1 1RCTROST ATHC 1S 1ks) ON AN | )
VAT O ATION OF G USTERS 01 1 HRO1 S OF

DIGHENFRGY FUML, VOR S() ()1 CONTROD

J . Bellan and K. Harstad
Jet Propulsion 1 ,aboratory
California Institute of ‘J echnology
4800 oak Grove 1)rive
Pasadena, CA. 91109 USA
Cones] »onding author: J, } 3ellan
Tel: (m) 354 6959
FAX: (818) 393 1633
c-mail: jbhellan @zenith . jpl.nasa.gov
1 ’referred oral presentation
Collogquium topic: Spray Combustion
Word ¢ ount: 5503

(W: 229 14: 3206; cqs: *(X2?]= 147; thls: 200;{igs:4 )00~ 1 4% 300- 2,000)




A bstiract

A 1mwdel is preserted for the electrostatic disper sion of a polydisperse cluster of
evaporating drops embedded into an inviscid vor tex. Results fr om this 1 odel obtained
for dense clusters of diops show that electrostatic dispersion decreases the mass fi ac-
tion of the evaporating conipounid as well as the gas density inside the cluster. Since
the sooting tendericy of afuel is an increasing function of the partial density of the
fucl vapor through coagulation, it is inferred that electrostatic charg ing decreases the
sooting tendency. Results show that thesooting tend ency is a monotonically d e creas-
ing function of the chiarge. By using this model for different fuels, it is shown that
sooting of a fuel is associated with two competing character istic times: that of drop
dispersion and that of drop evaporation. It is also shown that the drop evapor ation
time is directly rel ated to the latent heat of the foci thereby providing a simple way to

relate sooting propensity to fuel-sliexific proper ties.



1 Introduction

This study investigates the potential of clectrostatic liquid drop chargi ng to disperse the
drops of a spray inorder to avoid the creation of the fuel-rich-vapor regions where soot
forms. Observations by Sangiovanui[1] Of st reamns Of burning drops showed that the! soot
erission index decreases monotonically with the spacing between drops for a variety of fuels
and oxygen mass fractions in the surrounding gas.  Siuce in Sangiovanni’s study(1 ] it is
only the eflect of drop spacing in a single direction that has been investigated, those results
underestiimate the benefit of drop dispersion in a real spray where a drop is surrounded by
other drops in all directions. lectr ostatic drop dispersion could be combined with fluid
mechanical 1miethods, such as creation of tur bulent vortical str uctures, in order to further
miti gate soot formation.

‘J'hespecificfocushere is on several potential fuels with interesti ng high-energy character-
istics. 7 'he high-energy of these fucls is stool as strain energy in internal molecular bonds.
3 'he goal of the present stud y is to explore the fuel specific electrostatic and fluidi nechanical
dispersion features of a variety of pot ential fuels. A difliculty in pursuing this work arises
from the fact that although high-energy fuels have been synthesized, they have not necessar-
ily been purified so that their thermophysical properties are not avail able. T 'hus, st ategics
were developed in the course of this study to caleulate all thermoph ysical proper ties of these
potential high-encrgy fucls starting from a single known propar ty. Fuel pr opertics evalua-
tion is described in detail elsewhere [2nd is surmmnarized in *J'able 1. ‘Jherepresentative

fucls considered here are benzvalene (13V), Cofls; quadi icyclane (QUAD)), Cy Hy: and di-




hydrobenzvalene (DHI3V), CgHg. The respective strain energies of these hydrocarbons are
81.3 kcal/mole, 78.7 kcal/mole and 80.0 kcal/mole. Although the strain cnergy of these
fucls is only about one half that of cubane, which is 161kcal/mole, they have the advantage
of being directly usable as all of them are liquids and some are stable and blendable with
other compounds. ln contrast, cubane is a solid thatis too crystalline[3] and insufficiently
blendable with other hydrocarbons[3]; even when mixed with liquid compourids to forma
slurry that can be atomized and burned, it does not participate in combustion and instead

accut nulates in the drops(4].

2 BElectrostatic Dispersion Modecl

2. 1The clectrostatic dispersion modecel

The configuration modeled is that of acluster of drops such as observed by many investigators[5),
[6], [7], [8], [9], [10]. Thisconfiguration of a polydisperse cluster of drops ewnbedded into an
axisymmetric, in finite, inviscid vortex where it evaporates and is centrifuged is described in
detail elsewhere[l 1]. ‘1 he model accounts for interaction among, diops through the concept
of a “sphere of influence” [1 1] and includes the two- way coupling between drops and gas il
the form of drag as the drop Reynolds number, Rey, based upon the slip velocity andthe
drop size is 0(1 ) - 0(10). Since themodel is described in detail in[11], here it is only the
modification due to the addition of electrostatic effects that is explaimed. One finportant
feature of thismodel is that the initial drop sirer distribution is partitioned into iTlitia-size
classes which becorne identity classes for the diops. IMach illitial-size class is followed inits
own system of coordinates, 75, as the cl | ops disperse and evaporate. An additional system

of coordinates is used for the gas inside the cluster, ..




The change of the radial force 011 adrop of illitial-size class j, Fy,;, clue to an electrostatic

charge 945 is

(S]"d,.j e de](f‘v' B 7'7/Ldj5(dud,.j/dt> (]>

where [, is the radial electric field, % is the mass of the drop,Udr; is the drop velocity in
the radial direction and ¢ is the time. This is anew term to be added to the radial component

of the momentum equation. The value of 4 is found from PPoisson’s equation

V= pen/eo )

where p, is the charge density and €o is the permittivity of free space. 19q.2 is expressed in

terms of thedrop nummber denisity, 7L, for cach initial-size class 7, as follows

J1°
(1/m)o(rF,)/or= (1/€0) ) qamy ©)

2= 1

where J7"is the total number of illitial-size classes. Practically, this formulation is imple-
mented into the computer code! by following the ring discreti zation procedure explained in
Harstad and Bellan[1 1] and thus

J7T

Ag(rFL) = [1/(2n20)] ) deNp(.gk» 12 (4)

i1
(k- 1/2) L . . L
where N : 2m Gy nyrdr is the number of drops per unit vortex length for initial-
N
size class 7, AV = VW] - V[rE D} where Vois an arbitrary variable and »4 is the

discretization. The electrostatic cnergy is not transformed into heat or dissipated. 1t is

t ransformed into drop kinetic encr gy.




2.2 The Raylecigh limit

Rayleigh has shown that a charged drop cannot maintain its integrity for incréasingly high
charges. I'or a given charge, the minimum radius for which a drop can maintain its integrity
is called the Rayleigh limnit. This phenomenon is the result of the competing surface tension
forces which tend to maintain the drop integrity and the clectrostatic forces which tend
to pull the drop apart. The total drop encrgy is the sum of two terins: the surface energy
W dmo 125, and the local clectrostatic energy per drop Wi = 0.5eq [ 12dV - 03/ (8negRy).

The total energy is minimized at the Rayleigh radius
]id,h’ny = [Q3/(647[?€00>}1/3 (5>

which is calculated from [G(W¢2 -1 W) /014) (R ray) = 0. Since evaporating drops maintain
their charge, eventually they reach a size at which they split forming siblings; this cflect has
been studied by Kelly[1 2] who showed that, inexplicably, at the Rayleigh limit the drops
split into 7 sibli ngs each inheriti ng about 1 4% of the initial charge and having for radius
about 52%00 of the Raylcighradius.

1 ’revioust esults obtained with a model of uncharged drops{l 1 ] showed that duc to the
farg or gas temperature at the cluster nmer and outer boundaries, the drop size decreases
faster at thosc locations. Thws, if the ayleigh limit is reached, it is first reached at either
once of the cluster boundaries. In the present model the drops are followed up to the Rayleigh
limit; fur ther drop splitting which is beneficial because it provides secondary atomization is
not modeled. 1f the Rayleigh limit is reached by di ops at the inner boundary of the cluster,
the computation is stopped because the model dots not describe the complex and unknown
splitting process, and the drops located at lar ger | adial coo rdinates would be affected by such

important changes. These situations are not consider ed to be of inter est. I the Rayleigh limit




is reached at the outer cluster boundary, the calculation is pursued and output of the drops
having reached the Rayleigh limit are further ignored. This does not affect electrostatically
the drops at smaller radial coordinates. It is assumed that because of the small drop size

after drop splitting, the dynamic and thermodynamic effects arc also simall.

2.3 Relation between drop radius and drop charge

A drop may be endowed with a different quantity of electrostatic charge according to the
method used to charge the drop. Using the clectrostatic spray triode, Kelly showed that the

maximum charge that could be given to a drop was

| gd lmax> 7.36 x 10- '} 1Y coul (6)

This is an empirical relationship. In the present calculations, the charge is chosento be a
fraction of this maximuim charge according to Fq. 6. Other possibilitics could be considered
as well, such as a charge proportional to (/29)?, although there is currently no data leading,

to such a relationship.

3 Resultls

In order tounderstand the scparate contributions of gasirrotational mot ion, pas solid tody
rotation and clectrostatic dispersi on, results were her ¢ obtained for clusters of drops embed-
ded into vortices having only irrotational motion. The eflects of the solid bod y rotation will
be investigated at a later date.

Two scts of results were obtained as deseribed in the following. The purpose of the first,

set is to allow the study of electrostatic effects as the drops charge is gradually increased.



The sccond set of results focuses on the fuel-specific bebavior of the cluster when the drops

arc uncharged o1 charged

3.1 Iflect of clectrostatic charge o11 thedrops

To study the eflect of the electrical charge onthe drops, 1 3V was chosen as arepresentative
compound. The initial conditions were chosen so as to prevent the inner drops from reaching
the Rayleigh limit before the outer di ops and thereby destroy the integrity of the cluster
model; thus, calculations were PO forined with a relatively low value of theinitial far field
gas temperature. Constant C in the Nussclt number correlation describing heat transfer to
the cluster(l 1] is 0.5, Cy = iy Pry [(pgre || W5 ) is @ constant quantifying the additional
viscous contributlions due to small Scale Lmbul(rn(:(z[] 1] where jig is the turbulent viscosity,
the average slip velocity is 'y = 3, % 3Ng/ > 35 N, and the characteristic time for the
increase of 7p(1) is6 x 1003,[1 1] so that Ty (1) 75 [1-12/(6 x 10 3)]. This 7pe(t)
variation simulates themotion of thiec vortex througl anincreasing temperature region. ‘1 'he

cluster is composed of a binary size distribution (see Fig.1caption) and

”?(7.0) : NO Aﬁ {( Tin ])/[(Xj (7.8111,j ) 1u,]>}}ﬂj X { /6]'(7‘0 ’ 7'?”,])/[(1/]'(7‘21,1’] . 7'?“1])}} (7)

N = 10 i .20 - >0 0 .. TR . . .
where Tinj * by Re, 0 < by; < 1; Tout boj I8, Uiy < bg; < 1; I3 is an initial cluster

characteristic dimension and the value of Ag; is found by requiring, that 2n flev2 00 /N2 rdr -
in,g

max; (12 arc respectively the inner and outer cluster

and 70 out,;)

o0 S0
Crd 111111](71“‘j) ot

boundaries. The value of §; is specified between 0 and oo, Other initial conditions are the
initial air/fucl mass ratio, #°, the initial gas pressure, the initial drop surface temperature,
79 the initial interstitial gas temperature, 79, 1% /lq(, (“qo : A20/7'0 is the initial tangential

qs? qgu?

gas velocity), and the drop velocities. All these values are given in Fig. 1 caption. ! . the

I




initial radial gas velocity is calculated from the energy equation(11]. Pr, is chosen to be 0.8,

Results displayed in Figs. 1-4 show the effect of the drop charge. Calculations were per-
formed with 0.00, 0.25, 0.50 and 0.75 of the maximurninitial charge alowed per drop accord-
ing to }.q.6. Charging the drops with 0.50 of the naximum charge increases drop dispersion
approximately by a factor of 2 and decreases the evaporation time to less than 50%. The
eflect, of the charge is to increase the velocities by approximately a factor of 10 and to reduce
the nonuniforinities of the dependent variables as the cluster expands much faster and the
drop number densities decrease. The consequence of these changes is to reduce the mass
fraction of the evaporated compound, Yri, and the interstitial gas density, pg,. Since s001,
particle inception has been successfully modeled as a coagulation process[13] whichstrongly
depends on fuel partial density through the quantity of critical inolecular size necessary to
initiate the process, this reduction is indicative of tendency notto form soot. Coagulation
is only weakly dependent upon temperature{l 4], and thus the slight variations of 7, with
chai ge shown in Fig. 4 donot affect this conclusion. The results show that soot reduction is
increased with increasing charge although the largest variation is fromuncharged to slightly
(:harged (25%) drops.

An interesting obscrvation is that in the absence of charge it is the largest initial- size-cl,ass
which is preferentially centrifuged, whereas when using 1.6, it is the smallest initial-size-
class which is preferentially centrifuged. The variation of the total drop numnber density
distribution, n, towards the outer cluster boundary (Fig. 1) 1eflects the fact that it is the
less nunerous, larger initial-size-class whit.]1 is found at the outer boundary when drops are
uncharged, whereas when the drops arc charged it is the mor e numerous, smaller initial-size-
class which prevail at that location. Since the small drops heat up faster, and thus evaporate

faster, this preferential centrifuging promotes mixing and thus »rovidesanadditi orialbenefit




from electrostatic charging.

3.2 Fuel-specific effects for uncharged and charged clusters of drops

0
goo

For each of the three fuels above, severalcalculations were performed. When at fixed $9, 7

is the same for two different fuels, n® is diflerent because the liquid densitics are different;
thus, it is the eflect of the liquid density that is studied. When results are compared for

calculations having identical n® and']’foo for diflerent fuels, it is the cflect of @0 that is

0

goo

studied. Finally, for a given compound, when 772 is increased at fixed %, n® varies because
the initial gas density in the far field, pgm, varies since the initial pressure is maintai ned

andr? . as well as the functionalform of the initial distributions Fiq.7 arc

out

const ant. 7‘?n
maintained constant for all the calculationis. In all the calculations conducted here there is
no {uel vapor in the far field.

Results obtained with uncharged clusters of BV show that , as expect.ed,when’]’fw is

smaller, 7Y is larger, and evaporation is slower. At fixed 770

goo?

evaporation is faster’ when @°
is larger because the cluster is leaner ant] more dilute.

Calculations performed with uncharged drops show that at the sare &% anti 72, 10 is
la] gel’ for QUAID than for BV generating a stronger coupling to the gas, as illustrated in
Figs 5-8. The larger drop momentumn promotes earlier dispersion and higher evaporation
rates for QUATL ). For BV, the cluster stays denser in its cor € and evaporation IS hindered
when compared to QUA ). The fuel vapor mass fractionin the core of the! cluster islarger
for QUATD), but since the mass fraction has a different reference point in the two cases, it
is diflicult to draw salient conclusions. of int erest is the fact that the [ T7c))) velocity angle
(Iig.8) and Reg are both larger for BV, for both initial-size classes, although the drop radial

and tangential velocities, ug, and ugp respectively, are smaller for BV. *J “his is consistent




with the fact that the drops take longer to evaporate (because they stay longer in a dense
configuration) although the latent heats are similar and the normal boiling point, 7}, of BV
is lower than that of QUAD.

Comparisons of results from calculations made for the three fuels with identical @° and
7’50(, reveal that the cluster of DBV droyps evaporates faster, and thus expands Icss, than
that of QUA | ) because it is more dilute and the latent heat is also smaller. 1 Jue to the
lower latent heat, although the cluster of DHBYV is denser thanthat of BV, evaporation is
faster for 11111 3V drops; thus, there is less timne for expansion for the cluster of DHBV drops.
Consistent, with the decreased expansion and higher n0 the gas tangential velocity decreases
much faster for DHBV although the gas radial velocity remainslarger. This interpretation
is supported by the results from the drop velocities. For both il]itial-size classes the velocity
angle is much larger for 1)11 BV (Fig.8) indicating that expansion occurs at a higher rate.
The resulting Yz; and py, arc highest for DHBYV duc to the smaller expansion when compared
to QUAI ) and due to the combined effect of sinaller expansion and sinaller total number of
drops. 'J he conclusion from these calculations with uncharged drops is that at identical §°
and 7§m> the fuel most prone to form soot would be 11T 3V.

Thus, it appears that the propensity 1o soot formation can be explained in terms of
two co mpeting characteristic timnes, that for drop dispersion and that for drop evaporatior 1;
the propensity to soot formation increases with the ratio of the former to the latter. The
characteristic time for drop evaporation is determined by the latent heat because the clusters
of (11 ops are dense during most of their evaporation and thus diops commpete for available
heat. Inspection of properties displayed inTable 1 and the faster evaporation time for | JHBY

shows that this interpretation is correct,. Flectrostatic charging reduces the! drop dispersion

characteristic tinie (Figs. 5- 8) and accor dingly reduces Yrs and pgi. Although it appears that



the Yp; reduction is similar for thesame charge (Iig. 6), interestingly, the p,, reduction is
greater for DHBV (Fig. 7) indicating that it is for the compound most prone to sooting that
clectrostatic charging; is I-nest beneficial.

At the samen? and n?, where j represents the initial-size class, 0 is smaller for13V than
for QUAI). ‘I'helarger fuel mass for the calculation with QUAID) results in more cents ifugation
and drop dispersion at a given time. ‘J'he evaporation time for BV is again considerably longer
than for QUAD.

Comparisons of results from calculations made for the threce fuels with identical N9, no,
n? a Id:[}?oo reveal that it is again the cluster with DBV drops which evaporates fastest.

despite the fact that the cluster of QUAI)drops is leaner. This is again due to the much

lower latent heat of evaporation for DHBV than for BV and QUAT). Consistent with the

much lower evaporation time, the drop velocity angle and the cluster expansion are siallest.

This is somewhat diflerent fromn the situation when ¢° was identical because inthat case
the velocity angle was the largest indicating the largest expansionrate. Here the expansion
rate is smallest as both ug; and ug; have the lowest values for DI BV. The combination
of the smallest expansion and highest evaporation rate produces again the largest values
{or the mass fraction of the evaporated compound for drops of HI3V, leading againto the

conclusion that it is DIBV that will be the most prone to soot ing.

4 Summary and Conclusions

A model of electrostatic dispersion of a polydisperse cluster of dropsin a vortex has been
developed and exercised both with and with out charge for three potentialhigh- energy fuels in

order to determine fuel-specific properties related to soot formation. Since some of these fucls




have been synthesized but not necessarily purified, their propertics have not been measured.
T ‘bus, in somc cases, all properties of these fuels had to be estimnated using well-established
methods or using new methods which had to be created to estirnate the missing; propertices.

This study identifies which high-energy fuels aremore prone to soot formation based
upon their specific properties. When evaporation is faster than di op dispersi on, fuel rich
vapor pockets form inside the cluster of drops; these are the precursors to soot. Results show
that evaporation is controlled bythelatent heat when the drops arc i a dense configuration.
When drops are charged, the additional dispersion clue to the electrostatic form increases
the cluster volurne and enhances heat transfer with the cluster surroundings, decreases the
drop mumber density and promotes evaporation. Theresult is a reduction of the mass
fraction of the evaporated compound and the gas density inside the cluster, despite the
faster evaporation. Yor initial electric charges proportional to the drop size, the smaller
drops are preferentially dispersed. since these arc the drops which evaporate faster, this
preferential dispersion promotes mixing and thus p rovides an added benefit.

T'he results presented here! were obtained for drops and gas experiencing only irrotational

motion. 1'he effect of added solid body rotation will be investigated in the near future.
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Symbol

Benzvalene

@ i0icn = alr mass/fucl mass  13.2

strain energy, keal/mole 81.3

w, ~,/mole 78.12

Ton, K 353

L., cal/g, 96.90

AC,, cal/(gK) 6.8x10- ?
pg/em? 0.879

Che, cal/(gK) 0.415

1, g/ (cing) 0.392x 102

])ml(]/cl H IO) ) CII]Z/S

Ar, cal/(gK)

(JI g

4

0.995 x 10"
3.63x10™"

0.37

‘able 1: P’ropertics of high-energy fuels

Quadricyclane  Dihydrobenzvalene

13.4

78.7

92.14

382

96.85
1.48x10° 3
0.7

0.36

0.316 x10-2
0.999% 10-4
2.67 x10°1

0.435

13.7

80.0

80.14

344

74.50

0 (assumed)
0.71

0432

().35X 10'2 (assumed)
0.978x lo- *
3X10-4

0.437



. Figurc1Decay of the total dropnumber density for benzvalene versus the radial coordinate

at various times. Thedrops in the cluster arc charged with the following percentagesof the
maxitnum charge: 0% (a); 25% (b); 50% (c); 75% (d). Initial conditions arc: %= 0.314,
Toe— T = 600K, Ty, = 300K, 1} = 2 X 107%em, Ry = 2.5 X 107% am, max,o (nd) =
10%cm %, max,g (nd)= 3 x 10%m™ 3 a1 = @2= 0.5, By=fh= 0.5, kY= 2cm, by = bz=- 0.1,
initial drop acceleration for both classes is 20 cm/s, udy =- 100/7% cm/s, Cq- = 0.05. Curves
with symbols (), (0), (/\) anti (s7)are for identical timeson all fig ures and the respective
times are 8.37 x 10°s, 1.75 x 107%, 3.48 x 10°’s, and 5.94 x 107 3s.1n all figures the list of

symbols in order of increasing; times is: (+4-), (¢), (A), (V), (C1), (), (D), (<), (0),and (Q)-

Figure 2 Increase of the interstitial mass fraction of benzvalene vapor with tire versus the
radial coordinate. The drops in the cluster are charged with the following percentagesoi the
maximum charge,: 0% (a); 25% (b); 50% (c); 75% (d). Samc initial conditions as in Fig. 1.
Curves with symbols (i ), (0), (A\)and (V) are for identical times on all figures.

I'igure 3 Increase of the inter'stitia] gas densityin the cluster withtime versus the radial coor-
dinate. The drops in the cluster are charged with the following percentages of the maximumn
charge: 0% (a); 25% (b); 50% (c); 75% (d). Same initial conditions as in Fig. 1. Curves with
symbols (- 1), 0), (/\)and(3/)are for identical timesonall figures.

Figure 4 Temperature evolution with time versus the radial coordinate. T'he diopsin the
cluster are charged with the following percentages of the maximum charge: 0% (a); 25% (b);
50% (c); 75% (cl). Same initial conditions as inFig. 1, Curves with symbols(-), (0), (A)
and (v/) are for identical timeson al fig ures.

. Figure 5 Decay of the tots] drop number density for benzvalene (a), quadricyclane (b), ant]

dihydrobenz valene (c) with timme versus the radial coordinate. Comparisons are made between
drops charged with 0% (left figures)and 25% (right figures) of the maximumn charge. Same
initial conditions as in Fig. 1. Only the curves with symbol (s/) are for identical titnes on all
figures corresponding to 3.48 x 10" s,

. Figure 6 lucrease of the interstitial mass fraction for benzvalene (@), quadricyclane (b), and

dihydrobenzva lene (c) with time versus the radial coordinate. Comparisons are made between
drops charged with 0°/0 (left figures) ant] 25% (vight fig ures) of the: maximum charge. Same
initial conditions as in Fig. 1. Only the curves with symbol (3/) are for identical times on all
figures.

. Figure 7 Increase of theinterstitial gas density for benuzvalenc (a), quadricyclane (b), arid

dihydrobenzvalene (¢) with time versus the radial coordinate. Cornparisons are made between
drops charged with 0% (left figures) and 25% (right figures) of the maximum charge. Sarmne
lnitial conditions as in Fig. 1. Only the curves with symbol (/) arc for identical tiues 011 all
figures.

Iligure 8 Variation of the drop velocity angle for illitial-size-class-I for benzvalene (@), quadri-
cyclane (b), and dihydrobenzvalene (¢) with time versus the radial coordinate. Comparisons
are made between drops charged with 0% (left figures) and 25% (right figures) of the rlLaxi-
11111111 Charge.  Saine initial conditions as in Iig. 1. Only the curves with symbol (s/) are for
identical times o11 all figures.
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