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Nomenclature

Ay  drop midsection aregm’)
A  preexponential factasf thekth chemial reactiorfmol, 1, s)

a speed of sounfin/s)
Cp aerodynamidrag coefficient

cp  specific heat at constant press(iikg: K))

Cy specific heat at constant volur@#(kg-K))
D detonation velocitym/s)

( activation energyJ/kg)

H,  heat effect of thé th chemical reactiofd/kg)

h enthalpy(J/kg
hé" j standard formation enthalpy of tjta species(J/kg)

gq drop size distribution function
K

vaporizatioficombustiorconstan{m?/s)
L number of reactions
L, latent heat of vaporizatio@d/kg)

M shock wave Mach maber
m mass(kg)
H vaporization rat€kg/9)
N number of gaseous species
n reaction order

ng drop number densityr(°)
Oh  Ohnesorge number

p pressuréPg

¢  heat flux(W/m?

R universal gas consta@i/(kmol-K))
R radius of elementary sphefm)

r radial coordinatém)

I drop radiugm)

'm micromistdrop radiugm)

Re  Reynolds number

T temperaturdK)

t time ()
t* representative time of drop deformation and breakup (s)
u velocity (m/s)

V  volume Mm%



diffusion velocity of thgth species (m/s)

molecular masgg/kmol)

mean molecular mass (kg/kmol)
e Weber number
X  molar fraction of thgth species
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distance from the lead shock frant)
speciesnass fraction

ratio of specific heats

local liquid density Kg/m®)

thermal conductivityW/(m-K)

dynamic vscosity(N-s/m?)

stoichiometric coefficients

stoichiometric coefficients

D density(kg/n)

o liquid surface tensiofN/m)

Ty characteristic time of drop deceleration (S)
Th characteristic drop breakup time (s)

Ty characteristidropvaporization timgs)

7 characteristic ignition time, ignition delay (s)
() equivalence ratio

¢st  stoichiometric fuel air ratio

Y chemical source terifd/(n?’s))
o reaction ratékg/(m°s))
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Indices

relates to initial value

relates to Chapami Jouguet conditions
relates to drop

relates to gas

relates to thelrop surface

relates to thgth species in gas mixture
relates to liquid

relates to vapor

relates to lead shoakave

relates to large distance from the drop
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Abstract

Together witha review of existing models of heterogeneous detonatlosgaper provides

t he aut hor 6 s mtorakhedryloffhetesoganepessdetanation includiingte-

rate multistepignition and combustion chemistry as wellgasup-screening effects of drops

in suspensionsThe physical and mathematical statement of the prolddoilowed by the
discussion of computational results on detonation structure and detonability limits in terms of
equivalence ratio androp size In addtion, the theory is capable of predicting the effects of



fuel type, active additiveduel prevaporization degree, initial pressure and temperattoe
Finally, the key unresolved issues in the theory of heterogeneous det@mataiacussed

1. Introdu ction

New airbreathing propulsion systems operating on propagaiergpdic detonations have
recently become a topic of intense research and develogfine?2k The most challenging
problem relevant to such propulsion systems is to provide the condatiwhgechniques to
repeatedly initiate detonation waves in a {@@seconfinedflow comprising air and liquid
fuel drops (heterogeneous detonatiat) short distances with very low external energy
deposition Apart from this, leterogeneous detonatioaseused for military purposes and are
known to bea cause of devastating effects at uncontrolled accidental explosions in industry

Contrary to detonationg premixed gases (gaseous detonatif8)s4]), chemical
energy deposition in a heterogeneous detonatiave is preceded by mixture formation. The
explosive mixture forms due to aerodynamic drop breakup behind the lead shock wave
followed by vaporization of drop fragments and molecular mixing of fuel vapor with air.
Chemical energy deposition starts frémealized autoignition events in a partially premixed
medium. Further spreading of chemical reaction fronts in space is controlled by local mixture
compositionand temperatureHere, all known mechanisms of reaction front propagation
seem to be possiblearhinar and turbulent flames, premixed, partially premixed and
nonpremixed flames, as well as transient flames with secondary shock waves and
Aispont ane ¢gpurk At pdrtial prevamrization of fuel dropdheadof the detonation
wave, shocknduced atoignition starts earlier and the contribution of the autoignition stage
to the total energy release increases. In the,liwhiennearlyall liquid fuel is prevaporized
aheadof the detonation wavand fuel vapor is mixed with aithe heterogeneous de#tion
becomesvery similar to the gaseous detonatiamth shockinduced autoignitiorplaying a
dominant role in thenechanism of chemical energy deposition

Despite the differences in the mechanism of energy release in gaseous and
heterogeneous detonatigosermodynamically such waves are very similar to each other. At
similar initial conditions they havaimost sam@ropagation velocities, in particular at a small
fuel mass fraction in the mixture. Moreover, the propagation mechanisms of suchseawes
to besimilar. Both gaseous and heterogeneous detonations propagate due to strong coupling
between the lead shock wave and chemical energy deposition. In suspensions of very fine
hydrocarbon drops in oxygen the observed structure of a heterogeneous aletvast
resembles the structure of the corresponding gaseous detoftti6h The necessity of
ensuring the stabidedagtiodn tzhaendce hoacrkp lweaxw ei mp
completion timein gaseous and heterogeneous detonations shotldiffer considerably.
Otherwise the strongasdynamideedback between the lead shock wave and the reaction
zone in the heterogeneous detonation would hardly exist. Some differences in the
characteristiaceactiontime could however be possible due to vaus stabilizing effects of
shock reflections from particles in the flovccording to numerous observations, the
characteristic time of energy deposition in both gaseous and heterogeneous detonation waves
is very small and doasot exceed-100¢ simplying that detonation ia highlydynamic and
transient phenomenon.

The current understanding of heterogeneous detonations is based more on general
similarity with gaseous detonations rather than on rdite@nal quantitative theory.The
existing theoreticalmodels of the heterogeneous detonation consider the average flow behind
the lead shock wavglOi 17]. Interactions between drops and gas raast oftendescribed



using variougmostlyirrelevan) empirical correlationsbtainedfor a single sferical particle

in the steadystate gas flowThus, drop vaporization is usualigodeledby the weltknown
d*law disregardinghe transient heating period afiropwhich can occupy the major part of
drop lifetime L8, 19], as well adrop deformation ahinternal liquid circulation 20]. The
convectiveenhancement of heat and mass trarisféne twaphase flow withhighly unsteady
velocity slip between phases is modeled by empirical corrections likei Ranghall
relationship[21] obtained for a wetteghorous sphere at steadiate flow conditionsThe
aerodynamic breakup of drops behiddtonation frontsis modeled based oempirical
correlations fordrop behavior behinaiealizedplanarincidentshock waves in inert g422]
neglectingthe influence oboth the inhomogeneous structure of the lead detonation front and
upstrearpropagatingsecondaryressuravavesoriginating in the subsonic reaction zoneaof
two-phase detonatiolThe momentum exchange between phasesuslly modeled using a
concept ofthe quaststeadystateaerodynamic drag coefficiefidr a singlespherical particle

thus omitting the effestof drop deformationneighborparticle wakesetc.When modeling
chemical energy releasi¢,is often assumed that the heat release ratdtimately controlled
either by drop vaporization (fine drops) loy aerodynamic drop breakup (large drof)ch
models of heterogeneous detonatidnsnot account fofinite rates of chemical reactionand

fail to predict detonability limitsin some casesither empirical correlations for ignition
delays [15] or detailedfuel oxidation mechanisms 23, 24] are applied to describe the
detonation structure based ¢ime averaged temperature and gdmse compositignthus
ignoring high intrinsic sensitivity ofchemical transformations tocal mixture temperature
and compositionFinally, in all available models the screening effects of neighbor drops on
interphase mass, momentum, and energy fluxes are modeled indirectly, through
instantaneouskghanging averagkvalues of gas flow parametefs a resultthe finite rates

of accompanying physical and chemical phenona@raompletely neglected

The objective of this paper is to construct a ratiogakntitative theory of
heterogeneous detonationdiguid sprgys anddrop suspensions which cowtlow revealing
possiblemechanisraof detonation propagation, as well@gdicting thedetonation structure,
propagation velocity, and detonabilitymits depending on the physical and chemical
properties of liquid fukeandinitial conditions.

Before formulating the theoritself we briefly discussthe phenomenaelevant to
heterogeneous detonations of sprays and drop susper$sation 2starts from definitions of
the most important concepts (Subsection 2.1) adulesses one by one such issues as drop
motion (Subsection 2), deformation andbreakup (Subsection3.followed bythe formation
of micromist clouds and their vaporization (Subsection 4), autdagnition (Subsection ),
and combustion (Subsectior62.The number of publications in which #eissueshave been
tackled both theoretically and experimentally counts hursirietluding severalreviews.
Thereforethe emphasis ofection2 is made on analyzingnly thosepublicationsthat are
directly relevant @ heterogeneous detonationghereafter, Section 3 presents the
mathematical formulation of the theory and Section 4 provides the analysis of computational
results.

2. Phenomenology
2.1 Definitions

Detonation is the steaestate seHsustained supersondombustion mode propagatinigie to
shockinduced chemical energy releas€éo get an idea about the mean values of
thermodynamic parameters and flow velocity in the detonation wave one can absurtie



Figure 1: Schematic of the structure of heterngeus detonation

heterogeneous detonation exhibits the classicatldoneme nsi on al (T1vDn Zel O
Neumanni Doering (ZND) structure very similar to the 1D structure of gaseous detonation
[3, 4]. Figurel presents the schematic of the detonation tstredn the frame of reference
moving with the detonation wave. The lead front of the detonation wave is the inert shock
wave propagating at supersonic velociy. The lead front is followed by the subsonic
reaction zone with energyegosition to the postshock flow due to gdmase chemical
reactions between fuel, oxygen, and various intermediate reaction products. The reaction zone
is terminated by the Chapmalouguet (CJ) plane where the gas velocity attains the local
speed of soundhus avoiding penetration of weak gasdynamic disturbances upstream into the
reaction zone. Black dots of different size and shape inlFdgnote liquid drops. In the
adopted frame of reference, the tploase medium consisting of liquid fuel drops amd ai
approaches the shock wave at constant veldoitgqual to the detonation velocity. Due to
high dynamic and thermal inertia of liquid drops as compared to gas, the drops enter the
reaction zone with velocityD and initial temperaturdgo wher eas t he gas fi ns
changes its velocity in the shock wave fré@nto uys and temperature fromyg to Tys. This
is the reason why various physical and chemical processes are activated immediately behind
the lead shock wave, namely, drop deceleration, deformation and aerodynamic breakup, drop
mist dispersion, heating, vaporization, turbulent and molecular mixing ofvapor with
oxidizer, ignition, and combustion. Since these processes are highly interrelated with each
other, the entire phenomenon of heterogeneous detonation looks very complex even in the 1D
formulation.

The typical values ofmain characteristic paraters for the detonation of a
stoichiometric hydrocarbdémir mixture at normal initiatonditions (airpressurepg= 1 bar,

density pgo=1.2 kg/m?, temperatureTyo= 293K, and the speed of souragy =340m/s) are
listed inTablel. These are theetonation velocityD , detonation Mach numbevi =D/ayg,
gas pressureps, density pgys, temperatureTys, and velocity ugs immediatelybehind the

leadshock waveand gas pressurpcj, density pcj, temperaturelc; , and velocityucy in
the CJ plane It follows from Tablel that the immediatelpehind the leadhock wavethe



Table 1: Main characteristic parameters of figl heterogeneous detonation

Parametel D , M ps, IOgS’ TgS’ ugs, pCJ y pCJ , TCJ f UCJ y
m/s bar | kgim?| K m/is | bar | kg/m®| K m/s

Value 1800 | 5.3 35 7.2 | 1680 | 300 18 2.2 | 2800 | 980

differences  in  phase  velocities Au=ugs—ugs=D-ugs and  temperatures
AT =Tys~Tys=Tgs—Tgo attain very high values: approximately 150 and 140,

respectively. As mentioned above, these differences become driving forces for intense
interphase fluxes of mass, momentum, and energy.

When studying the heterogeneous detonation, we usually deal with initially
nonuniform polydispersed drop suspensions. Drop suspensions are characterized with the
local liquid densityry, drop number densityy , anddrop size distribution functiomy . By

definition, the local liquid density is given by derivatiyg =dm /dV, wherem is the mass
of dispersed liquid an¥ is the volume. In geeral, the values ofyg, Ngg, and gqg as well
asngq, Ny, and gq ahead and behind the heterogeneous detonation wave, respectwely, ar

the functions of timet and Cartesian coordinates, y, and z due to various physical

processes (drop dispersion in the flow, gravitational sedimentation, vaparjzsrodynamic
breakup, etc.). At knowry and ng, one can readily determine the local instantaneous-mass

mean drop radiusg, :
1/3 /3
SENE
4ang Pd

where pq is the drop material density. The first term in the rghhd side of Eq1) is

nothing else as the local instantaneous mean rdglio$ the spherical gas volume attributed
to each droplet in the suspension:

1/3
R=r4 (pdj 2)
7d

Reactive sprays and drop suspensions are more frequently characterized by the local
instantaneous equivalence ratidg and ® ahead and behind the heterogeneous detonation

wave, respectively. The equieslce ratio® is defined as

o=_"1d 3
¢stpg ©)

where pq is the local instantaneous gas density ggdis the stoichiometric fuel air ratio.
In terms of the equivalence rati6g. (2) can be rewritten in the form:



1/3
R= Pd 4
rd(pgq)(ést] )

For liquid hydrocarbon fuelspq = 700—800 kg/m®. Therefore for locally stoichiometric
mixtures(® =1, g5t ~0.06) immediately behind théead shock waveof the heterogeneous
detonation where pg = pgs~ 7.2 kg/m® (see Tabld), the mearradius of the gas volume

attributed to eackrop isabout R~12ry. Taking into account thashockinducedbreakupof

drops results in the formation of dense cloudsf microdrops withlocal instantaneous
equivalence ratios®>>1, we come to the conclusion thahe rational theory of
heterogeneous detonations mu st i nclude s cl
interphase mass, momentuamd enegy exchange.

To model thescreening effects, we will follow the approach suggesteti8ni9. For
the sake of simplicity, this approach is demonstrated below for a spatially uniform and
monodisperse drop suspension inaiconditions with no gravity and forced convection. For

@ , )
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Figure 2: Elementary cell for the uniform monodisperse drop suspension. Black circles
denote drops. Circumferences around drops characterize the spre#dsidrdifluxes from
individual drops. © Spray effects are absent) Spray effects manifest themselves. Dashed

line bounds the elementary cell with zero mass and energy fluxes through its sR¢fase;

the characteristic cell size (halfstance between drops) threedimensional elementary cell
in the form of regular polyhedron with 20 faces



such an idealized suspension, one can construct an elementary cell in the form of hexahedron
(in the planar case, see Fig&a and 2) or polyhedron with faces in the form of elgeral
triangles (in threaelimensional (3D) space, see F2g). This cell representgxactly the
volume of gas attributed to each drop in the suspensBearly, due to symmetry
considerations, mass, momentum, and energy fluxes through the polyhesksmast be

zero, therefore drop behavior in such a suspension can be modeled by solving the governing
conservation equations for a single drop with symmetry boundary conditions at theAfaces.
shown in L9 based on 3D simulation of laminar flow patt@anound an evaporating drop, the
polyhedron cell can be approximated with an elementary sphere of Rdjuen by Eqs(2)

or (4). In this case, the 3D problem is reducedli® formulation with zereflux boundary
conditions at the stace of the elementary spheWith some reserve, a similar approach can

be locally applied to the nonuniform and polidisperse drop suspensions [19].

2.2 Drop motion
The motion of aingle spherical drop is usually modeled by the equation
dy _1

A4
dt ECD Epg‘ug — Uy ‘(ug —Ug) ©)

with

24 140.15Re28) Rey <10°
CD = Red

0.44 Rey >10°
Ug (0) =ugo

where uy is the drop velocity andiyg is its initial value ug is the gas velocityCp is the

aerodynamic drag coefficientyyy is the drop miesection areajmy is the drop mass, and
Rey is the dropReynolds numbedetermined as

_ 2,09 ‘Ug —Ug ‘rd
g

Reg (6)

(ug is the dynamic viscosity of gas). Equation (5) can be approximated by the equation

d‘ug —ud‘ N_‘ug —ud‘
dat 7y

where 7, is the characteristic time of drop deceleration. For a spherical drop of ngdius

Ag = 7zrd2 andmy = gﬂfgpd , Where pq is the density of drop material, ang is given by:



Table 2: Estimated values of the characteristic timgof single spherical drop deceleration
behind the detonation front
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Figure 3: Absolute velocity distributions for the threleop ensemble at different Reynol
numbers: from tp to bottom Re = 500, 50, and 5
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Table2 shows the estimated values gf for the conditions immediately behind the
lead shock wave of the heterogeneous detonation for single drops of diffeeniTise
estimations are based on the data of Takdssuming thaCp= 0.44 andpy =800 kg/n’.
Clearly, the characteristic deceleration time for small individual drops rith10 € nis
very small:z,<5 ¢ .

The pesence of neighbor drops may lead to considerable modificat@noimotion
particularly in denssuspensionsvhen the distance between drops is on the order of several
drop dameters As an example, Fi@d shows theeffect of thesteadystate flow Reynolds

number Re on the velocity field around three sphedcaps. One can see thilte wakes
behind drops can be very long ahe decreasén the Reynolds numbéfor example, de to



drop deceleration behind the lead shock waaa) result either inanishing orincipience of
dropwakeinteractiors. In these circumstances, for adequate modeling of drop motion one has
to use the local instantaneous approach stream velocity for éap rather than the
undisturbed flow velocity upstream of the drop ensemble.

2.3 Drop deformation and breakup

Breakup of drops and sprays is recognized to be one of the major factors contributing to
heterogeneous detonationligfuid fuels inair. Drasic reduction of the drop size and increase
in the specific surface of evaporatingcrodrops (that may be of an order of magnityde
highly intensifies mass transfer.

As follows from physical reasoning and dimensional analysis, breakup is governed by
the Pllowing basic dimensionless numbers representing ratios of the forces: aerodynamic

force to surface tension or Weber numiWe= 2ry oy (Ug —ug)2/0', aerodynamic force to

viscous force in the gas phase or Reynolds numbegivRa by Eq(6), and viscous fi@e to
surface tension in the liquid phase or Ohnesorge nurdher sy /(Zrdpda)llz, where uy is
the dynamic viscosity dfquid and o is the liquidsurface tension. Ohnesorge number comes
into play when viscasy of liquid is high therefore, when breakup of such inviscid liquids as
hydrocarbons for which Ok 0.1 are considered, its effect on mass transfer can be neglected
[18, 22].

As far as detonation waves spreading in sprays are concerned, the chacadtelist
numbers immediately behind the lestdock waveexceed 1bfor the drops of initial radius
rqo>6i7 € n. This means that the main drop breakup mode is most probably the

combination of strippingRayleigh Taylor instability, and f enoges$[18]s These 0
modes produce two sorts of secondary drops: micromist, as a result of disintegration of the
stripped sheet, and larger drops arising after perforation of the parent drop with gaseous
Afi nger so didaylorinstabilRyaapd disintgghation of the perforated disc. The
larger drops in their turn can further disintegrate to form micromigtakup modes inherent
in lower Weber numbers are important dtansition from deflagration to a detonation.
However these modeslo not result in such a dramatic increase of the evaporating surface
area as do the strippinBaileighi Taylor instability and @ engded. osi veo

The representative time of drop deformation and breakup s

" =2rq(pqg /pg)llz/\ud —Ug
expressed int* units [L8]. The characteristic breakup timg for the drops ofow-viscosity

liquid hydrocarbon fuelén the heterogeneous detonatiorkimwn to beless thanst* [18].
Table3 shows the estimated values gf for the conditions immediately behind the lead

shock waveof the heterogeneous detonation for drops of different initial rggji For
relatively small drops withrgg <50¢ n, time 7, is seen to be less th&h4 € . This means
that such drops experience aerodynad&formation andreakup nearly immediately behind

; therefore for convenience the total breakup time is usually

Table 3: Estimaed values of the characteristic tinig® of single dropbreakupbehind the
detonation front

f40,€ N 10 25 50 100 250

7h, € <0.7 <l7 <35 <70 <175

1C



Figure 4: Water drop {50¢ n in radius) shattered behind a Mach 2.4 shock wave at
t=3.1t*. Initial air pressure is 1 atm

the lead shock wave producing the micromist of secondary droplets. The mean radius of
micromist droplets,, is aboutr,, ~0.1ryq [18].

Note that photographic studies fail to provide information about the state of the
material in the drop wake because of strong light scattering by dispersed material -Eayen X
diagnosticq25] furnishesdata on the overall dengibf the mixture saying nothing about the
structure and aggregate state of the mixture. Figuwigows a photograph of a shattered water
drop of initial radiusrgg=150¢ n in the air flow induced by a&hock waveof Mach
number2.4 at timet=3.1t* [22]. The totally opague wake of the drop consists of the
micromist droplets. The amount of air entrained in the wake is estimated at about 450
volumes of the original drop. If it were a hydrocarbon drop, rather than the water drop, the
equivalence raticb averaged over the wake would be about 5, i.e, the suspension would be
highly rich with fuel.

2.4 Drop vaporization

The characteristic vaporization timg, of a single sphericamicrodrop in thewake of a
disintegrated paremiropcan be estimated based on the watbwnd*law:

7y~ 4m ()

where K is the vaporization constadepending on temperature and pressArsimilar d*

law is applicable to @p combustion, and the corresponding constant is referred to as the
combustion constant. As a matter of fact, the combustion constant is close to the vaporization
constant under conditions when the ambient gas temperature is equal to the fuel combustion
temperature At atmospheric pressure, tkembustionconstant for relatively large-heptane

drops (4 >50¢€ n) is K=0.7 mn¥/s [26]. Both vaporizationand combustiortonstans are

known to decrease with pressyg¥]. Thus, forobtaining an underestimated, values at

conditions behind the leahock waveof the heterogeneous detonation (Tat)lene can use
the value ofK ~ 0.7 mn¥/s.

As is seen from the comparison of Ta#levith Tables3 and 2, the characteristic
times of micromist droplet vaporization satisfy the condition:

Ty >> T, Ty >> 1y, andzry > 7 (8)

Note that the estimates fat,, 7,, ard 7, were made for a single drops a matter of fact,
the behavior of droplets in tlveake ofa disintegratedparentdrop dependson the spacing
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Table 4: Estimated values of the characteristic timeof single spherical drop vaporization
behind the detonation front

s € N 2.5 5 10 25
Ty, € > 36 > 143 >570 > 3570
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Figure 5: Predictedime histories ofh normalized squared radius of treporizingn-heptane
drop(a) and gas temperaturk) for the conditionsimulating those behind the lead Shithe
heterogeneous detonatiomitial drop radiusis 5 gm, initial air pressure and temperature
ahead of the detonatiare 1 bar and 293 KrespectivelyThe indicated values o in the
micromist cloudcorrespond to the following values ofy: ©=0.0012 to 74 =0.0001,

®=1.2t0 ny =0.1, ®=2.4t0 5794 =0.2, ®=3.6t0 4 =0.3, and® =12 toy =1.0

between ngjhbor particlesThe analysis of microdrop vaporization in such dense suspensions
indicates 19 that drop lifetime 7,, increases as compared to the isolated drop in an
unconfined atmospher&or example, Figh shows the results of callations of Smicron n-
heptane drop vaporization behind the ledbck waveof the heterogeneous detonation at
different equivalence ratio® in a uniform monodispersed suspension in terms of the a

normalized squared radiL(smlrmo)2 (Fig. 5a) and gas temperatufg, (Fig.5b). One can

see that the conservative estimate of drop lifetime in Tadequite reasonable. The reasons
for the increase in the drop lifetime in the suspension Witlas compared to a single drop
(curves for® =0.0012 in Fig5) are the gas temperature decrease due to liquid vaporization
and saturation of the interdrop space with liquid vapor. As for the characteristic-gament
breakyp time 7y, it is known to be not much dependent on the drop spacing [28].

Note that the characteristic drop deceleration timein the micromist cloud is
affected by the paremrop breakup timery, as during this time the micromist cloud is

attached to the relatively large parent drop. Despite these effects, the general validity of the
estimates (8) seems doubtless.
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2.5 Drop ignition

Whenthe micromistfuel drops aresubjected to igh-temperatire air behind the leadhock
wave they can autoignite after a certain time period referred to as the ignition telay
Figure6 shows the pedicted time histories of temperature arourgiigscenn-heptane drop

in a micromist wakewith different equivalence ratiod for the conditionssimulating those
behind the leadhock wavein the heterogeneous detonati@ee Tablel). The micromist
drop radiusis taken equal tor,,=5 #m. The calculation was made using the approach
described ing, 7].

It is seen thathte localized autoignition of fuel vapor occurs at a certain distance from
the drop surfaceAt the ignition location, he fuel vaporand oxygenconcentratios are
consderably smaller than at the drogurface and at a large distance from the drop,
respectively The ignition delayz; is defined as the time taken for the maximum rateacdl

temperature rise to attain a presaetue of T, = 10" K/s. The results in Fig indicate that
the ignition delayr; ~ 3¢ :and does not depend d@n within a wide range, fron® = 0.0012
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Figure 6: Predicted time histories of temperatwak autoignition ofan n-heptane dropn
micromistwith ® = 0.0012 (a), 1.2 (b),3.6 (c), and12.0 (d) for the conditionssimulating
those behind the lead SW the heterogeneous detonatitmitial drop radiuss 5 gm, initial

air pressure and temperatateead of the detonati@mel bar and 293 Kregpectively
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Figure 7: Predicted time histories of temperature arounch-@odecanedrop in micromist
with &= 1.2 (a) an4.8 (b) for the conditionssimulatirg those behind the lead SW the
heterogeneous detonatiomitial drop radiusis 5 zm, initial air pressure and temperature

ahead of the detonati@me 1 bar and 293 Krespectively

to 12 and even more, despite the fact that thenngaa temperature behind the lead shock
wave sharply decreases widh (see Fig5b). All other rational definitions ot; led to very

similar results. The important fact that does not depehon @ is explained by the local

nature of autoignition which occurs far earlier than the screening effects of neighbor drops
come into play. To demonstrate it, we have plotted in 6-ign instantaneous halfstance
between drops dhe ignition instant. It is worth to point out that autoignition only starts the
energy release process in the heterogeneous detonation. Further development of reaction in
the space between drops will certainly dependan

Drops ofhigher hydrocarbons have longer ignition delays [6, 7] mainly due to lower
vapor pressure. For example, a similar calculation fornatodecane drop resulted in
7j #13¢ : (Fig. 7). It is worth noting that Tablg presents only the characttitc values of

parameters in the heterogeneous detonation. One has to keep in mind that the detonation
velocity, and therefore the lead sheskve parameters, depend dn. This fact will also
contribute to the ignition delay. Thus,addition to Eq(7), these examples indicate that

7y >>7j andz; >> 17 9)
2.6 Drop combustion

After ignition, the cloud of very fine droplets in the wake dafisintegratecpbarent dropcan
burn in the diffusion contrédd regime. In view of this, laminar droplet burnican beone of
the contributors to the overall heat release behind heterogeneous detonations because the
dropletsin the micromist clouanove at nearly the same velocity as does the gas.

As mentioned aba; the mixture in the shattered drop wake is essentially fuel rich
Similar to vaporization, combustion in dense drop suspensiomenistive to thelocal
instantaneou$iquid density 74 or local instantaneougquivalence raticP . The lifetime of

burning drops i ncr thatengeratureiintthe interdropMpaceebehaves |,
very different from that typical for the isolated dropher conditions being equal.
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Figure 8: Predicted time histories of temperat@atecombustionof an n-heptane dropn air
suspension withd = 0.0012 @), 1.2 @), 3.6 €), and 12.0 ) for the conditionssimulating
those behind the lead SW the heterogeneous detonatibomtial drop radiuss 5 gm, initial

air pressure and temperature atgar and 293 Kresgectively

For example Fig.8 shows the calculated temperature profiles around-la@ptane
drop with r,,=5€ nburning in the micromist wake with different values of equivalence ratio

® at the conditionssimulating those behind the lead skowave nh the heterogeneous
detonation(see Tabld). As seen, the temperature between drops in dense suspensions
(Figs.8b to &d) is considerably higher than around an isolated drop 8)gFor the isolated

drop the gas temperature falls down from fllaene temperature to the ambient temperature.

In the fuelrich micromist, only a part of fuel is burned and the remaining fuel is vaporized
and accumulated in the interdrop space together with hot combustion products. As the
temperature in the interdropace is high, fuel vapor can partly decomposmdoe reactive
intermediate species. In theeterogeneous detonation wave, with thermal expansion of the
burning micromist cloud and turbulent dispersion of midstrparticles, available oxidize

can be enained into the cloud giving rise to high rates of-ghase chemical conversion.
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3. Mathematical formulation
3.1 General Remarks

The aboveestimates of the characteristic timasvarious physical and chemical phenomena
inherent in the heterogeneous detiions indicate that the energy release in the detonation
wave is mostly affected by the duration of combustion of micromist droplets in the wake of
disintegrated parent drops. Keeping in mind thetording to Tabl& the drops of initial

radius rqg ~100 zm and smallerdisintegrate completely during the characteristic timge

less than & : and themicromist dropletsof radius r,, ~0.1ryo exhibit the characteristic
deceleration timey, less tharb € : (seeTable2), one can neglect (in the first approximation)

the durations of parent drop breakup and micromist drop deceleration processes. In this

approximation, the leadhock wave o f the heterogeneous det one
converts the drops of radiugg to micromist drops of radius,, ~0.1ryg. Moreover, the

micromi st drops fiinstant aneugsulsViewofitdoelctieel er at e
difference in phase temperaturesT =Tys-Tgs=Tys—Tgo appears to behe driving force

determining the interphase mass and energy exchange in the heterogeneous detonation wave.
Furthermore,since the relationshipr,, ~0.1ryo provides only a rough estimate for the

micromist drop radiusthere isapparentlya sense to study the heterogeneous detonations of
monodisperse rather thaolydispersadrop suspension®espitethis approximatiordoes not
take into acount possiblenitial effects caused by convective heat and mass transfereen
phasesas well as secondary breakapmicromist dropsand their size distributignt takes
into account an intrinsically important feature of heterogeneous detonations thia¢
localized two-phase mixture@gnition and combustiomnder condions of micromist cloud
The effect of the velocity slip betweg@hasesan be taken into account at later stages of the
research by introducing correction factors to interphase hdahass fluxes.

Thus, in this papemwe @nsider a stationargD detonation wave propagating &
uniform monalispersed suspension of hydrocarbon fuel dropsair at initial pressuregy, and

initial temperaturs of phasesT,o =Tyo. Figure9 shows theschematic of the heterogeneous

Figure 9: Model of theheterogeneoudetonation in fuel drop suspension
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