dimensional form. The equations

are approached by considering the balance of fluxes over a control

volume small enough to give the desired spatial distributions in the

complete system, yet large enough to contain many solid particles, so

that the averaged particle velocity and fraction porosity are meaning-

ful.

The control volume for the gas-phase is the portion of void volume

occupied by the Sas phase in a small ol e-ntary volume (AAx ), While

the remaining portion occupied by the particles is considered to be the

control volume for the part.icle phase (Fig. 2).

A Conservation of Mass Equations

In deriving the gas phase conservation equation * the

fractional porosity is defined as

Svoid vol-- n

AAX (3.3.1)

- ~I ~~(41Tr 3'

Where n is the number of pellets in the cylindrical volam
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pp
A A x, and r pis the pellet radius in the control v~luma, n in the

number density of spherical pellets in the granular propellent bed.

The specific surface area which represents the total surface area per

unit spatial volume is given by

Aarp (3.3.2)

The gs-phaae mass equation is

±P)+ aeuo E As~prb (3.3.3)

The rate of gaseous The rate of The rate of
mas accumulation increase of Saeous mass
in the control gaseous mass addition due co
volums occupied by convection gasification of
by gases solid particles

The particle-phase mass equation is

af 4 -ý(U-)PPUPJIM -AS9P~r (3.3.4)
at aY

The rate of! The rate of The rate of particle
particle mass Increase of mass reduction due
accamulation in particle mass to gasification of
UNle control volum by convection solid pa-ticlas
cecupied ;y par-
ticles

In this analysis, the gas density p is bas4 on the gSmaous mas

divided by the void volume occupied by the gases. The propellent

density, p ia assumed to 'be constant.
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B The Conservation of 1o.evtum Equations

The gas-phase moxnctum equation is

The rate of The rate cf Pressure gradient
increase of $aSeus uomUnCm flux force acting in
an.ntva in the increasse in the x-direction
control volume the control

volume by
convection

crow K0) A. r- P.AsDt.

Viswaes force The rate of in- The tota, drag force
due to normal crease of linear brwen rbe gas and
stresses neomwcu of gas pazrtcle phases

phase due to
the otion of
gasifying par-
titles in the
momntum directi.on

A

lrictlos farce
sodaS an the Sas
by the chmber
WOU



Thi part.Lele-pheat moawntum equation is

ax z-
The rate of The rate of tntergranular force
iucrease of iouentuW flux acti,,g on particle
particLa no- increase in cross-sectional
MnCuS in the th4e cutrol a&rees on the boumdary
control voiwme volum by of the control volume

counection

s Oup O s tA (3.3.6)

The rate of The total drag Friction force acting
decrease of force between on the particle by
particle so- the 3as and the chamber *all
mnt~u due to parcicle phase
gasification of
par-t.icles into
gas phase

Itr is i•morcant to note that Dt is the total drag force between

tht gas av partiacl phases. It is equal to the sum of the drag due

"s presence of relati-te velocity between the gas and particle

p'tAses and the drag due to the porosity gradient, i.e.

Dt- Dv+ymv-x'a .7

The expramion of D0 wil be didcused in a later pert of the theoretical

=kej,. The advantqe of writing the above two maintua equations in

verwis of 1) Is to focittate the solution of the hyperbolic preoblex

Wah ts not alwvs tet&Uy hyperbolic. tie alegmaluas ma not be all
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distinct when the granular bed beco•es dispersed. Th. second ad-

vantage is tv faalitate the transformation of the governing equations

into the characteristic form and to clearly indicate the compatibility

relations for the flow properties at the boundaries of the gsranular

bud.

C The servation of Suery fuation

The gSa-phase energy equation is

at + T x

The rate of The rate of energy The rate of work

incrwae of total flux Increase by dona on the gas
stored snrgy in conu "ton phse by porssure
control volim8 force

• • A.•D. - A~hST-1r.)--- ý D6 -h (T r

The rate of beat Work done per seat leog to
oco ctiu n thr•m ab umit tin by par.ticb•. per
the coutrol surfaces the total dragl unit tim

ifore sating
o particles

= I at , et t e4 Qey M raft of wrk dem
l"t anto the Cu 0astioL by Viaomi seoin stress

of psnr2* Ia 0 .s pboai



Pr

O_ (3.3.8)

The rate of pressuze work The rate of isst loss
for the dilatation of the to tle coubustor 'wall
gaseous control volume per unit voliume

The empirical correlation for h0 will be shown later. The

parameter J is the heat-to-work unit conversion factor. The

couservatiom equations in Eulerian form are shown in Appendix 1.

The above set of governing equations are derived In the form of

coupLedinon-linesr, inhomogeneous partial differential equations.

Furcher simplifications are required to solvw then scowiocally.

D SoI1d-Phase Heat Conduction Equation

A particle-phase enerS7 ec.uation similar to Eq. (3.3.8) can

be derived in tarms of the avurage bulk temperiture of a tyvical

solid particl.e in the particla-phase con tzl volume conaidered.

However, since the transient interval of the physical process is so

short, the cemperature profile inside the particles has a very steep

gradient. Although the average bu!k temperature of a solid particle

can be obtained, it would nuot be useful for determining the ignition

condition, the speed of flm front propagation, or tbe rate of heat

transfer trnm the gas to solid phase. 'Instead of treating the solid

phae eaewq equation ILke the mao sad mowmtua equations for the

partiels, the transient heat conduction equation is conside•ied, so

thUM the propeUmt surf ace temperature sad the temperature gradient

Can be Ste~tu~aly obtained.
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Fol•lowing the motion of a given pacticle, the heat equation

written in the Lagrangian time derivative and spherical coordinate

of the particle is (see Fig. 25)

_ra (339)

The initial condition for equation (3.3.9) is:

t - 0 : Tp(O, r)-To (3.3.10)

The bowmdary conditions before the thermal wave has penetrated

to the center of the sphere are:

a0 r.• (tO)r- (3.3.1U)

r- rob,:aLF .

uhe the total heat transfer teofflen4et, ht, is the sun of the cm-

'vetUm aud zetati@. coefficient*; I.e.

U)aeme tdo 8as ausivity Is takm to be imity.

The beat-u equation and Its 2zitial and bouad&.'y comkitieft are

recemted by the lmteval methd as shvm In Appmndi2 to yIU a
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first order ordinary differential equation describing the increase

of propellent surface temperatuve with respect to time, i.e.

DTI31 Tk U kP (3.3.14)

where 6 is the thermal wave penetration depth in a spherical particle,

measured from the particle surface; 6 as a function of time is given

by:

6 3rp, I (m -Tol

[( T Arp*~ [Tp (t)-_T.J__,J, r k T P:S't- " (3.3.15)

Similarly, an ordinary differenzial equation describing the changea

of T after the thermal wave has penetrated the full radius of aPs

spherical particle in obtainQd. Since the trunsient interval of the

physical process is only a few milii"ecorAs, the particle surface

reaches the ignition condition long before the thermal vave penetrates

to the center of the particle; the equation describing che changes of

T after the thermal wave penetration is not Sivan hure but will bep.

shown in Appendix 2. A&fte T'1 is solved, a siMlified ignition

temperature criterion in user to determine the ')urAing coDnition of

particles aloug the propellent bed. The Itaition criterion is given in

"" tiion 3. 9.
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3.4 Simplificatious

Before the necessaIy boutdsily conditions are c'nsidered, the

governing equat-ons for the Sas and particle phates ara simplified

furttbe? after an order of ragnitude analysis. The higher-order

terms neglected are: Ca) the viscous normal stream in the gas-phase

momeatum equation, (b) the shear force at the coutbustor v&Jl for

both ga•es and parti:le in their aentum equations, (c) the gas-

phase heat conduction terr, (d) the work done by the visaous normal

strmss in the gas-ph.se energy equation, (e) the heat Iloss C) to the

chamber wall in the extremely short trans-ent combustion axperime•ts,

(f) the rate of pressure work for the dilataLion of •; gaseous

control volume in the gas-phase energy equation. &d (S) the rate of

change of the total heat trnsfer coefficient in the calculation of

propellent srftace temperature, (h) body force, (i) dynamic burning

effect, on the burning rate calvalations, (j) taiierarure dapendence

of constant presture specific hear, (k3 heAt isisipatlon, (1) con-

stant cross-soctionzl &-ea..

After all these aswu=ptions, a simplified se of goerning

equatioura vwLl be zevitten in the following.

Thn gas-pboe. quation teecomrs

a ÷ 2- A sprb

Ite particl-phase uess equition a.-wus.

aLn 2 + laW - - (3.4.2)
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The gas-phase uomantum equation• becomae,

at ax

The particle-phAsa momentum equition becomeo,

4a ax

-- AsrbPpUp +,qAsDt (3.4.4)

The gas-phase energy equacion becomes,

3(+PE)

(3.4.5)

-- A1WJ-L -A, h,(T-Tp) +. A5 P, rb(h#,,,,,+.j)

Mhe particle-phase heat-up equation becomes,

12C[ _. + rooh ( -T . _] k t2L

(3.4.6)

The above equations (3.4.1) - (3.4.6) are tbe simplified form

if the governing equations (3.3.3) - (3.3.6), (3.3.8) and '3.3.14).

Thaiis equations are •cded directly into the computer program.
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3.5 Gov.zuin% jatj.ons $.n vhe Left Control Volucw

The a"#~ eq~uation of the gas pha&ic in tý.& left coutrol vo~m"

(Fig. 31 Is

~ -imotXL + A rbGP(35)

Ut~v* - is the ±p.±tvr *ass flow rate into thle comabust-ion chamber

and ih (t, xL) ia the aiss flow~ rate of gas iuto the izt.ornal boa~ndarv

of the gsnv bad, it Is z'epresosnted byw

rMInt.x)PtX )k (t,XA )AO(t6,x X (3.5.2)

ah* 1vsais equation of tho partt~e phase Is

SewB as abcve &41 tb.. parw.mter vith a tahct:pt c are ievaluaatitd

The zomeuti~m equation 6~f the Sas iphc~e is

Stsere U *~j the igniter Sa volocity iA PIivu by

J,~4443



/ Ift Cont~rol

Vol-me r disc
(Entrance Region) 7 ,c

------ -- 1 -- 00"0 o, 0 0
0 0

0 C

ir.e 3 Cattl Volume Coneide-e"1 in the Le.-t 30%m#Awy
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Similarly the momentu equation of particle phase is derived in

the differential form,

dC(~c)p~tr& - [

+ As(e Dr - rboc PP, Uc ,) (5.5.6)

For the control volume considered in Fig. 3, the energy equation

of the gas phase in the differential form is

d t(rO . F .c ngn r
- L ,sA'0(Cp + )

.PUsqA(CP,,7-, •9j

+As, 1- a -ht,(T,-Tsc)

where La tbe total stored euervy, the ow of theual &a X1U~tic

mergy which Is i'eprewmted by

•e~l" )d(3.3.4')

.: iCvT " c*,,, +..)
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h is the enchalpy of the igniter gas at the temperature of the

hot igniter gas and hchem is the enothalpy of the propellent gas at

flame temperature.

The last equation being considered is the solid-phase heat

equation in two forms

(a) Time Period 1

r[ r,,- +-A6P (3.5.9)

(h) Time Period 2

r,, h,

07A). *o
I Dh rp ) (3.5.10)

In the left control vol=ume, there are a total of six unimowns:

O' * , U , I ,Z Tc a UP c Ps c
C 0 c ~c C

From Sq. (3.5.3), *€ is explicitly defined.

is to then defined by substituting Eq. (3.5.3) into Eq. (3.5.1)

it bcm
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(3.5.11)

Siailarly from Eq. (3.5.4) we obt-alm,

dt!h A crb-pd -AO

By the emo tokea, Eq. (3.5.7) becoum

d&--L I Am, I (k ~ .Dtj.Aok'c.-.7.L

+A4 l ,- 21

Th VA teature am be evalusted by wrooSolmg Eq. (3.5.13),

Tc - -[•-" A-l (3.5.14)

The equet.ca of state from Sq. (3 $.1) after reartmarg, we get,
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po_ RT, J

In uary € C , B u , T c PC, TPS are found frm Eq. (3.5.3),8c PC p

Eq. (3.5.4), Eq. (3.5.6), Eq. (3.5.8), Eq. (3.5,9) or (3.5.10) and

Eq. (3.5.L5) respectively. All these parmters Rare used to solve for

the left boundary couditions.

Another set of governing equations are durived at the left control

volume when there are uo particles existing .n the entrance region.

When there -re no particles in the region, that implies that

and

"•L~c" 0(3.5.17)

The ass@ equation of aS phase reduces to

• . - • (3.5.18)
AX,.

and the uomnctu equation o!! the gas phase becomes

U964 (3.5.19)
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As a result, energy equation becomes,

- •hs + -VAA¢c~- '

't J

and Tp8 calculation is siupler, by the tim all the particles are

pushed out of the entrauce regica, the ignition temperature of the

particles have already been reached,

Tfs m Tier, (3.5.21)

Th Above equations, (3.5.16) - (3.5.21) vir.i be used when the

left control volum contains no partii.r s.

, I



3.6 Zieuv&aue Deterwination of the SystV.

To study the nature of the governinL equations, the eigenvalues

of the system must be determined. By substituting the governing

equationse in the Euleriam form into a matrix form

-9uLs 0 4 0 a z q

T - us 0 0 0 T l,

a ax (3.6.1)

!4 )- 0 0 0 - U , 1 .

0 0 0 0 (c"-)) 01 I1

vhure I : I T' I I are the Lhouogeneous term of the governing
1 2 3 5

equations and are defimed as

A,- f {P Wr + 4, g Jr,-hg(

]6*A43(3.6.2)
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Now wo define the matrix M &a:

T-PZ

0 -tj 0r (3.6.3')

0 0b. 0 (1-o) -up~

by setting H X 1 ~ 0 we c~n obtain the cig~eo~altas. Dota-.sd

ust-Smatic~al steps are shown in Appendix 4.

The aiz roots found are as follows.

A4 i..(ttp4C) (3.6.4)

A6 U~p (obtalnod drimctly by foilmulug the
mottos of a gSwvn solid pwU4s1o)

Slate &li theme @mx roots are $~stiact real unbs for mm-fluidised

modJ?.Uis tb*e yem of Sevenng equati=m is ~tally hypwe**olc (97).

Ths &loe of the cberacoer±stclaeLia for tgowswanm*u squattome

- an m4b the ldes U p8 velocity and the speed of ima Tbe

- d~um4*m at ssasu~by ~
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d-'f' 1-- A, " U( +C9  (3.6.5)

(d.• -- .',- La.S-C 9  (3.6.6)

s•"-(3.6.7)

Ad4.-% - +c. (3.6.8)

fdXw -A

G- - "t -LP -t.- (3.6.9)

di, -(3.6 .1o)

"72 the subgOs eC, me, Eq. (3.6.5), Eq. (3.6.6) ond Eq. (3.6.7)

represeut the r4bt-rwnm.d, l.eft-rxnning and gaseous-path ach lines,

rpe veJUy, I& th. Sea pba81 q. (3.6.8), 1q. (3.6.9) and Eq. (3.6.10)

.eprement the rigbt-rnmin.ti, left- inag md paxrticle-path Mach li.

I* the "I"~ ph&"

Tx-f-mt-m o@ Eq. (3.6.1) Into Its eb aeets4istc fom Is

feud 1Y Coal the a.igoe*-$e04:t. of mwoaxt W 4 g oItf .2 1

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ I
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variable coordinates in the (t, x) planes (74 , 97), the detailed

mathematical ste.s are given in Appendix 3.

The characteristic equation along the right-and left-runaing

Mach lines in the gas phase ae,

ZI

K" (duL4), tKý (d P),- Kum(d LLP tK (d 0-K "(dtl 3..1

and

USK~P~ pztK(0) 1  K( (3.6.12)

The characteri.stic equation along the gaseous-path Mach line in

the gas phase is

IL Aqwn ,L,9.•LOAa.. J I'E t•sJ/ . IJJAA

14TkC (T)A ,r 7 *rk rI.OPJ 'r I\ 1U~~ U 3.6.33)

Again the characteristic equation along the right-ruming, left-

running Mach lies in tne solid phase ae,

K3 inr6-KO ( r-(d=Kz t)z (3.6.14)

UP

UP A~v ~0X uK,(ton (3.6.15)

Mhe characteristic equation alovil the partivcle-ptlth Mach lim, in

? a e~li. tpe i ei.other
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Time Period 1:

K (d I3 ).u(T~~(d ) (3.6.16)t Kw Ktg

TPSI

or

Time Pericl 2:

K-. (d",), K,(drTJ .I'dt. 03.6.17)

Tha coefficiennt before each tebr are denoted by K x the super-

script x is the number of the characLeristic equation awd v the subsc;.ipt

designates the coefficient. Thay wll be shown 'in Apperdi. 3.

Ths characteristic eLu•tionu (3.6.11) - (3.6.17) are the additional

informazion which is needed to relat. the flow prcperties on the bourd&ry

of interest. They are used together with the governlng equatlous to

solve the left bountdary. M-.re li*russimo couern1g tihe usage at these

""chracteriatio equation* will be Civen in tne niumerical solut.ion sectioas

54 _ _ _ _ _ _ _ _ _ _
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3.7 Initial and Boundara Conditions

The system of govar-Ang equations, after the ebove si•plifications,

becoms & set of six first order, coupled, non-linear, inhomoSeneous

partial dikierential equations. It is found in the study that the

eigenvalues of the system are six distinct real numbers under non-

f2tAdi•e4. conditions. , (See Appendix 3). The characteristic directions

are described iby:

.4xj. L!, + I3 dA I &, (3.7.1)

The susecripts 1, 11 sad III represent the right-runi~ng, left-ruwning,

and gaaouv-pabh cbharacmerist c lines L the gas phse. The subscripts

IV, V and VI r~rosent the rigbt-zunning, left-rn-niag and particle-

path bchazrcturiset±' :.Ls in the solid phase.

Ibcn the grwaUlr bea beemros fluidized, the spead of sound is

wmt zrcuitted throu~b the iL~qwrsed particles; therefore, c in

tolud to sar. f•uavnr, a&r.ead of *sand In the gas phase is never

sebo; bvc,, Eq (3.7.1) rmsias the ss but Zq. (3.7.2) changes tot

V6 € > " Due to O.is redaction of aft Mucrateristic Inesd iuro

jf@it Osh•cb teristic l e.21 twhen the ginLla? bed changas from am-
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fluidized to fl1uidized car dkic.tis, the governl-n ovatcions tva uo-

tot~ally hyperbi-U.c. The Aolutiotn of thkat eqmatio-as bec~qvi;..e

compl~icated. rho ooundAry cotditI.'ns mwiii be voj.l crrcified.

The tutel n~umber of boundary condI±itios nequir:ed dpfc.dI arv

th~it flow couditions at the igti~.er cn of the graur;t.ý- Ot(Is fii

as tw~t cur-.iit calculatioti is coneairuel, ths ct?.ia'bsr is seoPi W by

thA shear disc at the downs-imaam and; the phsnomuýma after th6 rk';ittre

of the shear disc are beyond the scope of thr study.) To xpe-tifv

zt~d:ý.itt'ns at the ignitor ead, -, sepa:.att ý-ontrrl1 voluma (Fit. 3)

is r~onsidered, which is locatcd imediately &t tha entrance if thn

aranular bol. When this~ ent~ance coatrc. volume coutains both &at

snd ".rtic-.es, six ordinary'differential ecquat,,'ous ars used together

w±?rh the. tecassary conipartibility relations to doteeceins the aver&%*

flow properties in the eutzaace voLume ",d *i13o the properties at

the boundary between the eatrarca volume and tho granular bod. The

z.onpatibility relations are Oerived directly by transforming the

goverixing equations i;,-tn rtheir caaract~iristic ferme (Apr'eadix 3).

When the entrance sectiou conta"~ gas only,* thres ordfnaxy differential.

equati.ons descritwS the t~ms rate of c'hangs et flow p:r.pertiiw cf the

Sa ;hasa are* so~ed cograth.r with the approriate compat~bi~tty

rlatiout for the bmuzdary parmaters oteedei. The 'cot&!t nib*~r of

cnwsqatibilicy relAtloua uate4 ta the caloulatiorn Adewm.' upn the

flow directiona ei the aSiex a~nd pa~rticles ai. 4ýso bac~sac also

the fluidizt~tic-, condi6tiona. The 'bOw.OACY GOVAtIUMS at tI:* #he&-,

disc end are zelrtivsly vimpl; 'Pefore t~ae shear ei% i2 ri~pured *

tba gs m 4 p~vt1.V'A veolmtias are asJl xero.

36__ _ _ _ _ _ _ _ _ _ _



I,-e !nitial. conditions ý:*,ured to solve the systm of equations

jo.s tha initial distrihutions of gas tmperature, pressure, velocity,

particle ve.oc-ty, pvopallant surface temperature and fractional

por2sity. Thq initial diatributiuns of the above parwwtert can be

uo-iom



3.8 Emipirical Correlarlons

In ade~it,'.o to the ab~jv* governing aquat.±or1, the Aluations of

state for $as- and particle-phasts must be spa--ified. The co-vil'ume

effect becomes important ot high pressurex, so ti. Nobb.e-Abo' de~nse

gas law also ccuilid the Clausiiust Equation Q5),*

P(+b) RT(..1

is used sc the equation of state for the gas phazz, The statema*tz of

a ccu~tat density for th,* solid-prope~lelt particles serves Au the

equation -)f state f or the particle3.

To coW 1A.ete the theoreitical uaodal ilt jo uscasaar7 to specify

several empirical zarrelatioas: ý.h into'tc-r~nviar strssti~ trazsmittad

through the packed grxunigar particles, thec tio I.resiatacan~ due to tLa

draij f~rce betwoen pariicla and gas pha~ses, f*A convective heat

transfer co~efficient and th'e regression ratuzs of the soliC-. prgp~J lentý

A Constitu~tive L.,w. for Lhe Total j tress

The conmtitutiva law used for the total stress calculations isý

if 0>fO (3.8.2)

Where #is the Pcritical porosity above which i thto isi no direct

contact 'W~tvees V&rticl*#, &a&d c is tba speed of sound transuitted ia



granular material.

T actually consists of two parts (i) F, the hydrostatic pressurep

(ii) the normal stress due to the interpranular normal stress. .a

the solid phase, P is not defined inside the particles, i.e. P - 0 and

if particles were liquid droplets, P is defined.

The relationships of the spead of sound iu the particle phase, c,

and the stress tensor Tp are given in Appendix 6.

3 DrsA Correlation

?rcu the fluidization condition of the gas-particle systm

in thn granular bed, the bed can be divided into a non-fluidized

(packed) region and a fluidized (dispersed) region.

Due to the importance of the drag force term in the momentum

eauatioans. an extensive survey was conducted to select the ost suit-

able drag correlation for the modal. Ergun's equation (45)has been

widely adopted by sans pionser investigations such as Zuo(l), Krier

(5), Gough and Warts (3) in t•hair studies. Since Zrgun's equation is
Re

va"id only for 1 <(-i) < 4,000 and 0.4 C ( 0.65, it has very

limited application to the combustion of granular propellants under

h10'h co vertive burning situationt. A series of cold-flov resistawD :

mIsurMts were made by using a cylUTdrisal chrmb of the same

inner diameter as the combustion chamber mad the sam type of pro-

pellent, but under non-fluidisednon-conbustion conditions. The

correlation (76) obtalned is

(U - ,€, 6 (3.8..3)

""whis 1.VaLid for I < 24,0WO.



For the fluidized region, the expression for Dv is deduced from

Andersson's expression @6)which is valid for porosities ranging from

0.45 to 1.0 and Ra from 0.003 to 2,000. We have

DV- "1 i ' I4 (3.8.4)

where the tortuosity factor, tr, is

71 f~ 0a+.:eOK94.
tr (3.8.5)

The cross-section factor Z and inertial draf coeffic' ant C are

gilven by

I ,(3.8.6)

C~i-• - oA" (3.8.7)

Although the Reyuolds nuaber range is not wide enough to cover

the variation in the overall transient procassr It is the best

correlation available in the literature . Since the values of Dv

In the fluidized regio aro substantially sumaler than thos6 of the

nomtluidized coaditcieon any inaccuracy introduced by wurapalacing the

drag correlation for a flu. dised bed to a higher Reynolde suer will
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not significantly influenca the calculated results. The drag

correlation for the nonfluidised region, hoever, is vtry important

in the momentm equations.

C Heat Transfer Correlstions

For convective heat transfer calculations, Denton's formzlna 7)

is used for the non-fluidized region, hence

" P , t- 0 JPr'" (3.8.8)

It is va.ld for 1I. from 500 to 50,000 and porosity around 0.37.p

Althouh the porosity range is very narrow for thia cormTlation, it

represeats the porosity of sat of the packed, unburned portion of

the tranular bed In cmbu.tin emperlats. Por fluidized regions,

hi s obtauied from Riow-Claxton's correlatio )

dwre the VOponant of tb •eyeUs nuber Is epressed &1

no e -UVC; cor-MreSL•&o Is vs'44 fo• 10 < •, < 10'.

besides th& =ovect•Le beat txmsfar, the raftitive heat om-

duttio• Is repreratiA by

hIef~rT~ t rtM Tkt

6 1. ... . . ..



where ep is the emissinity factor is taken as unity and c is the

Stefan-Bol•zman constant. Therefor:e, the tota1 heat transfer is

given by

ht M - hc (t) + h ra (3..12
(3.8.12)

and is given previously in the long form by equation (3.3.13)

ht (+.)=N hc +8pd C TMt +Tett)J[Te I+T•2(t)] (3.8.13)

D Burtnin Race Law

The last mirica&L correlation needed to close this problem

is the buxnLng rate calrALuatLou. Since the relative velocity between

gas and solid phase in ver*T igh In some regions, the erosive burning

effect must be considered. TMe widely used Lenoir-Robillard (77)

semi-empirical burning rate iso is adopted here

rb- .2 Pn+KehI' P rp( p ' (3.8.14)

where h , the local suro-bImng commective abt.ined from ex.the-

2q. (3.8.8) or Eq. (3.8.9), dependiLag 4pos the fluidiLed situation.

The erosive-buruing cons tat, K ae, end the erosive-burning exponent,

8, ud In this h navetsgat Lor are lioted •n Table 1.
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TAMLE 1

DATA USED IN Thl ?NURICAL COMUTATIONS*

p a- 1.6 sm/cm A

O ~a 0.945 x 10'c/c

k a 5.30 x 10-4 cal/mw-sec-'K

k - 0.265 z 10'1 ca.1/ca-see-1K

- 0.M4615 z 10 PVc-s.

b - 1.26 cms/p

y(500*1) a 1.4

yf(3000*1) - 1.26

1: - 0.7

a 0.41275 x 10-1 cm

- 0.3995

A - 0.4745 C02

CL - 15.24 c

T 0 a 293.91*K

p a 1033.2.3 g/cu

K 0.99

C, -1.0

* .0.65

?su4 for pvopellnmt provertieu are obtabsed from eLIUcti lemeait
Laborsterlim of U.S. AinW.

'3



Tabl ,60,

7: ign - 630'.

Tli - 2500"K

T f -5 316K

Cd(? ) - 0.1969

r p(undeterred) - 0,032945 cm

& - 0.562 x 10"4
s0

(ca/sac) /(/c 2 )"8567

a - 0.2814 x 10-4
30

(cm/sec)0/(g/Ci
2 ) 802

Cd 0.
U0

Cd -0.30
30

n- 0.8867

n 0. a020

a and u a8z linearly Lnter'oolxted
r .a ea and ,a e

so so to Is
accordlng to the values Of Cd at
..be "uamtSIouS suwface of the
gran.'.

gulaL



3.9 l~ ~t.On Criterion

In the present otud-!v, thbO .thetat±.,, 1ormnla ons governiiig

the flmo phenomena in W a gr,wxular bed have eiz'edy beft a complicated

problem. Tt will be )l f:,lh. to have a simplt ignitono criterion in

coupletIng the sa hamatic:al modal.

In this study, two cr.Ittcal temperatures vaer specified r.I the

phbarical pellat surfacies to achievr the igaition c€iterim. The

winr critical value corespo-aes to the ablation tsprature, vhile

thb higher one represen s thAi ISnition temperature of the propellaent.

The burnlrg rats starts from zero as soon as partiale tauperature

readme zhe ablation teunpa.ature and increases rapidly to the burning

rate vLe when fa.ll iguition is reached. The convective heat

transfer trope to zero in a linsar s er as the particlae taerature

1nJteaaas fro the ablatim to tba ignition t .earature. raoraeticauy _

thase tm critical tesperatures sheoald be dependent ac press=-e, but

thA rala•lawhip requires furtkr study. Thus, for tre purpose of

this study (since presure depepdence at hih pressure is s&el),

they could be tak. a, cRrcaats in this study.

-!

_|



CRAP=T IV

!@.C"tL SOLUTION TECHNWQU3S

The previous chapter has provided bhe physical backSgrotmd, basi:

assumtions, governing equitioue and some associated epticsi.al

correlations for this two-phme, ý-eactiag flow model. to this c'aWawr

vi address the method to determina ?Jaa solutiou* of the Sovernin4

equations. The comlezity of the system of goveru~n% equattans auk*

it impossible to obtain analytical solutions for the system. As a

result, we turn to numerical methods fer choir 3olutiova.

After swie careful considerations, ;he ezplicit finice-dtfference

schaee is .mployed in the interior. Kethod of characteriatic. to-

gethar with soe compatibility relations are used to solve i± boundary

points. To assure the convergence of the numerical solutioui, several

convergence tests have been wisd and proved to be very satisfactory.

Do* to the stesp gradient in some flow properties resultAng from the

rapid transient combustion of the propellents, nuumrical Instability

is encountered when the straight. foracd t-estaq uichtWay achoem is

adopted. The %m ofad version of the twvo-steo iKchayer sch with

a amaLL moat of explicit artificial viscosity aee introduced Into

tin' eowputations-. Several stability crAitera, nsuch as the Courant-

Yriedricks-Le" (C - .L. ) conditions (69). Inergy Hstho (70). the von.

Xem stability criteria(7V. and the Meuri•tic Stability Teaty (66) are

applied an the finite-difference equations. In closlag this chapter

the computation proceduree and the flexibiliqt of the cOaWutm-

puwrm are diecuased.
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4.1 Selection of Numerical Methods

In ardet co sal,re the skt of governing equations glven in

Chapter III, several di.fferent approaches may be taken. They are

thbe t&Atod of chaactieristics ( 74)the -,arious imlicit ýq) and ezplicit

f izte-differenz. ue tod (71). analog siuilaa:ion (/§), and *ooe others.

The method of chaTmcterisics is supposedly the uost suitable

method to solve a &ystem of hyperbolic equations. K.±tcheusuI(' has

used t"s =&tod (vith soma success) to solve the net of governing

equAtions Kuo ( 1) deve.lupotc. This approach has been kwmn for its

eztrini accuracy but inwolves coplicatig and lengthy prograwl.ng

logic. Am undue mmber of ite'tions are required to locat' the

Jaterseni~tons of the characteristic lines W~ an eaormwi iua -t of

interpolati:•ns and tmrpolations are i.nvclved in obtmtin:g the

f~lw or•. rtias at desirable lecations. A.U t1,.computations

are time coumalza aid le-aMn to iwt ut=.%cias. D" to the abov2 reasons

the w•tod of -horu teristcs mas adopted At: te bzundarles only.

ILWicit soda have no restri,,tion un the domain of dependence

: the tiame-space field. Thin v.•ebd allaos large tine Stps in

oosptatior , ot, s*Lce ti'e flow properties chnge too drstically

bamen eab mode, thia moebod was not sppl•cable to our studies.

SUOMt~AW W0sd UIsLleIt A~tbOds In treT% ag sm urnS WtGady flOw

osleiatums but Abbett (8V found that these methods violated the "law

of fhb ides 1gaw'ps" labermt to "ystem of yperlbolic eqStions.

o w Nw riavmiied drm the field of pessible t-eboiquw to

that of - eap•icit rme. Its siqplicLty and WplicasW2ty for



dill.tsi. computers vfri.ezs its uwe advantageous. Howveva, oims

inherent dizadvanta.ge is its iuwtability, One may overcnme this by

special treatment of the non-linaar aud inthomogeneaous terms.

In this technique, the partial deTivatives of the dapetrneut

vsriables are approximated by differenc3 equa&tiorA. T e s&ystvm of

partial diffarent-.al equaz:ious Ls thui trsasformod into a set of

algebraic equations. Different investigntors use dl.ffereut imth-ds

to v-prosen,. the partial derivatives, thereby arri;tng at differeot

vumarical results. lu order tc choose which finite-differencing

schema tc follow, one has to notice two impou.t&t criteria, namely,

the convergence &nd zhe stability of the mothod.

Besides hundreds of reports and papers, detailed discusaion cr

finita difference methods is contained in textbooks by Forsythe and

WAMCW (821_ qp ) (.8-3 Wingeha (711. 'Utihnwa~tstky i74A. and Ri chtmver & Mortoa

(70) Horetri (60, 84, 85, 86) has-also done ext onsive work ou this topic.

Re .akqs a clear distinction in the treatnt of boundary ande interior

pointr and sulgea•s that tha withod of characteristics be used at the

botmd&ry (exclusive of the xithod employed fer the intutr4,or).

"Initability muy be Senav.ed if the boundar7 has not. been properly

treated and will cause problezs in the interior too.

N,.srous Invustig.tors h&ve done sizilar rseart•h to this present

study, they are last and McCliuri(4); Fisher end Gravoe(2); Gough and

Zwarts(3); Goush (17 Arier, Van Tsell, Rajan and VerShm(5);

Litch- s (1*,l sp K", Vichnevetsky and Sumarfield(S). They all used

a slightly dlff'•rest nawerical uchem to solve their S"erning equations.

Ueed on the valuable experienca of researcenrs in the field of grmnular

L prop.,,Z.mt tombintion we have mada our. choize of nerical. t Ahees.

_ _._ _ _ __8



The merhud of characteristics together witb oma coupatibi.it7 %,ilatimls

have been adopted in. the boundar- calcul&tions. An "-piit vwthod for

the interior has been used, namely the modified two-step kichiMyer scheme

incorporated vith predictor-corrector cLlculations. In uding t1ie pre-

dictor-norrector technique, the non-linear terms are treatect in an explicit

sannar. This combination of the method of characteristics and finite

difference equations has been sho='n to be very eff€ Qient in the prosent

system of partial differential 4quations.

•._ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _ _ _ _ _ _



4.2 The I'inite-Differance. 9qu,,Aon.s for the I'ntefrorPoSinti

For interior pnints tne w±fied two-stap Richtmyer scha.e was

used with predictov-corrector calc,.lations. By rhe wo-stwp mo4"fied

ltuhthycr schema we star a scheme in vhwh1h the diffusing schs (87)

and the odifi•ed Leap-trog scheme (2) are uved for 41ternati. u•.

oycles In the followin wann, .

In Soeneral, the system of differential equwtiovto are. reepsented

where u is a vecto* whose coivenents, v in numbftr, are-the depedeant

varlables and A in this uame is an a by m matrix. TCo slmpif-y the

=zaimAis-asdvd t,ý be a cou-ta-_t ___rzz The system i2

Uhyporolic if k has al real aiSenvaiuas and a line&rly indepeudýft

el1envcrotr3. T4 this study A was found to consist of all real

e413Mvalues,., so we concluded that our eyettn of equations was of

hyperbolic type.. I :&presents the nhamogeneous terms appearing

in the system of eauaticws. Thit ftnlta dff•arence diffusing scha

asinG ceztra.. difforsue in spact And forvard differences in ti&

is NWOY'Ad for thb first-scep calculations, The difference algorith..

for the predictor and correcto calcuiatiova is given beal.

The f~lJo•i•ig rotation va" u4ed: if u (z, t) is say fumctiou of

ame spa" variable sud tinme. uJ den*o% the finit*-difference approxi-

asrtda to u (A. A x, j A t), waer Ax and At are the dimensious of the

unit ±3 I the a, t plmn and I and j hwa Integer values.

The first-.•tep dLffusg sch€me becoaes,

_ _ _ _ _ ___70



Predictor:

atA t

ax L-AX

Corrector:

j~ (U1  -

The non-l~nwax coeffic-lauts arA izo~nc terms kier* trea~cod

twlxpcitly in1 the pr5dictOT-COZC5rO? -*Chniq~ta..

Usint Eqs. (4.2.2) e31d (4.2.3), 1q. (4.2.1) is &nprcasmat In clother

fo0= as follow,

u1 ~ MIi (4.2.5)

II

*2 qs. (4.2.4)to "Iua t$m- ed0 (4.2.4), zp~t'6aird red.m.olv th e

qTguatla 6.fwitzsue a.me ka La tZhas sa= =ld acaur± :le £JG.

~ 4 71
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rmodified Leap-Trog scheme usir4 central. differences in both space and

tizo in e=ployed for tha &ecoud-stop cmlculvions. The Crank-Nicolso=

parawetor (73) 8, vhich lies between 0 and 1, is used to help stabilize

the numerical solut.ion. The dffrenca algorithm for the second-step

in the predictor and coriector caculatiun1 is given below.

Predt(tor;

a t •t
,J# ' I ' (4 .2 .6)

Cerractor:

r.-1 L~•L.
•_..U I-6)(U:o-u4,,u•o _ ) , - tL,..., ,, (4.2.7)

gx 4AX

Using Eqs.. (4,26) &xL' (4.2.7), Eq. (4.2.1) can be expreaRed in the

' Aol - (28)

. U(4.2.9)
At



Again, Eqs. (4.2,8) and (4.2.9) are expressed explicitly. A

set of conservation of mass equatin• in the gas phase are i=pleamnted

in the finite-differanLa form using the above mentioned numeric&l

scheme and are shown in Appendix 3.

The above predictor-corrector technique has been used to overcome

the nonlinearity of tbese partial dxrivatiws and the imhomogenecus

tirms. In the predictor calculations, the previous time quantities

are used to evaluate the caefficients bf the spatial derivates and

InhomoSeraous terms. The solutions determined from these calculations

are tAvaraged, according to e, with the previous time quantities.

These averaged values are used in calculating the non-linear co-

efficients and inhomogeneous term in the corrector calculations.

This couvemional predictor-corrector technique, caused numerical

Imtabilities in both the interior nodes and the boundaries. As a

result, a small mount of artificial viscosity (88 was introducad in

the calculation to filter out the high frequency componants. This

was done only in the 2 second-step calculations, since the first-

stop calculations are rather stable.

Followig the "Ieentation of this rvo step nerIcal scheme

with predictor-corrector techniques end an arrificie.l viscosity In

the isemd step, a slgifleant improvemt of stabiity hms been

&@aced; tbe pr•edctors and correctors are very close nusmricasl .

'L ._7



4.3 Numerical Treatment of the Boundary Conditions

The boundary points are calculated by using physical and com-

patability relations to achieve a high degree of numerical stability.

The comipatibility relations used can also be regarded as the extraneous

boundary conditions(l) which are needed when the central differeuce

technique is used for space derivatives in the hyperbolic partial

differential equations. In this study, these additional boundary

conditions are a set of characteristic equations derived earlier in

Chapter 1£1.

The total number of boundary conditions on the left end of the

chamber depends on the number of physical boundary conditions plus

the extraneous boundary conditions available. The number of compatibility

characteristics equations used depends on the flow directions of the gas

*n part.clas -A *-n a th f'4 'li'' " i4.4,ew4 . at the bolutnamvvry Right

sets of left boundary conditions have been considered in this study.

The right boundary conditions are simple, the gas and particle velocities

are zero before the shear disc breaks. It is necessary to determine

how the characteristic equations worked on a t-x diagram before showing

the difference approximations that apply along the characteristic line.

When both u (xL., t) and up (xL, t) are subsonic, and are flmoing

in the positive- direction and the bed is non-fluidised, (LBC I.,) i, a. Left

Boundary Condition - Case 1 , the Mach lines at the boundaries are

shawm in Fig. 4. In this case there are two laet-runninS Mach lines,

I1 and V, sent out from A and A passing through point 3 at the left

boundary. The II chau-acteristic equation with a slope () ! r- u -c

ad the V characteristic equation with a slope A(d-) - u -

Slailarly there aie four characteristic Lines passing through point a'
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at the right boundary. They are, characteristics lioes 1, I11, IV

and VI, which have slope, ( )d u + c 5 ' (ft) 1t1 " , up + C

and ( V respectively.

The number of unknowns in the entrance region are cix, they are

u , u ". c. Tc, Pc Cw TpsC. These unknowns are determined easily by
8€ PC C

the govsruing equation derived in section 3.5. With the above quntitiLes

determined, we'combined them vith the two compatibility relations, given

by Eq. (A-3.46) and 'IA-3.58) and some other assumptions, tbe six un-

knowns at point 3', ua, up, *, T, P Qnd T arem eterminad.

Since the entrance region is so close to the left b--undary points,

the folloving assumiptions were made to facilitate the use of the two

compatibility relations Eq. (A-3.46) and Eq. (1-3.58), they are

4 1 f v + I i 14. (4.3.1)
"k-.P L A-, L t. m  LAPc t/

TP( l) - TO.(t)(432

P(xL. t).,O PC (-t) (4.3.3)

Fnem ahirteristic eqmuatia V, Eq. (A-3.5$), with tb3 arssoWtiooa given

by Sq. (4.3.1) we obtata" the poreety, $, a eist I by dixect sub-

Otitatism.

7'



The compatibility ralation $iven by characteristic II is Integrated

along its characteristic direction to yield one additio• •l condltion, u

This aqua tion is solved simultaneously vith the other two physical

boun.ari conditions Eqs. (4.3.1) and (4.3.3) and the zalcalared # -t 3.

The firs: two conditions further Involveir two Lzre unkamius, t ckwaber

pressure P c (t) and the chamber partt'.ele olocity. upc (t). The 6iquatSona

±nwolv•tP (t) ad u? (t) are give by Uqs. (3.5.15) and (3.5.6),

together with Zqs. (4.3.1), (4.3.2) sad (4.3.3) fors a closed systaa.

The characteristic equation 11 cm be solved sim1mbeouuly w.ith

WA other equations by dire•t su!7stitv~tions. Riumrical oscillatioas

tre mbsrved when the coefficients of the differential tams are

evaluated at A (Fis. 4). In aider to overcome the nuawrical oscillations

In the boundary calculations, the sophisticated fourth order s•mge-

rKtta .uageratim method (3W4) was replayed (89) to carry out the in-

rtragtio along the left-znmWS chazscteristics. In order to perform

the U14, characteristic equatlan II is reconstructed to form an

ord.1nary differential equatian in tbij folloz min ,

(4.3.4)

Do preemee difimeew particle eoe.ity diffferea, psaieity difer-

e*., at the right bind side of Zq. (4.3.4) are the properties at I md

the UAeUly -eopeolsAd quamtitie at A• After the fewrtk-.M4

blgemitta lAtaurat"L" ts perfoss. the P& veloCrtY at th* laft

bemedery beeo
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W~i4 *(T,1-rL.+2T3+T*)

uwhee the coefficients T ,T *T ndT are calculatad from

'a (dP)d%- I' At(c45 Az 0\ tiAzAat)/(KAuJ aa

Trm( KP ýJ(dp)5 -! KUL ma (0 -K: JL t .&dJKr

(4.3.6)
foil Pradictor steps,

T+ K. lJAL(dP,ýk`4(j1LdurkK- 4 I~z$)ýL W KtmIgdtyCKaLd

for Corrector s teps

TOW"rature of the gas s T, is found by asixe th e pa tatic

(4.3.7)

Once the bium.Aary values at 3 ha.. been datermined, tht new

iftation of A at the Qest tiM l41e1 Is cSIcUlated f~rom the slope of
aII

the 2eft-umniAg characteristic line at the ciarsant tim, i.e.



I.' I

Similarly, the location of A &L given by,S

XAs As -w As (4.3.9)

The positions of A and A vary slightly with re~ect to tas, sz

the locations of A and A are not involved in the itera.ioAm procdures.
2 5

The above calculations are shown in a flr chart in Yig. 6"

The treatment of the right boundary coMnitions is sirle:a, since

no right ontrol volume is CO&SIdered. 1.% roan.al we ou€y us" six

unkneums to solv l. u,, unm. l. M. r W e oiro the staln-

lees-staee dE~ltao breaks, the r18kt sad of the comburticr chaer is

caled, the WOs ,elc•.ty uI and particle -xLf4€ty, up, 4e always

equal to serw, these cuditiavoa ame givem by

X#Ito (4.3.10)

The other Sfe er aksm e m t wond by the fmer ukaracts1c-ules, 1 ,

In, IV And V. 21ace s Ip v mfety Is very wall L tM uAghbobeood

o f e sheer diwe. cb. esluelm to quit stab).. To reduee da int

7•5
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of computatious, I]4 integration mthod is not lployed herr,. To

obtain the porosity, $, at V' ve directly usbstitute the zero partcicl

velocity Into cauuscterlatic IV, Eq. (A-3.46). Using the sero gas

velocity, zero particle velocity sad the caL•cuited porosity at W',

we substitute Into, characteriatic equation I, Eq. (A-3.40), the gas

pressure, ? at V' Is found Immdiately. Similarly the gas tempezaturo,

T, in obtained by substitutlzg the cal-ulated pressure at B' and other

know quantities -into characteristic equation 111, Eq. (A-3 .32).

?ie dbarc•teri.tic equation VI, Eq. (A-3.66) tbhe paxrticle tperature

is obtained. The above treatasat involves only direct stbrsAtutions,

so the tight boundazy values ame easily obtained. The characte•istic

equatioas 1, U1., IV smd VI are recasted as fo,..l.s,

Cercteris tic equation I becomes

Ar (4.3. 1".)

Charettistic equation ZIT becomes

C ,n, tsuistic equWtMa IV blco

0 (4KK3.14)

M:ncteristic equatimm VI become

K;dr , l) (d + r L CKdt) (4-3.3)

I '£1I ffi~



Eqs. (A-3.12) - (L-3.15) are coded directly into the computer

program in the above manner. (See Fig. 6A,)

The 3,3ztions of A , A , A aud A for tha next time level are

datarmivei4 from

ij I
I M it + (4.3.16)

A P "J-- ',) + xR (4.3.17)

IPKP x - + xR (4.3.13)

A UAat ,•- N,) + ,R (4.3.19)

Since the above locations ci•mge vey. slightly with respect to

tim, they are calculated in advance froL the slops of the character-

".ic lines at the previous time.

When the gas velocity changes sign at the ,eft end, the particle

velocity stil2 remains positive and the bed is non-fluidized (LMC5)(90.

As shown in Fig. 5, there rat three characteristic lines, stauntint from

A A m4 A pasivg through th. left boundary point 5. The character-

Is-tic lines at the right are sam es those in FIg. 4, calculations at

H #2
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B' remain the same.

As in the previous case, all the unknowri quantitieB at the chamber

are first calculated from the governing equations. Some assumptions

are made to facilitate the urc of the three compatibility relations,

Eqs. (A-3ý36), (A-3.52) and (A-3.62). They are Fqs. (4.3.1) - (4.3.3),

Porosity, 0, at boundary point B' is obtained from characteristic

V, The fourth/ rder PRuSe-Kutta integration method is applied to both

compatiblUty cond'-.i,-r., a3.-rng characteristic III and V. Gas tempera-

tur4, T, is determined frOA characteristic iI and gas velocity, u isg

from cha.racteristic V. After all the unknowns at boundary point B'

have been ,letorminad, the above caLculaticna are shown I.n Fig. 7

the locations of A I xd A are determined using Eqs. (4.3.8) and (4.3.9)
2 5

and Lev location of A is given by
3

XA, TL (4.3.20)

Besides the above mentioned LBC (Left Boundary Conditions), six

other left boundary conditions have bean conuidered depending on the sign

of ugh up and the fluidixation conditions, this is shown in Appendix 7.

The extraneous boundary values calzul-ated in the above mimner

converge very quickly. Since the, boundary condl.tions have been well

treated, the amount of error propagated into the intarior grids arm

small.

Mhe combination of finite-difference and the method of character-

istics has bean shown to be an appropriate method to handle this

type of hyperbolic pwtia differential equations.

I~484



TEPIE ASSUMPTIONS

TsI J+1lmT p 2c-4

p PC

i+ 1

ZOLOY RK4 ON CHAIALTERSTICS III

~a

3=J=flO or 9= p

It= TOM w~h

ne7, 71w Mwart for Left Soundary comdltiow-cae 5



4.4 Convergence Tests and Error Analvsis

It is a formidable task for the formal error estimation and

stability anulysis on the numerical algorithm selected for our intricate

system of coupled, non-linear, inhcmogeneous partial differential

equations. This task is compounded by the complicated boundary con-

ditions. In ozder to bypass these nearby insuperable difficulties,

various convergence tests are performed to verify the numerical

solutions converge to the genuine solutions of the origInal differen-

tial equations.

The convergence tests are performed by varying the mesh sizes In

tine and space increments. The solutions change slightly when the

mesh 5izes for time and space are reduced by a factor c". four. Within

the present scope of this two-phase combustion problem, our numerical

solutions are practically unaffected by changing the =esh sizes.

Due to the fact that convergence of the numerical solution depends

on how well the problem is posed, various tests are performed on the

sensitivity of the solution by changing the initial conditions,

boundary conditions and some other iwportant parameters such as the

initial propellent particle size, the fractional porosity, the burning

rate lew, the he&t transfer co-relation, the drag correlation, the con-

ititutive lw of interpsanur stress, the ignition criteria, the

Ignition ,rsa ,low rate etc. In all these tests, the nummrical solution

ara bounded and change only slightly for small perturbations on the

paraitors. The existence of the nuighboring solutI.ous is proved and

the converjeuce of the numerical solutions is therefore assured.



4.5 Stuibility Criteria

When the partial differential equations are represented by the

finitý,-difference equations, high frequency components will not be treated

accurately. This '"accurate trsatent of the high frequency components

leeds to the numerical stability considerations. All f•uite-difference

schemes posses high fraquency components. If these components are

damped or don't grow rapidly with etim, the scheme is stable. On the

other hand, if these componento grow rapidly and finally dominate the

calculation, the scheme is said to be unstable.

In general, the finitr-ditfference systems cannot be assessed for

instability of no&-linsar system. SMstimes, the stability criteria

for the non-lisar case is studied as if it is a linear system.

Several different methods of stability analysis are known in this

field. 'e se•lcted the following methods to evaluate the stability of

our ns••erical scheme, tbhy are:

A. the Courant, Frledricka; and Levy Conditions (C.F.L.) (69),

3. the Energy ~AthAd (7Q).

C. ttae m- Re'mmm stabil.1ty analysis ý173)0

D. Neuristic ftability Theory of Xivt(66).

A. The stability coadution for the tw•ostep modified lichtayer

scbes whe - 0 an Zq. (o.2.1) and the sye•m of partial

different•al equetims Is hyparbolle Is thst the value of Trshoa6

not be greter-than the largst eigenvalue of X. T!tis is Ihown by

*l[maX Iu,±eJg

Ax7



where c is given by Eq. (A-4.13).

It should be noted that the selection of 4t is very critical

for this stabi.lity condition. This criteria is used as a

basic requirement when selecting the size of At and Ax in

the numerical calculations.

B. Energy Method

This method is closely related to an energy constrvation

principle of the differential equation. In many cases the

conserved quantity is not necessarily related to physical

anergy, but generally the square of the independent variable

as shown in reference(0).

Two subroutines are built in the program, mainly to check

the balancing of the conservation equations in both the gas

and particle phase. So the corrector step for the diffusias

scheme and the correctt-! step for the Leap Frog scheme

&olutions are checked. The results are highly satisfactory,

since the balance of all five conservation equations are

checked closely.

C. the von Neumann Stability Analysis

In this method, a finite Fouriar series expansion of the

solution to the model equations is made. Vie decay or

amplification of each mode is considered separately to deter-

mine the stabillty condition. The amplfication factorG,

of the system of equation lies veor nearly in the unit circle.

" aite mahematical step for this stali• ty analysis is shown

in ,,f*=.nce(7V.

,.88 ,%



D. irt's Stability Aualysit

A detailed study on the numerical schme used in this two-

phaaa ecmbustion problem has beon performd. The finite-

difference equations using our present numerical schime was

applied to tha conservation equat ons. Ear.h term of the

difference equations is expanded in a Tayor series. The

lowest-order terms in the expansion must represent the

original conservation equation. Al1 the high-or6er term

are called truntation ezrozs which account for the compu-

tational instabilities of the finite differcnce method.

All the diffusion term are collected fro= the truncation

error tams. Aftar following all the num=ical steps we

found that the effective diffusion coefficients are positive

for the numerical scheme we used, thus the computationul

stability is assured. One typical way to obtain the effective

diffusion coefficient for the numerical solutions of a partial

diffezretial equation can be found in Reference (66).

Irv= tkae above fouw stability studies we have concluded our numerical

sra.. is very stable.

. ,



4.6 Artificial Viscosity

The wmdified two-step fichtmyer s('hema is believed to be stable

when there ia no inhomogeneous and the system of partial differential

equations is hyperbolic. When inhomogeneous terms are included, in-

stability in encountered.A similar condition was observed by Gough and

Zvarts (31 Krier et &l (5) Fortunately, methods are available to over-

come this problem. Gough and Zwarts used a damping procedure based on

the soothing theory of Shuman(91 to circumvent this problem. Krier

et al used an artificial viscosity raramear (94 which provided damping

effect ou the high frequency components.

To overcome our problem an artificial viscosity c, which provides

dwiping, has been added to our scheme. This parmester, is applied ouly

to the Predictor and Corrector for the two-step Leap Frog in the followingI Manner.

(4.6.1)

After this artificial viscosity has been added, the numerical solutions

have no mora stability problem introduced by the inhomogeneous terms.

A3.M weighting factor (e * 0.035) applied to the neighboring mesh points

would ellIinate the high frequency components effectivnly.



4.7 Ciaclation Procedure and nezbbi•i•v of the Proarm

The theoretical model, described by a set of governing equations

together vith the additional relatiouships are shown iu Chapter III.

The sim•lified govearning equations =n section 3.4are coded In a Fortran

1lanpige for -n IBM 370-168 Digital Computar.

A program cunsisting of a mus routina and fifty-three subroutines,

has been deavLoped to solve this two-phmmt combustion problem. The overall

calculation procedure is shown in tbe flow chart In Fig. 8 . The progrm

is basic&aly divided inte fo= sections:

(a) Predictor for the first-step d:ffusing scheme

(b) Corrector for the first-stop diffusing scheme

(c) Predictor for the Pecond-step Leap Frog scheme

(d) Corrector for the second-step Leap Frog scheme

"Ib We-u- caclu'-- 'I*- % t
3

.b

to calculate the right boumdary conditiomm, then to calcuLate the interior

po•nat. This stumce is repeated for the predictor md awrector of the

two steps.

This prog1m has been design81 to be as general as possiloe with

the following sperIal features:

(a) ',ch sot of boundmey conditions are coded into a separate sus-

routine to faciLutate chantes.

(b) Vith uamL mod.ficatims, this prorn could handle inftg

bamdal.7 comtti• e.

(c) All eupirical correlations are coded separately and could be

chanSed radily.

(d) Two special subroutines are developed to check the solutions

for tho. coancted level of both Wif~qpsi end LainPros schmes.
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Thus demostrating the ConveOGmnc. of tbe solutions by the

"Energy wthod " (70).

(e) To insure accuracy .all real nmbers are given in double

preciion.

(f) The mesh sizes of Ax sad At could be easily chaged for Obtainiog

iatS• ciou at -des•id U±a locaticas sad specific times.

(a) Tbe progrm is-written so that the solution process could be

stopped and restarted t ant y Am In the calculation.

(h) Cao blocks are composed of functional groups of progras

parameters.

(i) Memaf nm c has been &"s1ined to he v-ariables for

easy Ident:ficatisn.

(j) The main program contains only call satemnts.

3
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CHAPTER V

CM4PARISON OF THEORETICAL PREDICTIONS WITH EXPU}lIaNTAL DATA

5.1 Experimental Setup

Experiments to verify the theoretical model are carried out using

the cylindrical chamber shown in Fig. 1. The Soometric dimensions of

the chaer are given in the same figure. The spherical propellent

used for the tests is type WC-870, with an average particle diameter of

0.8255 sm. Some physical parameters and chemical data of the spherical

propellent is given in Table 2. The partikles are packed in a ch oer

15.24 ca long with 0,777 cm I.D. to form a propellant bed with an average

weight of 6.95 grams. The cylindrical chamber has a wall thickness of

3.937 cm which is such thicker than the downstream stainless-steel shear

disc (0.81 m.). This 0.81 mm. burst diaphragm provides a fixed boundary and

sI oe za-• t- as a .. . va v o• the ,h h* y. (*Ca, ,n-otp-t , ehnv 4t

1111 V .-. n -. f V- - h --

no permment deformation to the combustion chaaler after each test. Due to

this fact, the same apparatus is used repeatedl/ f. ii stries of identical

tests when the loading denu.Lty is kept constant.

To measure pressure and flame front speed) high frequency Hinihat

pressure transducers (9:V and ionizacton probes (94 (Dytasen CA-1040) are

equally spaced along the chamber. (The pressure transducers are statically

calibrated by a dead weight tester at Ballistics Research Laboratories of

Aberdeen Proving Ground.) They are plsaced at the prescribed locations marked

by G1, G2, G3, G4 and G5 in Fig. 1. In order to maximize chamber strength,

the transducers and ionization probes are placed spirally aslong the chamber.

A gaseous pyrogen ignition system is used to ignite the propellent

bead, d Is sbown schematically in Fig. 9 . This type of ignitiln system

94



TABLE 2

P!YSICAL 0 NPSITI0NAL ANID THERi4O-C~MICAL DATA
UP it 870 PROELMLENT'

Granulation
Maz Particle Diaeter a 0.0965 cm
Min Particle Diameter - 0.0686 cm

Particle Shape - Spherical

Gravlaetric Density - 0.960 Xm/cc

Z Nitroglycerin - 10.0

Z Nomial Nitrogen
Content of liz:ocallulose - 13.15

I Daterrent rnatins - 5.20

Beat of biplosiam - 870 cal/p

Flow Temperature - 2831"K

*This WC870 PROPLn7 MAS MMNUPACTI BY OLIN
CrivORPTIO4, WINCeTrm CA"S
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wras chosen over tkhe conventiOnal tzract ignit ion primer bi*cause it im

capable of achieving both b1.Sh reproducibility an well as varying ±gnittr

strength ond duration. These featureg are aiot characturistic of pOl~e..

ignicers (95). The length of the ignitor chamber 4.763 cm.art the inner

dimtar of the chamber Ls 0.777 ca

Ignitor mass flow rate is doetrzairied ty the choked flow equation

usiug Ignirion ebambier' pressure ardA ý,~rke-4 lan LA w in Fis . 10.

,,M iguit.ýr strength mAd rikpr*Jucibi.itvr are controllee by TegulUtin the

gaseous mi±xture Vizessue r* an he fuel-ozidsnt Tatio. The re~~ctant =Or-

itxation of tastous bydrrgen and oxygen was choson for the igniter beacuae

of its wide flaaahilitT 11&dts an6 because it is easily ignited by sp~arks.

Mhe VAseous reactant% are veU-ai~sd in the igricion cL&mioar and the

;ai '±r%-M lineas are clo~od baor !.Witi.an by. spark plugs, Zlwo spark plugs

are used to insure s successful iguiti~n ;zn every firiag.

The isnition and combuistion chmbari are **parzt*d by' a rtu.ri-

parfvreted camtrgcnt notrae, wh1-h rousists of sevou hola, -of 1/16 inch

I D. 'For grester -now officianc~y, the dima~ter of the holes- U ewiaikde

to 3/32 Inch 4t Zhe intasrfsce between the uozzle and the igniter chamber,

fowadfng a paWabolic entzai.zo. A diatailad descrij'tion of the nozzle is

shmps in kl& .12. Thz w,ývcrta *j'd af Owk nattle is tovered and tightiw-

sealed L.y * tape "~ prevent =urn~ua4 r~actant Seas , from tanteing the pro-

pe~1'~:baft benitlew I T dasign cZ UM~ a iterftrat'sd vosal3e

is inteaded specifitva11y -to provide & rm~iilly mn$fors h-as tin of~ the grnnula*

yropo),lant bedl, to on.ehle * onv-al Iaa2l flow cn'liticn :i~ h.eU uwial

directim~, ftd &too to provide i ad~a,~ t.~rf *A4,'

The transient 4ata obtafted from prtmoure trawiducars and ionizatice

plas Are 'r4awd in the YX .Mude4~6 of a sulti-ekomajn :Wp~ recorder at a

97 4
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speed of 60 ips in order to provide totally time-correlatad results.

The analog data are then recorded on a transient waveform digItizer

(Biomation Wavefora Recorder Model 1015) which obtains 100 data points

per aillisecond of transient data. The data is then expanded by three orders

of magnitude in time and plotted on a conventional x-y plotter at a rate

of oae data point per second.

1
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5.2 Discussion of Results

The theoretical results are obtained by using the mathematical

modal presented in Chapter Inl. In actual computer coding the simplifiad

equations (see section 3.4) are used. The solution method is shown in

Chapter Mv.

The predicted values of pressure-time traces at vazious locations,

such as G2,G3, G4 and G5 are shown In Fig. 12. As in a typical sat of

&%perimeta. data given in Fig. 13, the pressurization process at the down-

str•am portion increases faster and eventually overtakes the upstream

pressure trace. Further, the data obtained from pressure trsnsducesrs show

that tVe rate of pressurization invariably increases in the downstream

direction. In Fig. 13, the pressure transducer Gaue 1 (Gi) was positioned

I" the 4am4gtr ehnmt And 1aem*ma e a a Phehak hkAprklnw PnnAl4 t4 at t%&

zzule, it was found to lag 'ý'.hftd the rise In pressure at Gauge 2 location.

The foue other ggUles, G2 to C5, were positioned aloun the propellent bed

with an equal spactxg of 3.1'5 c (See PIg. 1).

T'be pressure traceA vmaaured In the grIansl bed ind•ate that an

spectrea puaga (swh he 62) saese rhe pressurisation uch sooner than the

gauges at d•-.ustream positions. Novever, the rate of pressurization is

sigulicantly higber for the domwstrm gauges. It Is also iutereating

to mote that the pressure peak foz 95 is slightly ahead of G2. This in

becaus the deVprmo~uriatme effect due to shear &ic rapture. over•oms the

psreseu?±tion due to propellest gasIfication at a gives statine, the

proesure-tnm traces stant to decline. The pressure at all statiovs drops

;vak to o"e afmospbre, sading a tramtot Interval of about S maec.

The p?.qeud preasre-tim traes correspod• to locatt os 62. G3.

04 and 6S a"e WK, vful~y siqwer h ch "isole eerimeital. daeu, for s
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p of GI a 1,300 Ktica 2

G2 a 2,270

G3 a 1,!00

G4 a 1,7S0

GS a 1,230

Ti!e (•€c)

(be.am OJfmt ?era Lc~raU7 •'oi ~r :J.L-,)•
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separate firings (testad under the axact conditior,) are shcvn on ?iSs.

14, 15, 16 and 1 respectively. The shaded region represes..ts the degrea

of sý.att.er of the experiaital data. The silId lines represent th, theoreti-

cal predictions for the r-: in ;-.aessure at the ccr,'esponding stations.

Since the theoretiual ca•l..l~stion is limited C the tims interval prior to

the rapture 6f. the shear disc, no cuaparison is made for the depressirizatiou

processes.

Fig. 14 shows a major portion of the predicted pressure trace at G2

lies in boeween these firing data, for the early part of the transient

interval, the calculatid value of pressa.e is lomar then the experimental

data. This is probably due tc the emirical correlati,.zn used for the drag

term in the 3ranular bed o! inert spheres (Eqs. 3.8.3 or 3.8.4) and may

result in higher resistance than the real test condition. In Fig. 1L5 and

16, the comparison botwewe experimental and theoretical preasitre-time LrIces

reveals the same trend. That is, the ca•iuclaced pressure at G3 and G4

begin to rise at a later tim than tue expe•.mental data. Xn Fis. 17,

the predicted pressure rises almost at the 3aM tc-.mk Of the expeZimental

results. This gauge, G5 Ls partlal.arly important; for its locatton near

tha s.hear disc Allows us to e~a•ine the strength of tha pressure spikot alore

to the sheer disc.

It is sboom clearly from the above comparison thit thei predicted

prun-re-time vaciatitns at Z2, G4, US Saug locations not only have

the right magnitude but also have reanouab.e slopes. Tho preswsure rise

tims aem also vot fhr frra the e-AprAental eawuremeno,.s. Although the

comarison at G3 is lese satisfactory than those at G2, G4 sad G5, the

slope of the pressowe-tiue traces at (3 Ls not far fwe that vwhi was

604
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In Fig. 18, th& calculated f lane spreading rate is compartd with

test d•ata fr= three separate firings with ionization pin meeasremants.

(Throe othez firings of the .am& series consisting of the six ruus men-

tioned above, had no flae frout ieasuremants). The calculated reulJts

again check quite closely with thG experimenta.s data. Both the tbeoretical

iesults and experimental data indicate a significant increase in flwe

velocity as the cesbustion wave propagates In the shear disc direction.

Fig, 19 shovw presaure distributions calculated for various times,

with the locus of the ignition front (dashed curve) superimposed.

Beginning with the trace (t - 1.26 usec), the pressure distribution

quickly develops a c:ontinonWal divide a n the Srmdisnt on its right side

becomes steeper with increasing time from the increasad gasificatlon rate

in the combustion zone. The pressure gradient grows to the left of the

pOW-& due to the reverse flao of sas" from the Vranular bed to the igniteT

chamber. Thus, voen the pressure at the head end of the grsn al• bea

bezomes bhiher than that in the igniter chamber, the igniter chamber

saere as a mass and energy sink to the combustion chavber. The rasulting

reurse flmo of gases also makes the peak more proncuuced. Further, the

reverse gs flo eventually causes the pressure trace of t - 1. ý4 to crows

that portion of the pressnre distribution at t - 1.42 wsec (this can aLso

be seM from ?i. 14). Xea the end of the ch•ber the lcus of the inition'

front curves sharply upward (Pig. ig), due to the aztromLy r"pid prasnur-

Ization near the shear disc.

!'I. 20 shows the t•eperature distribatio (at times corr*gpMadkq

, FTI. 19.1, with the 1oris of the ignition front shown b7 a dashed curve.

The advasmmet of the aombustion wave in the •rsular 0ed is readLly

men. to in the t~ss•aent, the pressure in the sstem Is low, so in

__ _ ___lot
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order to heat the granular propellents to ignition condition, the gas

temperature at the ignition front mut be high. As the pressure rises,

the beat transfer from tae gas to the unburned propellent becomes more

efficient and the ignition front locus descends. Finally, near the

end of the granular bed, vhere the gas velocit" is small, the convective

heat transfer effect decreases consider:ably and, therafore, the gas

temperature at the ignition front aga••n rises.

Fig. 21 shown the particle teW.-rature distributions. In this

figure, the locus of the igniti.,, front is not shown, because it is only

a straight line across the temperature rcale vith T equal to Tabl*

The rate of flame front spreading is observed to be more pronounced at

the later stage of the transient event.

FiS. 22 shows the ocrresponding gas velocity distributions. Early

in the transient, ignitar gas flows into the granular bed and the gas

velocity is greatest near the nozzle end. Later, wih combustion occurring

in the granular bed, a peak develops In the velocity profile driven by the

pressure gradient near the ignition front. Still later, the pressure

graidient In the granular bed near the nozzle causes reverse flow of hot

gases into the i••iter chember; therafore, the gas velocity is negative in

the left portion of the cmbustie chmber.

In FI. 23 the particle volocIt7 distributions are shown on the same

scale to smpbhise the fact that particle velocities are In general much

lower than the gao vlocity. The mition of the jerticles are gmnstated by

the pressure gradiment developed In the granular bed. Later in the cranesent,

a fraction of the particles myve In the reverse direction near the nozzle

end.

The poroesity distributions in fig. 24 show sone interesting pheoana.

113
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Initially they are quite unilorm, but whoma combustion rtarts at the

noscla end, grain naotion guaerated by the pressure gradisut re-pack the

granular bed to reduce the perosity ahead of ths ignition front. Eehind

the front it increaces as a result of burning and grain motion in the

forward direction.

Quautitatively, the caltulated and ezperimun.ai zsults ata in good

greeaent. This verifitas that the simplified equaetone in section 3.4

are truely valid.

-he shear disc that ZaAls Lte right end of the chamber is calibrated

to withstand a maximum pressu= of 773.4 Kg/cz2. The numerical calculttior

stops when the pressure near che shear disc reaches this critiral value.

The calculated reqults, show that the diaphragm breaks at 1.638 uwaec.

Similarly, in the experimental process, combustion was teoiuiated iediately

at:er the shear disc raptured, dua to deprsesurization of the chamber.

Il18



CIZPTEI VI

CONCLUSIONS

An investigation has been conducted for a two-phase. graniular pro-

pollane comb-ition problm•. Several mportant conclusions are sumari•sed

in the f•c1•4lcg.

1. A successful theoratitua model has been developed to describe

the combustion of mobile granular propallats. The calculated

prassure-trm traces and flame propagation rate agree closely

vith the *xptrismntal results measured by high frequency pressure

transducers and ionization probes.

2. A modified tw-step Richtcyer explicit scheme is Mployed in

solvlAg tke system of hyperbolic partial differeAtial equations.

The solution shows that this method is stsble and fast con-

verged: whan the boundary conditions are solved with the method

of characteuistics.

3. According to the theoretical calculations and experla.ntal

obserations, some speci#l featues of the combusion process

In gnualar propellents are noted.

(a) The rate of pressurizatiin intreasss in the dowastream

direction and the pressure pek developed IA the 5raaula

bad ;zavwels doeNstrm.

(b) The flame spreading rate lwxrece sIp~ltfic tly in the

downstream direction.

(C) A stwonpr igniter causes faster flems spreadig• d lISo

a higher rate of presauuizastlm

(d) Igniter ps fl1u moects the bed and ctaus the propoLlmt

Valt" to uno tn the ase diaM directim.



(e) As the pressure peak devilops in the chaeier, the gra and

particle respond to the pressure gradient by moving from

center toward both ends of the chamber simultaneously.

(f) ?or tightly packed beds, the particle velocity is sig-

niflan~tly lower than the gas velocity before the rupture

of *hear disc.

in
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APP £NIX 1

Conservation Equations in the Eulerian ?oau

The governing equations for both the Sas and particle phases in

the Eule-rian form can be deduced directly from the governing equations

in their divergence form liven by Eq. (3.3.3) - (3.3.8), asu•sug A is

constantt.

The m=s equation of the gas phase in the Euleri-an form is

mL 2d 5 + S ) -P Of .-PUqg) 40Pa~f[m AsrlPp(A-1. 1)

The mmss equation of the particle phase is

The smosontm equation of the gas phase is

+P('*tg (0i.g

As~ rb6*))-(sV (A-1.3)

The muewtmn equatim of the particle phase is

TM erlV equatiss of the partiele phame Is

4QtAsf(S40A ) m+ %y ht
- ,T. b45



Af"MI 2

"Mayical Solution of the Sold-Phase Heat Eouation

The heat equation for unburned spherical pellets at a fixed

location is give by Eq. (3.3.9)1 vwhch ca be rr-sforusd into the

fourier heat equation for the slab case (,9 by def ining

T•w-T,- To (A,-2.1).

The heat equation become.

P m(A-2.2)

The InItial condition becomm

t -O : Tp*(o. r•-o (A-2.3)

"Tme.bomdaar comdtoms become

wo-0 :(,0)- (A-2.4)

Lp) ((A.,2.3)

We Mv p;: fnci~to? CIlk



Time Period 1 : Before the thermal wave has penetrated to the

center of the sphere, i.e. 6 < rp (See Fig. 25).

These four constants C e Cis C and C are to be determined by

four conditions. Three of these conditions are,

9 (.r, (A-2.7)

T; (1, r,. -6)=O (A-2.8)

aid

•r N" r,., r T *,) -T* •rP)'Z (A-2.9)

plus the smoothing condition:

'4(t.(A-2.10)

which teodo to asks the temperature profile go smoothly into the initial

te"Wracure. We define 6 - ra - 6, and after somn alaebraic sanipu-

lations ead substitution C , C, C C are . follows:
a L a

" rCe' rA-2- 11) rj •-••

C.... . (. .,•,l.)z3rrM
rip,



TP

T "I-

-- r6- -Nero. 6- wo

GI

now* WiMps1*sit Ouide
ad& o



a a.
Cgamm(A-2.12)

Ca- -3rr, r& (A-2.13)
erpo' r.'- r r-

4.. (A-2.14)

Substituting (A-2.U) to (A-2.14) in (A-2.6) we get

T*t w - W)3 (A-2.15)p f ,fo 3-.3,ro %- • '&

for r > r

differentiating Eq. (A-2.15) once we have,

differentiating Eq. (A-2.L5) zvi:ce we have,

-- - ,, (A-2.17) •

tb r TV* (t'rv )(t) substitutint thIs Into (A-2.13.)
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Eq. (A-2.18) expresses a relatlonship between the pallet surface

temperature and the penetration distance. As a result, there is really

only one unknown f(t) [either T ps* (t) or r6 (t)] in Eq. (A-2.15) and

t'his will be obtained frou the heat-bealance integral.

Integrate Eq. (A-2.2) with respect to r from r6 to r , we

have

r~TCdr drat r- L (A-2.19)

The IRS of (A-2.19) am be expressed as

Oc.~~~r- I~{ rrT)'.4C,'~r-.( (A-2.20)

Thi LBS of (A-2.19) can be exzpressed as

1&

*Fari e r LtL (A-2.21)

After substituting Eq. (A-2.20) and Eq. (A-2.21) into Eq. (A-2.19)

and me rearragmeag of tex= we cam up with an ordinary diferentiel

equmtia by mea thIs Antemr l mtw,

m~ (A-2,22)

4 T
Seu.gthi equetie •n tene of - , r 6 •s replaced by 8dt

In Sq. (A-2.181 we hawe -1

1)5



T-3 r ? (t) .(A-2.23

Differentiating Eq. (A-2.23) with reaect to t and rearranging

we obtain

" 3zfroL- t (3 rp, - • 5)d

Substituting Eq. (A-2.24) into Eq. (A-2.22) and using the definition

of Z (t) and the definition of T * we finally have

+

PP

where 8 can be obtained from Eq. (A-2.23) with 6 expressed explicitly,

r rp 3 t-T*J•f)l; Jr&CTO(*JT) ] (A-.26)

()-(Tpjt~)-T.) + ir~hr~t )T(~t)-Tn~(tj) (-.6

for 0 < 6 < r

PS

Eq. (A-2.25) is not well posed, because when 6 - 0, it will blow

up! To bypass this initial singularity, the initial value of 6 can be

based m- the initial values of T , T and h which are slightly

diffurmat from undisturbed values.

Wwu 8 has reached the center of the sphere. the teea. rature

dietrdb'tion can be obtained fram Eq. (A-2.15) by aetting rt 0

(A-2.27)
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This parabolic profile serves as the initial profile for the temperature

distribution at Time Period 2, t represents the time required for thep
tnhzmal wave to penetrate to the center of the pellet in is•ition.

In the similar way the heat equation in the spherical particl.es for

Time Priod 2 is derived (after the thermal wave hav penetrated to the

rceter of the pellet).

Sm equation as Tim Period I ir used,

~4 (A-2.28)

Initial cOrudition:

7P(t:,..!)P,'..-qP• CT (t)'rS (A-2.29)

Boumdary condition 1:

M 0) 00(A-2.30)

Boundarz condition 2:

ST

Again using the &m tewmerature protlle an fefloving the e

procedurs " Tim. Period 1 we obtain

+ -=%V-dI-(A-2.32)GR



APPENDIX 3

Characteristic Equations for the Svste

Five adjoint-eigenvectors, W/ I W/ , W/39 W/ 4ad WI of s atrAx

IM. They are sotutiuos of

(M'-AI)W/*- o
* (M* 3I)W/, 0 "

)W1 0

S0 J

MT s. the transpose of the Wu•mit.z :

S -• o O O

O 0 Up

' ~The five elsenvalvies Az t •'• and x' ore glv=e by 1ql. (3.6.5')
(3.6.9)

The. frst elpmnector frm~ (A-3.,1) is



a c
0-& O~-pCs~.0) Wi 0

, e a•.,.•o o 0, ot?

(•-Ai~/,-• o Cs 0 od 0,-I

wig-I

0 ft -w.kte (10 1

Eq. (A-3.3) i~p~l,:ls W =2 0 (A-3.3)

c, V-w 0

(A-3.4)

(,A-3.5)

settia

S(A-3.6)

wd hdvo

,l (A-3.7)
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(~. 9..C 9  V4 (I-)w 5 v-R4-Wi (A-3. 8)

and

Cr W,+ ((AptasqfC.j)WVSam .W (A-3. 9)
(1-W,

combining (A-3.6) - (A-3.9), we obtain

wi+ .0 - O)CS(I-0)PS

rg a(A-3 120)

By the &an tol-4n, the other four eigewnectors are detervened:

The components of W/ are,.
2

0 (A-3 .12)



The ccupouents of W/ are

W35'IB

[Clk(I44tt~.)4j0 arJRT

The cowipounans of W/ ame

W 4 + w,(A -3 . 1 4 )

The coowonants of W1 am.

Wwas-i (A-3..15)

Sftom W/ W/,W/ W/ andWI/ a~re11nearly Iuymdeut vectors,

we may sustiply the vector d~iffar~ntWa eqtnation Eq. C~.".61) by W/

V/ if'/ am~ d W/ "Ae Obwra, Save .eqwdvd1it aupa~iiam in a new set

""o~pMent v"AxaI". For i 1, .s3,3 40,
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LL# I,

w/,"• - wT; . P +wz T ,,-.,
at (A-3.16)

The inhomogeneous term I , I I and I are defined by Eq.

(3.6.2). Accord•ng to (A-3.1), we have th. equality

WifTM'A,VjK

w£r• -.••
Vwf•h- ,sW',."

(,I-3.) b(A-.i ass

T 15 Z
Tj

W/, P -A, p P iW/" , -,.,,,

0 0 1
for 1 0 I., 2 3, 4, 3

" it " z z an, d Z tb s .86 4 " .s J of u a s T o Pof , T ,o, u

nd* .tasfyb6t the f£oUwi* emadlnss
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.I~r

ý'ul at ar t w

*L Am+AA.av a 5ESO)iWAj

(A-.2) m be remtte a

~'A4

~.(A-3. U2) Is the chara~ctefitet aWepmmtatiaa of Eq. (3. C 1).

This hais beow obtalae4 by cha&Sfts the depem4.at wriablea u 5 T, P*

up sad 4 to mm vuriAbles, z * z I* Z sad Z via the trmsfomuation

(A-3.16) sa4 (AM3.19). These eharecterutitc equscioms cm be euoced
f*tbest vibsYt~ of 06e deflua chavactecsticdretee dim ift4.(.71

aud (3...7..4)..



d'I

/dJVma;EI dx W/~1

kdt •f_/xl_ at. t/x ax.•. (-.2

at t dt :L

Since Z , •', Z , Z• end 2s ae not perfect diiferntial, the

.0 1 f .

characteristic equation (A-3.22). can he represented by the differantials

of u5 , T, P, up and * along the characteristic lines. From the

definitions in Eq. (A-3.3) to (A-3.11) and (A--3.19) we have

asi

I - Was, (A-3.23)

laim Z p uo by th cbM* rm3A vo he

~ j - 144



Similarly, we have

dfj dtt" d+ pfdUr.5 4 j (A-3. 25)

d mmdug t~~dT +-Wcyl~p +Jf'~p-Ld (A-3.26)

cjViL4 md"s+A~dT + "frdP idt +L5 (A-3.211)

kbatitutiiiag Eq. (A-3.24)- (A-3-28) iato (A-3-22) wo.*

Wl(d")t+Wa3 (dT).t +Kldý,K(~~+~W (A-3.29)

Wg (dUg)s *Wa(dT)S + VV (dp.) Ws(dluf)s*ý6(d#l A3.G

-(V4' ijAl

V4 ( Z~~ J KaNTa+L d~g+~ d~~+W s (-.1

1-3.



Where the vector products of W , W/2 , W/ , W/ and W/ vith I

arte •iVn as

Wl#'. m II -VVW ,÷I&. -Wig I,÷W,4A+. j IS÷ I-P(/.

W/r.-1A44 I. +Lw 1, +WW, L+ +Ms .Is. ,*tlWIs

W,'-w,, Is,&. -,.wn 1,.3; +Wo 1*,I,+w . ,- Ke'.

Substituting q. (A-3.34) into (A-3.24.11 - (A-3.33) =d azing the

definitions of I , I , I , I and I , we obtained the characteristit
I 2 3 4 S

equations (3.6.11) - (3.6.17).

Blides the above five charactiristic equations, we still require

the consideration of mother, yet to be determtned, uaamiy the particla-

path Lim iu tha particle phase.

Pros the beat equation of the pazticle phase we (btslmed Eq. (3.3.9)

rUNitten " follows,

rm. -T) . T (T
J.DtU3.35)

_6 __ _-

0.,



for convenience sake ve define the folloving paruasters, the in-

homogeneous term in Eq. (A-3.35) is

6 . r t . c(A-3.36)

and the roa-linaar terms are

-
'F

N , - -IF6 • '~t, 7 _) 

, - . 7

A lter m ord r of m sw ti o"u e am la ys sl , ; Us foum d to be m ch sm as ler

a

thm 1 so wedecifstd t dop fto3 to~m

W e a m b ve a b e t t e r £ *o m o f 1 q . ( A - 3 .3 5 ),

~ T 
12 

o • d e. k o d op t e N . )z

". " 1 + N , (' u p (A - 3 . 3 9 )
- i

( ,A-3." 0) 

-



Therefore, we get

Sd dt:/• (A-3. 4 1)

The sixth characteristic equation can be expressed as

,d•s~ IX•t (A-3-42) i

for Tim Period 1.

A similar equation derived for Time Period 2 is,

K, (d T.,),U+ KT' 4-i,• Kw;ýAt (-.3

In summarz, the final form of the characteristic equations derived

above are shoun in the foflowinS.

The right-running characteristic equation in the gax phase

T o1 efficients of the iaove equation are,

K,-
(A-3A5)

KP:1 (A-3.46)

KU lw (l-awlPLC'

(A-3.47)

LSO



07 [p

Pp5(LP+UCABg.)0 -~ 5(U~cqc7

~jJW~"&L~LL~* 9J I j 2( C'fLp~u34C3-. )t30

The 1sf t-rmaftg Characteris tic equacion in the VaW puhee

Kn(d,4LxK d P4s +K4(d4)AK 0w-ýK~m'ft (A-3 .50)

The mefflctints of the above equatilim ame.

131



Kad (A-3. 5 1)

Kp (A-3.52)

if F!J'-t~pU~ Ci) IJJ(kA3. 53)

(A-3.54)

v~ h,~ (T-T,,)+Po, Ira,(h.hm

( C aT +

+ iJ} (A-3. 55)

The ammspa~ characterititc equet.Lon is. tu.gs I"pbae

152



UP ~(A- 3. 5 6)

The coeffricents of the above equation are,

T Ir 'A-3. 5 7)

p IH (A-3. 58)

Kup cJL-uF+uqrOv.FT(A-3-59)

KO Uf'(-pU$*e(-3. 60)

(-3 . 1)

'4~f 153



The right-running characteristic equation in the particle phase is

Ku, (d up)zu+ Ko (d O)i4•tmAt (A-3.62)

The coefficients of the above equations are,

VuP1 (A-3.63)

Ka- a (A-3.W5

K mAsgDt. ASfjC (-.5

The left-rivming charactaerLsti equation in the particia phase in

"tr"

\ O I (A-3.66)

e~~r ~ K ((dupJ •1

II

S.(A-3.69).

The pacticle-path, characteuistic equatcion iu the Ilarticle ph"se in

either (Tim 1',*1 1),

,'j



At (A~-3.70)

or (Tim Per•od 2),

z~~~~~ d •~.AtK'p (d T,.). Kr (A-3. 7:)

The coax•fici.nts of tba above equations are,

?or Time Period 1:

- J(A-3.72N

?or Tim. Pe•dod 2:

K " (A-3.75)

K~s ( hh (Ae-3.76)

(A-3.77)

L 4r 1-r.h

*Los



AP? = 4

Detaiiniuaton of Eigenvalures for Qhe Governing Equations

The purpose of thLs appendix is to indicate the algebraic steps

to obtain the itgenval-u given by Eqs. (3.6.4). The governing

equations are trausf•rmed into a mtrim forma iven by Eq. (3.6.1).

In ordr to find the eigenvalues of the system w have to set

I- 0 "O,uhere is ivL by Eq. (3.6.3) and I is the identity

ma trix•.

Now ve have the following Iumtri,

0 0 0

0 (A-4 .1)

o 0 0 J~) uP*A)

ft tbe petfota thi £ •onwin almutary rw abd colui 'pevatis:

to s&L.fe to a better torn to "*rste.



Interchange Column 1. vith 2 and expand we get

0 0

o 0 .- Up, k) (e-'0)

o 0 (i-a)
(A-4.2)

Expand Column 1 ve have

PORT

0 -,

(A-4.3.1)

a 4pA)e-ta

(A-4.,3.2)

USA



from (A-4.3.1) we have

) C(A-4.4.1)

from (A-4.3.2) we have

(A-4.4.2)

ExpaAm Eq. (A-44. 1) anzd (A-4.4.2) we get

- + )0'UP .At-CJp+A .A CAJ -0 (A•-4.5)

&-(44eA)'5+c UA.) Cg'il Up (A-4.6)

Mae roots of 24. (A-4.6) are

t4AAJ# C3)(A-4.7)

A, - - (A - c•(A-4.9)

A4-- ((#C) (A-4.10)

frma the prtile. beat equation to obtain

!-F

As
r A q -:1. .. . 1 . . . . ...



c, speed of sound in particle phase, are given by Eqs. (A-6.1) or

Ih
I

I
I

I



F!AtooD~ference. Euations for the Gras Us eraatison

This appendix is ntandd to 8aba a typical vay of expressing the

govening equation into its finito-diference form. The gas uss

equation was chosen here for simplicity. F7rst the divergence form

of the Ioverung equations were obtaine from Eq. (3.4.1 ). For clarity

we r•write it In the following

mxpresslng the above equation accmdixg to Eqe. (4.2.4) and (4.2.51,

we have for the first step predictor and corrector as foflmr,

Predictor:

(p0)" '([P) a (P0(±4)K, - (Ptul)y..13
(A-5 2)

and Corrct¢or:

(P0X"s IT 1(- fol*, [ J (f.If gPOU9 Y~.- (POU4Ag

+e0(MjPj,~ r.)f

in the •ar0retr , llatim, I&* spat derlutes a"i the in-

begmssto= ane awMere betusM the j mi j + 1 uawel texas

Wia8 a uev*t facor,, to whbe 0 4 O 4 1. The saperecipt I, ndicates

a pzsiM. puentin.

1'l



Similarly the second step predictor and corrector are expressed

according to Zqs. (4.2.8) and (4.2.9), resulting in two inalagous

equatiors.

Predictor:

(P)i (PO); - P0U&I -(P04Je)Z).
(A-5.4)

*.at (As Pp, rb)'

Corrector:

(P0r- (P0 " 1+(1 - • j((P0tA j L +L ( ),g - ( Ug)

tAt co-8)(As~p ro.); + 8(As~p, ra),*t(sPr! (A53

In the corrector calculation three levels, j th j + 1 and j + 2 are

used together to average the spatial derivatives and inhowogeneous tr•rm

in Eq. (A-5.1)

Eqs. (A-S.7) - (A-5.5) are the typical sequence for expressing

the conservation equations using our numerical schema. Other con-

servation aquatioue are coded In a similar ma=&r.



APPEMIX 6

Tbe Relationsh•ps nf Interr:anular Stress and the
Soled of Sound in Granular 3md•B

This appendiz is mainly to derive a T (the intrag:mnula? strcss),

ezpression In term of c (the spoeed of sound).

We poooed the speed of sound In the solid propellent as a

function of *, porosity and is describad by, (Tig. 26)

Cref # 00C (A-6.1)

C,-' , K .. •.•) 0÷ >$6 (A-6.2)

c rzf Is obtalnd frhu SOper'q.(9~g) work ad i is a diasio•.las

ezxonet for the decay of c after 4 is reached.

The va••Lcty of propagation is gv it Reference (59) as

Now latepate 1%. (A4.3) for the packed bed r•glan,

sf ttI0(TP )d nPCe r 4 o 4( we'd 2

Aft er latq ati sad resrrmgiag 1 oreu w •.*t

.12
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Figuzs 26 The Dapdudcucs of Speed of Sound in
trhe Solid Pripellent AgegSate

t ?lPacked Fluidized
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___ 
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.
,I

Porosity,

11m. 27 Dcpindese of PlWtculats Stmee Teaser
upu Pwwoetty of the Ntz•tsuA j



For packed beds T Is ezpr"Sed es follows,

tot At

in the cue of ditpersed particles, ve again intoagte Eq. (A-6.3)

from # to 1 a have,

New define r, I * - nad substitute i-, q. (A-6.7)

9 (10) ~p s~mC~et( )[C'L~g..~(A-6 .8)

After mes aSlvbteric maipaUtloas we let the r t~p tssiou -or

a Mf Miad bed.

'r~ U iL~..~k8(A-6.~9)

i• :s qMmsej"e. 1, the bucketed tsm ot sq. (A-6.9) Is

appse-GhIng so", as avomit we hews

*'~ (h4. 10

,___._ _____,..__ .- Lil



When * is larger than * by a small amount, c2 goes to zero

vary rapidly since it's an exponential decay function. Therefore,

T is almost zero.

As a result it is a good assumption to havu the following equation,

(I-OZPOOior >A(A-6.11)

Where Fig. 27 shows the relationshlps becween the intergranular stresg

and porosity, in granular beds, and R is the Heaviside function.

11i6



APPENDIX 7

Characteristics Considered for Va•:ious

(Casev at the Left BoimndmA

LBC1:

- U(pX.t) is pocitive (*);

/

V Non-fluidized and no burning

at left boundary;
Characteristics considered : II, V

LBC2

Ua (x, ,t) in positive (+);

U (ZL .t) is nagsative ()

IV IPl,4idised at leoft boundwy;

V Cl~rarctariraics considered :
or II, IV or V or V7

IV or V

LICS:
u (zL. t) is negative C-);

¶~~ u(X 9L.t) is pooitive ()

/vlAxidited at left bouwnary;

SCcharacteriasis comidahed : r., I:

1657

.4w"/

.1 4A-"



LBC4

US(XL.'t) is nsar•.v (-);/8
U p(XLt) .s negative C-);

Fluidized at left boundary;

1V Characteristics considered
II or II, II, VI or V or VI

I

LBC5:

U ( t) is neSative (-)

u p(Xv't) ia~ positive,()

Non-fluidized at left bourda"y;

Characteristics consideaed
II. 11, V

LXC6

u1 z,'t) is ass.oive (-');

U (z.,.t) is Xts•,tive ,w);

Hom-flui•ised st lef't boundary;

Characteristics cunaidered
V 11 , 111, V, VI

iJ68



U I(ZLt)is Positive(+)

UPZLt)is negative(-)

V Mon-fluidized at left boundary;

V Characteristics c-onsidered 1,

Vii VI

LSC&

(Z~)is positive ()

±5~t IsPositive(4)

FlUddized at left boundary;

Cherecetriatics considered 11I

This avppmdix is to ebo, thm vafooms cases we considered f or the lef t

bomdayp wmd±Uea by vayfg doe flow direstismm of u5 Cx%.t) =4 k(Ll

-W the flu"Iimisen~ am.sdifim at Owe left boumdary. 7bes #igbht sets of

]Aft bOMarW coMdItAMa bsft !MM iup10att" ft tb* C'AUtew PTOV



Lette~~ NO.%MNLATUUE ~ cito

a ?re-ezpcnentlal factor for 4urning rate law

A Cr!),%-sectiomal area of the cylindric~al
combustion ebaaber

A Spenifc *=faom area of the granu~lar pro-
;OsUets, the suxfe.ao .zPOSe to fluid
pex w ua't Volume

A The Iiitoractluar af the 1, 11, 111, IV, V,
1,2~p 1'5~6VX chratt rits tis with tke x-Wz'.v zuear the

laft bounaray of the granul.ar bed

A' The xntersoctious of the 1, 11~, 111, 17, V,
1bZU~~)I6 U chatecteristice with the x~-ax" near the

right boundary of the ganualar bed

b Co-val.me of the CA& t ea.eion of sta~te

3 3otmadary pofzt at the left and o:C th'^

3' Boundary polzt at the ri~;ht eri ef the
ranulAr bad

C ~ ~ Sv iu Gf "td in pavi~e phase

C4 Detorreut amceatrationI C" Colikuation Sa~ lnenb

C specific heat at constant Volvm&

C Sw~4llc Leat at cnnstmit pvwvre

SIM Of t.h* CU"ttý13il' tq~aet:On
it

1) c Th~ .~.& tol ft fogee betwofs the a's mad
pan""o I~wm $P % be, Anezamca raxion

D P Brat lorne &ws to Vo~osity *radiant

D Tke ot.al d.vat force betwun the W~ &ad

DVV
pe %air wetted or**~ ofprUI

tmpme~s.atim deftvetiy wbeu absomm~



K Tozs4 scoard energy (internal plus kinetic

energy) per unit mass

s Gravitae:tonaJ, constant

h Ta average convectiot heat-cransfer co-
C efficient, z•,e pellets

hchuc f apy of the propellent $as at flame

h big Inthalpy of the initer gas

h ad Tha &"rv•lr radiation heat transfer to-
eff•i•ent over pellets

h t The total heat transfer coefficient, the "i:it-
gurface conductance

1% The rate of change of unt:-'surface conductance
i n folloniri a r,,ven particle

W,' Rav£de function

I Lunhbmoneous vector for the governing
aedtions

SZIdentity matrix

I Coaonents of the inhomogeneous vector I

J Heat t. wcrk couversion factor

k Thermal conductivity of gase&

k Thermal couducflvity of particles

StCoeaffic•ent of characteristic equations

K 'Rvesive buralsg cons tant

1ass flew rate of ignitor

Mas 'slow rate of Ses Into the grmaular bed

.&• 1,, e uatri, 4alined to Eq (3.6.3)

s Pnewug. eoesst for the burnU•g rate U,

a TRobeor me:ity of spherical pelleu In the
gratular bed
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Letter Smbo2ls e criition

P Pressure

Pr Preadtl number

evs Vetted perimLter between the chmber
vwal and gas phase

Vetted perimeter between the chamber
wal.l and particle phase

q late of conduction heat transfer per unit area

late of huat loss to the chamber vwall per
unit spatial volune of Sas-particle system

Radial distance from the center of a spherical
particle

rb Burning rate of the soliLd propell•ent

: JRadius of pellets

I Gas cnstant
2r polu- -%I

I& Reynolds sumber, -I

t Time

T Tmaerstumr

Ta &Abltoln t=emrature of the solid propellent

T f .abatic fiame temerature of pallets

bg Tweartuie of the hot igniter gas

Tt~ ZIWItios ataueraere of the solid presellent

T Pe Partaihlegiamef temperat e

OLitial toweat'u-e of penets

T Cosif emus in the fourtb-order hage-Kutta

u Ye~wdty VL respet to laboretsen

.rditelct



Letter Sybol& 2escriotiol

V/ Adjoint ,igenvectors of M
,th

wij j component of W/i vector

x Ditance from the beginning of the granular

propel.ent bed

ZL Left boumdary point

- •light boundary point

Grek S.2 1k

(Ip Thermal diffusivity of pellucsp

1 Erosive burning exponent in the Lanoir-
lob•lard burning-raca law

Y Specific heat ratio

Thermal vave penettraton depth in a spherical
partiale, ueasured from the particle surface

a Difference

p Inissiv-lcy of particle

U• lDyuia viscosity of the Sts phase

p Gas density

0p fuity of pellets

1 .. , ,•, , s EL4UgeJauam of the governing equatcim•s

T Normal stress trmsml.tted in soA puropelmlets

T Seer nst between the chmbsr wal and
Oaf ph&"

Tp ft8h sactsto-tweem the chbser wall nd

*sOUS 8•"1 U. sUtrse In 5 phase

* rIetis. Pealrty

174 9



Gxeek Simbols esrgto

a Crank-Nicolson parameter

V Stefan-Boltumana consetan

A Quentitise& evaluated at Intersections A

A 2 A I, A 4, A *i nd A 6respectively

A' Quantities evaluated at Intersections A'
A't A' 4 nd A' 6respectively

I Quantities evaluated at point 3 at the left
bomdary

c Quantities evaluated at the entrance region

a Gas phase

i Index for discrete points in the patia
direction, z1.-± Ax

Ism Isniter

Quantities evaluated at the uid-point of t
Sol*$and + I 1th level for characteristics 11,

p Par tide phase

2mmnities related to P (Pressure)

tm Qu1aw~tas related to to (time)

T Q~M~tt~s valoted to T (Sa tSM*erture)

tutse us wlated to T Pe article surface temp.)

a quamtem, related toalp (Pee welevcity)

Qmsaiaeerelated to # (Po'i c* ,liity

Q~mmtitiom eveluated at ihe left bomadery

Quantities evaelted at te riot hedes"

the 08 Phaee



Suescription

I 3Along left-running characteristic line in
the gas phase

ZII Along Saseou,-path characteristic line in the
Sa phase

IV Along right-rumning characteristic line in the
particle phase

V Alogg left-runming characteristic line in the
particle phase

VI &•.uh parcicle-path characteristic line in

the particle phase

0 uidtial state

00 O deterrent concentration

30 30Z dtcerrent concentration

Swmerscrints

j Index for discete time increments, tj . j At

T Tzanspose of a matrix or vector

A Predicted value in numerice scheme

SlRate of chnge of certain quantities

light boundary parameters

SQuntllCem related to characteristic I

SQwmttCtes related to characteristlc II

UII Quastiti" related to charstertstic III

IV Qumat:iLt relar*ed to haracteristic tV

Y Qmetiti related to characteristic V

V? Queamt±l s related to characteristic VI

17t " •"
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