
. _ ._i_+:__ .--, _ "+++,+_+ MIM ++_++
,++ Association for Information and Image Management +!++ _+

+ +

Centimeter
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 mm

1 2 3 4 5

Inches 1.0 - ,_
J32

!36

LIIII'" +,.+
Illil''_-5IIII1_IIIII',_



J



9 os-/3f---I
Submitted tothe

1994 JointUSA-Russla EnergeticMaterialTechnology Symposium
L_,Jv-rno_,Ca1_.fornia(Mall18-25,199J)

EFFECTS OF TWO-PHASE FLOW ON THE
DEFLAGKATION OF POROUS ENERGETIC MATERIALS

Stephen B. Margolis" and Fo_zan A. Williams'*

"CombustionResearchFacility
SandiaNationalLaborator]es_

Livermore,California94551-0969USA

"'DepartmentofAppliedMechanicsandEngineeringSciences
UniversityofCalifornia,SanDiego
La Jolla,California92093-0310USA

PRESENTATION ABSTRACT

The combustionbehaviorofenergeticmaterials(e.g.,solidpropellants)haslongbeen
ofinterestinthefieldsofpropulsionand pyrotechnics.Inmany suchapplications,itis

becomingincreasinglyclearthattwo-phasefloweffectsplay'animportantrole,especially
since,duringcombustion,mosthomogeneoussolidpropellantsdevelopthinmulti-phase
layersattheirsurfacesinwhichfinite-rateexothermicreactionsoccur.Inaddition,there

isa growinginterestinthebehaviorofporws energeticsolids,sinceeveninitiallydense
materialscandevelopsignificantvoidfractionsif,atanytime,theyareexposedtoabnormal

thermalenvironments.The deflagrationcharacteristicsofsuch"damaged"materialsmay
thendiffersignificantlyfromthoseofthepristinematerialdue,atleastinpart,togasflow
inthesolid/gaspreheatregion.The presenceofgasintheporoussolidinturnresultsin

a morepronouncedtwo-phaseeffectinthemulti-phasesurfacelayer,suchasintheliquid
meltregionofnitram_nepropellants,whichthustendtoexhibitextensivebubblinginan

exothermicfoam layer.The presentanalysisislargelyapplicabletothislatterclassof
propellants.

Describingphenomenaassociatedwithtwo-phaseflowisinherentlymuch moredifficult

thananalyzingthose_ng withina singlephase.Thereare,firstofall,certainfunda.
mentaldii_cultiesthatgenerallyrequiretheformulationofconstitutiverelationsinorder

toobtaina closedmodel(cf.Drew [I],BaerandNunziato[2]).Second,butofevengreater
significancefromthestandpointofanalysis,isthefactthatthedegreeofnonlinearityinany
modelisincreasedby theappearanceofappropriatevolume-fractionvariablesthatmulti-

plyeachquantityassociatedwitha particularphase.As a consequence,much oftheearly
two-phaseworkinthisareatendedtotreatthetwo-phasemedium asa singlephasewith

suitably"averaged"properties(cf.MaksimovandMerzhanov[3],MerzhanovI4]).This,in
effect,requiresthevelocity(andtemperature)ofeachphasetobesame,precludingmany of
thepredominanteffectsassociatedwithcombustionprocessesthatinvolvetwo-phaseflow.
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We have recently addressed some of these concerns in severalpapers (Margolis, Williams
and Armstrong [5], Margolls and Williams [6], Li, Williams and Margolis [7]). To be able
to focus dearly on the effects of two-phase flow, the description of the chemistry was delib-
erately simplified.Inparticular,a one-stepexothermicprocess

R(c)-, (i)

wasconsideredin[5]and [6],whereR(c)isthecondensed(liquid)reactant,and P(g)isthe
gaseousproduct.Thus,eachphaseisa purespecies,and gas-phasereactionswereeither

neglectedorassumedtoberemote,aswasthesolid/liquidinterface.In[7],amoreelaborate
mechanism,motivatedbyknowledgeofnitraminechemistryand givenby

R(c)-..,P(g), R(c),-,R(.q),R(.q)---,P(.q) (2)

was adopted,whereR(g)isa gaseousreactant.In eachofthesestudies,thegoalwas

toclarifycerta2ntwo-phaseeffectsassociatedwithdifferentvelocities(and,in[5]and [6],
temperatures)foreachphase.Thoughnotdirectlyapplicabletopropellantdefiagration,

relatedtwo-phasemodellingthataccountsforvelocitydifferencesbetweenphaseshasbeen
usedinthestudyoffiltrationcombustion(cf.Aldush:n[8],Shkadinskyetal.[9]).

The purposeofthepresentworkistoextendtheanalysisof[5]inseveralimportant
respects.First,we formulatea more completeproblemthatexplicitlyincludesmelting
oftheunburnedsolid.Second,we assumethattheunburnedsolidmaterialhasnonzero
porosity,resultingintwo-phaseflowthroughoutthepreheatand reactionzones.Inour

previouswork,theeffectsoftwo-phaseflowwereconfinedtothereactionzone,whichwould

be equivalenttoassumingzeroporosityforthesolidinthepresentmodel.Finally,the
factthatthegasphaseexiststhroughouttheunburnedsolid/liquidmaterialleadsusto
relaxtheconstant-densityassumption_hatwas adoptedforthegasInourearlierwork.In

particular,we now allowforvariablegasdensityaccordingtoa gas-phaseequationofstate
thatallo_austoconsidertheeffectsofpressureonthevariousquantitiesofinterest.These
generalizationsleadtoanumberofinterestingeffectsdirectlyattributabletotheinfluences

oftwo-pha_flow.Forthepresent,we confineourattentiontosteadydeflagration,leaving

considerationofinstabilityand othernonsteadyeffects(cf.[6])forfuturework.
Some oftheresultsthathavebeenobtainedthusfaxareasfollows.First,a multi-

phaseflowtheoryhasbeendevelopedforthedeflagratlonofporousenergeticma*,erials,

suchasdegradednitraminepropellants,thatundergoexothermicreactionsina Liquidlayer
toproducegaseousproducts.Second,bothsingle-and two-temperaturemodelshavebeen

analyzed,thelatterina perturbativefashionforlarge,butfinite,interphaseheat-transfer
coefficients.The combinationofporosityandgas-phasethermalexpansionhasbeenshown

toleadtopressure-dependenttemperatures,resultingina significantpressuresensitivity
fortheburnedtemperature,andhencethepropagationspeed.Formulasforthelatterhave

beenderivedforthecaseofsteady,planarburningusingthemethodofactivation-energy
asymptotics.Theseformulasdemonstratethatincreasesintheconductivityofeitherphase
inthellquid/gasreactionregionleadtoincreasesintheburningvelocity,whileincreased

resistancetointerpha.seheattransfergenerallyhasa similareffectdue tothetendencyof
thecondensedphase,wheretheheatofreactionisir_tiallydeposited,tohavea higher
temperaturethanthatofthegas.
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Overall Program:

Model Post-Ignition Combustion Behavior and Burn Dynamics of

Porous Energetic Solids

1. Predict detailed deflagration structure, propagation velocity, etc.

2. Analyze stability of combustion wave and its nonlinear evolution

3. Determine likelihood of uncontrolled burn (transition to detonation)
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PHYSICAL MODEL
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Important Effects'

1. Multi-phase flow (solid/gas, liquid/gas)

2. Porosity of unburned (degraded) material

3. Boundary conditions (unconfined/confi,_ed)

4. Reaction rate dependencies on pressure, temperature
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Recent Results/Efforts:

1. Development of mathematical models for unconfined/confined multi-

phase defiagration of porous energetic solids

2. Determination of basic asymptotic solutions for steadily-propagating, un-

confined deflagration waves

3. Stability analyses of unconfined deflagration for nonporous materials;

prediction of oscillatory burning

Future Results/Efforts:

1. Predict stability of deflagration structure for porous energetic materials

in both unconfined and confined geometries (linear, cylindrical, spherical)
J

2. Analyze time evolution of confined deflagration; predict onset of transi-

tion to detonation

3. Determine likelihood of controlled versus uncontrolled burn as function

of model parameters

4. Correlate results with LLNL/HEAF strand-burner experiments
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MATHEMATICAL MODELS FOR MULTI-PHASE REACTING FLOW

Global Reaction Schemes for Nitramine-Type Propellants:

R(c) _ P(g) and R(c)_ P(g), n(c) _ R(g), R(g)_ P(g)

Early work: single-temperature, single-velocity models

Maksimov and Merzhanov (1966), Merzhanov (1969)

General models for multi-phase flow:

Drew (1983), Baer and Nunziato (1986)

Present work: Different velocities, single- and two-temperature models

Margolis, Williams and Armstrong (1987), Margolis and Williams (1990)

Li, Williams and Margolis (1990) (zero porosity, constant gas density)

Margolis and Williams (1994) (nonzero porosity, variable gas density)
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I. Steady 1-D Deflagration of Unconfined Porous Material

Nondimensional variables and parameters:

c_ Gas-phase volume fraction
,J

. uz,g Liquid- and gas-phase velocities

pg Gas Pressure

Ts,_,g Solid, liquid, gas-phase temperatures

r, _ Liquid-to-solid, (ambient) gas-to-solid density ratios

b, b Liquid-to-solid, gas-to-solid heat capacity ratios

l, [ Liquid-to-solid, gas-to-solid thermal conductivity ratios

Ksg, Klg Interphase heat-tr_fer coefficients

Q, % heat release, heat of melting

A Burning-rate eigenvalue

1. Overall continuity:

d

a. oL,-_ [pg(ug + I)], _ < 0

d Jr(1 - c_)(ul 4- 1) 4- _c_pg(u_ 4- 1)] _ > 0
b. _

2. Condensed continuity:

a. u_ =0, _ <0

d
b. -3-;[(1 -c_)(ul + 1)] = -A(1 -oz)exp[g(1-Tb/Tl)], _ > 0

a_
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3. Condensed energy (using condensed continuity)"

dTs d2Ts

a. __--_ -- d_ 2 t- gsa(Tg -Ts), _<0
d

b. r(Q + b)_[(1 - a)(ul + 1)Tz]

--15- _ (l-a) +rbKlg(Tg-Tz), (>0

4. Overall energy (using condensed continuity):

.dTs ^A o d (ug + 1)

dfd[ __dTs __dTg](1-_)W +_'_ _< o
d

b. d"_ [r(1- a)(u, + I)(Q + bTz)+ _bp°o_(ua + 1)]

e[ er__er_]=zN (I-_)W+:_WJ' _>o
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5. Equation of State: pgTg = pO + O(M 2) or Po -- const.

1
6. Momentum =_ constitutive relation: ul = - (1 - r - sc_),

r

where s is a velocity-perturbation parameter determined by

a. viscous effects (increase ul, decrease fig)

b. surface-tension gradient effects (decrease ul, increase _g)

Marangoni effects >> viscous effects _ s > 0

7. Continuity, flux conservation across melting surface _ = 0:

a. 7"8= Tz = T_, Tg continuous

b. a+u + - a_u-_ = oL:,- oL+ = sa+(1 - a +)

c. oe+ dTg/d{lo+ - oe. dTg/dl_] o_ -- 0

d. /(1 - c_+)dTz/d{]o+ - (1 - o_,) dT,/d_l o_

= (1 - a_)[%[ + [b(1 - a+)(1 - sa +) - (1 - a,)] T,_

8. Boundary conditions:

a. a=a_, _ <0

b. ug---+O, Ta---+Ts---+ l as ¢_---.-oo

c. _ _ 1, Tz_ Tg--+Tb(unknown)as{ -- +o0

Solution by asymptotic methods .for large activation energy

(exploit largeness of Zel'dovich number/3 = (1 - T b-1 >> 1)

reaction zone becomes a thin front located at { = {r

=> 0 -2 c_ A ,_/3(Ao + f_-ltl +...)
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Asymptotic Approach

Consider Arrhenius factor A exp (-/_,//_°T) •

E_/R°Tb >> 1 =_ rewrite reaction term as

 exp[ 1)]
where

Result' N - Ez/R°Tb >> 1 =_

reaction rate exponentially small unless T ,,_Tb -- O(N -1)

thin two-phase reaction zone following reactionless multiphase preheat zone
Q

Tractable solution in each region, matched asymptotically

8
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Solution to Single-Temperature Model (Ksg, K_g -, _)-

Outer Solution:

a_,_<_

T-l, _<_,Ug --- _--1 (I - as + asf)Tb - 1 -- ug,_, _ > "(,,

1--F(.,.m-1)exp l+a,(l-1) _" ' _ <0

T(_)= B+(Tm-B)exp -7:i+_ _ ' 0<_<_,

where
A A

B = (1- a_)(1-17_1)+ _ba_
b(Z- a_)+ .ba_

/(1 - as) + l'as (Tb-B)
= ^^ In

_" b(1 - as) + rbas _ - B

Tb = (1 -- as)(Q + 1 -l'Tsl) + _bc_s
[1 + c_(_ - 1)]
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Burned Temperature: Tb --- (1 -oLs)(Q + 1 -I%1) . _bas
_[1+ _(_- 1)]

where _ - pg - Pg

a = 0.25If

0

a.= 0.5

0

a. = 0.75

= a. = 0.99
,,j

I I I, i I

0.0 0.2 0.4 0.6 0.8 l.O

10
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Inner (Reaction-Zone) Solution

T-1

o = Tb- 1' ,7= _(_- _), # - (1- Ti-_)N>>1

Seek solutions as

a ~ ao +/7 -za_ + 13-2a2 +-.. ,

ug ~ uo + _-zuz + t3-2u2 +... ,

e ,,_ 1 + _-z_l + _-282 +..- ,

h ~ Z(ho + Z-zA_+ _-2A2 +..- ).

dc_.__._o= rAo(1 - so) ee'
&/

- Tb - 1 (1 -c_o)

Matching conditions:

C_o_as, 8z"_ET/ as 7/_-oo

C_o--* 1, 8z ---_0 as 77--++oo

where

1 dT
D _ (b- b)Tb + Q, Z =_

Tb-- 1 d_ _=_:

12
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1 #
ho = (Tb 1)r(/-0- Z+(_ Z)_

D

(Tb_ 1)rZ(1- c_,), l=i.

In [Z (Z l)a_]01(ao)= Inl-ln + -

In( a°-_)l-a. ' _=l.

Ao =_ Deflagration Speed 0 2 _ A/Sl/_°T_e- $' / _° Tb _ _
D(O,)psEl . f(Ag, AI)

] _ _(_/_)- _ +[(_/_,)- _]_,}'
where _l 1/(1 - as), _g = _z

13
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Deflagration Speed: D2 ,-, /_/_z/T/°_e- &/_°¢b _ _ _
[9((_)D_Ez . f(Ag,AZ)

I 15,_)- 1 _g¢ Xz
where L = m(Xg/_,)-___,+{(_/_,)-,]a,}'

_l i/(I -- (_s), ig -- iz

14
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Some General Conclusions on the Deflagration Speed

1. ['] increases as the thermal conductivity of either phase increases

(o//oS,_>o, a//a_ > o)

2. U more sensitive to the conductivity of the more thermally conductive

phase

3. To leading order in _-1, _ is independent of the thermal conductivity of

the solid

4. U is exponentially sensitive to the burned temperature, which decreases

with increasing porosity and pressure

15
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Results from Two-Temperature Analysis:

Consider regime of large, but finite Kzg, Ksg'

Kzo = B2k =_ 0 -2 c<Ao _ # + k-l#1 + k-2#2 +'-' ,

Zel'dovich Number _ - (1 - Tb-1)N

1. First effects of finite rates of interphase heat transfer felt in the liquid/gas

reaction zone

2. Resistance to interphase heat transfer =>implies that Tl generally exceeds

Tg since heat of reaction is initially deposited in the liquid phase"

Tt_Tg.. _(Tb-1)(l_a)eo(_){ /(l-a) [ (/-/)(I-a)]}_kb q2 - ql l + ([_ l)_ 2+ l + (l- l)_ '

(b - b)Tb + Q Q + bTb

ql = Tb- 1 , q2 = Tb_ 1

3. As Klg decreases, burning velocity increases due to excess temperature

of the reactive liquid pha_e:

_l=_#ql(1-c_s)2 [ 1 ]6rbl q2 - "_ql(1 - _s)(4 + as) , ([ = l)

16
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STABILITY RESULTS (as= 0,Ps = const.)

Extend asymptotic model to time-dependent, 3D case:

a. weak nonplanarity => us,l = (0, 0, ug,z)

b ug,t = ug,z(xx, x2, t)

c. reaction zone: x3 ,_ ¢r(xl, x2, t)

d. nondimensional liquid, gas temperatures O(xl, x2, x3, t), _(xl, x2, t)

(neglect 7s, distinction between solid and liquid phases)

Asymptotics: N >> 1

a. outer zones (preheat, burned regions)

1. exponentially small reaction rate

2. cz= 0 (preheat region) or a = 1 (burned gas)

b. inner reaction zone (asymptotically thin)

1. quasi-steady, quasi-planar

2. ]Tb-Tg,lt<<l (Klg>>l)

c. matching of inner and outer solutions:

1. Closed Outer Problem with

2. Nonlinear Jump Conditions across thin reaction zone (sheet)

17



, 04/19/94 16:01 _SJO 294 1004 CRF-lst. FLOOR _021

The Asymptotic Model'

1= x_/Al, b- _g/Sl, r- $_g/$Sz

In terms of x = xl, y = x2, z = xa - ¢(xl,x2, t),

Oe 0e
cg-T.(1-<Ih)_ z =v29, z<O,

cg_I, 1 cge l v2 _ z > 0
_- + ;(1 - ¢_)h-_; = b--; ' '

Boundary Conditions:

e---,0 as z---_-oo

_I'_l as z--+ .00

Jump Conditions:

e[_=o- = _[_=o+

0_ 0e _- 1 [(1 b)_I'jz=o+ + b]

(oo! oo )- +<b v
+ (1 l) ¢_x z-o+ -_Y z--o*

Relation for Ct; e.g.,

(_, - l)_= (_+ #_+ ¢_)exp[z(v],=o+- _)] (_=0, K =oo)

18
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Basic Solution for Steady, Planar Burning'

(I)o=0; eo=e ", z<0; _0=1, z>0

Linear Stability Analysis:

eh=_o, e=e_+O+_oe _, _=1+¢

Substituting into asymptotic model and linearizing

=e _t±_kl_+_k2u cle p_ , k= v/k_ +k 2,

C2e qz

1[ ] 1[ ]p-- -_ l + v/l + 4(iw + k u) , q = -2-1b- v/b2 + 4(iwrbl + /2k2) ,

+ dispersion relation for w(k)

Linear Stability Determined by w(k)"

a. neutral stability _ Re(iw) = 0

b. Im(iw) _ 0 on neutral stability boundary

=¢,Intrinsic Oscillatory Stability Boundary _(k)

Related to well-known condensed-phase combustion instability for

a. SHS (combustion synthesis); cf. Makhviladze and Novozhilov (1971),

Margolis (1983, 1985)

b. nonporous solid propellants without two-phase flow; cf. Denison and

Baum (1961), Margolis and Williams (1988)

19
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Neutral Stability Boundaries_as = 0)
PULSATING STABILITY BOUNDARY

0

#
unstable

r=.2, |=2 r=.2, lol r=.2,/=.5

r:.2,L:.2

stable

t4_ I I I I I I I

0 0.4 0.8 1.2 1.6 2 2.4 2.8

k

NeutralstabilityboundariesinthelimitK : ooands= 0,forvariousvaluesoftheremaining

p_nmaters.DecreMingvaluesofr andIaredestabilizing.

2O



•_Im._._qv_sap _al f jo t_nl_A _^!_!sod 's_r_au.ntz_d

_u_. _m_.t _q_ jo s_nl_^ p_j .m_ '0 _ s'q:_!_ oo = .,y _rm.q_q_ u! s_,.rz_p=noq _.r[!q_s _a_n_ N

DgO_ ffOOqd "3sI-d_3 DOOI _6g OIG_ go:gI D6/6I/_0



04/19/94 16:03 _510 294 1004 CRF-lst. FLOOR _025

a t

Neutral Stability Boundaries (a_ = 0__).............

stable

i l

o I k 2

Neutral stability boundaries for K = oo a_ad1 ,¢ K < oo, showing that fiaite values of K are
-

.dutabilising. 22



04>19/94 16:03 '_'510 294 1004 CRF-lst. FLOOR _026

Q !

Stability Conclusions

1. Increasing values of r and l are stabilizing (gas has stabilizing effect on

what is essentially a condensed-phase instability)

2. Decreasing values of Klg are destabilizing (less thermal coupling between

gas and liquid reduces gas-phase damping)

3. Increasing values of velocity-perturbation (Marangoni) parameter s is

destabilizing (increases discrepancy between liquid- and gas-phase veloc-

ities)

23
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