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Abstract

This report presents a model for the gasification of a liquid boron oxide droplet in high
temperature H/O/C/F environments. The model includes a detailed gas phase reaction mechanism,
multi-component molecular diffusion, and heterogeneous gas-surface reactions. The gas phase
reaction mechanism consists of 103 reversible reactions for H/O/C, B/H/O/C and B/H/O/C/F
combustion systems. The surface reactions include processes that are first order in gas phase
rcactants and thermodynamically competitive with vaporization. Model results are presented that
illustrate the effect of variations in droplet diameter, gas phase temperature, composition, and
oxygen to fluorine mole ratio. In addition, the model calculations are analyzed with reaction tlux
and gradient sensitivity analyses to determine the fastest and rate-limiting steps.

Model results for several calculations indicate that the addition of fluorine accelerates the
gasification process relative to B/H/O/C systems. The degree of enhancement, however, depends
upon the temperature and composition of the surrounding gas and the diameter of the droplet.
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1.0 INTRODUCTION

Elemental boron has long been of interest as an advanced propellant because of its high
cnergy density. Recendy, there has been an increased interest in particulate boron oxidation in
tluorine enriched environments. This is due. in part. to applications of difluoroamino/nitroamino
based oxidizers and new difluoroamino/azido oxetane binders and solid boron 1n advanced
underwater explosives, new propellant formulations and solid propellant igniuon systems. The
potential advantages of fluorine oxidation include elimination of condensed phase boron oxides and
oxyhydrides. as well as taster burn times. Additionally, tluorine has been tound to enhance
boron’s ignition charactenstcs in oxygen environments by promoting gasitication of the
ubiquitous oxide layer.

Considering molecular oxygen and molecular fluorine as oxidizers, it is also interesting to
note (see Table 1) that the heat of reaction in forming gaseous BF3 is higher or comparable to the
energy released in oxidation to liquid B2O3. The latter is difficult to achieve within typical
residence times tor practical devices because of a kinetic bottleneck in the condensation process of
B203(g) to B20O3(1) through formation of the intermediate HBO2(g).!'> In mixuwres consisting of

both tluonine and oxygen. the equilibrium boron product distribution shitts toward OBF.
Energetically. OBF tormation is comparable to B2O3(1) based on a mass weighting of the tucl

only: however, its formation is less desirable when based on the total weights ot fuel and oxidizer.

Heats of reaction will vary with ditferent fluorinated/oxygenated oxidizers. Because the heat of
formation for HF is more exothermic than that for H20O, the overall heat released trom combined

B/O/H/C/F based systems will generally be competitive with B/O/H/C based systems.

Table 1. Heats of Oxidation and Fluorination
Reacton KJ/gm of tuel | KJ/gm of tuel +
oxidizer

($) + 3/402(¢) ---> 1/2B203(D)

(8) + 3/2F2(g) ---> BF3(g) 105 17
(s) + 1/202(g) + 1/2F2(g) ---> OBF(g) 56 13

The extent to which the thermodynamic potentiai of boron/fiuorine systems is realized
ulumately depends on the combustion kinetics. The goal of the present work is to develop a kinetic
model for boron combustion that can be used in helping to identify critical parameters and, in
conjunction with experimental studies. to better understand combustion mechanisms. Since
particulate boron combustion is a complex multistep process involving both heterogeneous and
homogeneous chemical kinetcs. this is an inherently mutiphased task. Under an earlier project
sponsored by the Air Force Office of Scientific Research models were developed for the
homogeneous!-3 and heterogeneous3-3 kinetics associated with particulate boron in post-
hydrocarbon combusuon gases. The heterogeneous processes treated included both the high
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temperature surface burning of a relauvely “clean” boron parucle® and chemically tacilitated
gasification of the boron oxide coatingd. The overall goal of the present Oftice of Naval Rescarch
ettort is 1o extend the maodel for B/H/Q/C combusuon systems to 1nclude fluorine chemisury. The
specitic objectuves are to characterize the general mechanistic behavior of these systems. to 1denuty
the most important gas-phase reaction pathways and. hence. Lo determine the reaction rate
parameters whose expenimental and theoretical evaluauon would signiticantly enhance current
predictive capabilities.

Inital work extended the earlier gas-phase oxidauon model tor B/O/H/C combustion
systems!-? 10 include tluorine chemistry®. It included a description of a reaction mechanism tor
high temperature B/H/O/C/F combustion systems. the results ot kinetc calculatons illustrating the
mechanisuc behavior of these systems, and an analysis of the dominate reaction tluxes and key
reaction pathways. Here we tformulate models for the heterogeneous gas-surtace kinetics. The
study specifically treats the gasification of a liguid boron oxide droplet. However. a preliminary
summary of the surtace kinetics model for oxidation ot a solid boron particle 1s also reported for
completeness. However, the latter model has not been extensively studied and only serves as the
starting point tor more detailed analysis.

The remainder of this report is organized as follows. Section 2.0 presents an overview ot
the single particle combustion model and summarizes the governing equations tor gasification of a
liquid boron oxide droplet. Section 3.0 reviews the gas phase oxidation model. Section 4.0
describes the heterogeneous B203 gasification kinetics model. Section 5.0 presents model results.
Section 6.0 summarizes the work to date and describes further research efforts. All technical
reterences are listed in Section 7.0. Appendix A contains a complete listing of the gas phase
oxidation mechanism. Appendix B lists the preliminary heterogeneous (gas-surtace) reacuon
mechanism for solid boron in H/O/C/F combustion environments.
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2.0 SPHERICAL PARTICLE COMBUSTION MODEL

2.1 Model Overview

The sphencal partcir combusuon model treats the combustion ot a sphencal (1-
dimensional) parucle 'n o not quiescent oxidizing environment. The key processes are shown
schematically in Figure 1.

Liquid Boron Oxide or
Solid Boron Particle o
Heterogeneous (gas-surface) Kinetics

Stefan

Homogeneous (gas-gas) Kinetics
Flux

and Multicomponent Diffusion

Gas Phase Boundary Layer

Figure 1. Schematc of Spherical Particle Combustion in Reactive Environments.




The present report summanzes a numencal model and analysis tor the chemically tacilitated
gasttication ot a hiquid boron oxide droplet in a high temperature quiescent environment consisting
ol pust combuston gases contaiming tluorine. The physical model is that of 4 hiquid boron oxide
droplet instantancously placed in a quicscent high temperature oxidizing environmient consisung ot
equilibnum products of tluonnated derivauve of HMX and TMETN binder.® The ettects ot
temperature. mixture composition, and droplet diameter on the gasification rate are reported. The
numerical model and solution procedure have been descnbed in detatl elsewhere” and are only
bnetly described here. The calculations were pertormed under quasi-steady conditons in which
the droplet diameter was held tixed in ume and under transient conditons in which the droplet
diameter was allowed to regress.

2.2 Goveming Equatons

The low Mach number gas-phase tlow is described as an 1deal gas with elementary detailed
Kineucs and mult-component mass and thermal diffusion. The assumpuion of 1sobarie tlow
applics and the momentum equation is satistied trivially by the Stetan flow away from the parucle
surtace. The assumptions employed here include: (1) negligible viscous dissipaton., (2) no
buovancy ettects, (3) no torced convection on the partcle, and (4) no Dutour ettects. The range
ot ambient pressures to be studied by the model are limited to those tor which the ideal gas
cquation of state and kinetics are valid. Thus, the boundary separating the condensed-phase from
the gas-phase will be treated as a discrete intertace.

The cquations governing the gas-phase are:

?) ]
2Pe +————(rf-pg\£,)_() (hH
ar - reor
())y 1 d - .
Pe + 4 peYaVen - w“u p=0 (k=1 G) (2)
or r al’
aT, aT, | o aT, oT,
PeCpe 3+ Pelpete #' 3 r)r( hg—— E)r z Pe¥erVercpor—=— 5
G o,
+ ) Werh W =0 (3)
k=1
pW,
v - 4
pl RTQ ( )

In these equations. r denotes the spatial radial coordinate: 1. the ime: pe. the mass density
of the gas-phase: vg. the radial velocity of the gas-phasc: Ygk, the mass fraction of the kth gas-




phase species: Vek, the diffusion velocity o1 wie kth gas-phase species: W, » the molar production
rate by chemical reaction of the kth gas-phase species per unit volume: Wgk. the molecular weight
of the kth gas-phase species: W, the mean raolecular weight of the gas-phase mixture: ¢pg. the
constant pressure heat capacity ot the gas-phase mixture; ¢pgk- the constant pressure heat capacity
of the kth gas-phase species: T, the gas-phase temperature: Ag, the thermal conductivity of the
gas-phase mixture: hgf, the specitic enthalpy of the kth gas-phase species: p. the pressure: R. the
universal gas constant; and G. the number of gas-phase species.

The inrertacial conditions at the liquid-phase/gas-phase boundary (/g) for t 2 () are:

r=r (5)

T,=T, (6)

Wigk + Wpok = PeYorlve + Var) (k=1 G) (7)

(; . —

Z (w!x/t + w,,,k) = PgVe (8)

k=1

. oT aT G+LG . o

Ag})—rg = /1ra—r’ + 2 (wl;(hk + wlgkhk) 9)
k=1

In these equations, the elements of wy include both the processes of vaporization and condensation
and of solution and dissolution. Hence, 4 includes both the enthalpies of solution and the heats of
vaporization.

The outer boundary condition for t 2 0 is:

r— oo (10)
im Yo =Yy, (k=!....G) (1)
r = oo
Iimrt, =7,. (12)
r — oo

The 1nitial conditions for the gas and liquid/gas intertace are:
rg <r<oo, [Tg]l=() = Tg(). [Yg k],=() = ngo, (l\'=l ....... G) (13)

0 <r<rg. [T/],=() =T (14




r =Ty, [C/‘ekL:() = C[Xk(), (k=1....... LG) (15)

In these equations, Cjgx denotes the number per unit surface area of the kth surface complex at the
liquid/gas interface.




3.0 GAS PHASE KINETICS

This secuon briefly reviews the model being used to treat the gas phase kinetics. More
complete discussions are given in Reterences!-3 for B/H/O/C systems and in Reterence® for
B/H/O/C/F systems.

3.1 Gas Phase Reactants

The reactants included in the gas phase oxidation model are listed in Table 2. They include
the dominant speciation in post-hydrocarbon combustion environments (H/O/C), boron oxides and
oxyhydrides that are important intermediates and products in boron assisted hydrocarbon
combustion (B/H/O/C), and the additional boron tluorides and oxytluorides that arise when
fluorine is included in the system (B/H/O/C/F).

Table 2. B/H/O/C/F Gas Phase Species List*

H/O/C B/H/O/C | B/H/O/C/F +
H B F
o) BO HF
OH BO2 BF

H2O B20> BF;
H> B203 BF3
0)) HBO OBF
Co HOBO

CO2

HO2

H2O2

HCO

* HO2, H202 and HCO are used only in describing H/O/C chemistry.

The reactant list in Table 2 is not intended to suggest that these will be the only species of
importance for an arbitrary propellant tormulation. Rather. these reactants were selected based on
equilibrium analyses of specific propellant formulations and a given range of combustion
temperature and pressure. The boron containing species in Table 2 were typically found to be
dominant (largest equilibrium mole traction) for the temperatures of interest and for a range of
boron to oxidizer mass ratios. Notable species which are not included are the oxide B20. the HBO
isomer HOB and boron hydrides BH and BH2. Additionally, the species HO2, H202 and HCO
are treated only within the kinetic mechanism for H/O/C systems. Reactions between these species
and boron species have not been included. An expanded gas phase model tor B/H/O/C systems
which includes HCO reactions. as well as HOB and boron hydride has been reported by
Pasternak ¥




Heats of formaton and entropies tor gas phase species are listed in Table 3. The heat of
formation for HBO is from Page®. Similar values have been reported by other workers. 1 The
heat of tormation for HO? is from Hills and Howard!!. Thermochemical constants tor the
remaining species are from the JANNAF Tables!?.

Table 3. B/O/H/C/F Thermochemical Parameters™

4.97

59.56 38.47 5.23 5.08 5.02 5.00 4.98

H 9.32 43.88 7.15 7.07 7.13 7.33 7.87
2 .00 31.21 6.90 7.00 7.07 7.21 7.73
2 .00 49.01 7.01 7.44 8.07 8.35 8.72
20 -57.80 45.10 8.00 8.44 9.22 9.87 11.26
107) 3.50 54.43 8.36 9.48 10.75 11.37 12.34
202 -32.53 55.66 10.41 12.34 14.29 15.21 16.85
O -26.42 47.21 6.95 7.14 7.61 7.95 8.41
02 -94.06 51.08 891 10.65 12.32 12.99 13.93
CO 10.40 53.66 8.24 9.28 10.74 11.52 12.56
133.80 36.65 4.97 4.97 497 4.97 4.97

0 .00 48.60 7.00 7.39 7.86 8.11 8.53
02 -68.00 54.90 2.54 13.05 13.64 13.94 14.43

202 -108.99 57.96 15.79 16.80 18.00 18.61 19.65
203 -199.80 67.80 19.19 20.52 22.09 22.90 24.26
BO -60.00 48.40 9.38 10.42 11.66 12.31 13.42
BO2 -133.99 57.27 11.95 13.34 15.01 15.89 17.47
18.86 37.92 5.25 5.19 5.12 5.08 5.02

F -27.70 47.89 7.65 7.93 8.28 8.46 8.77
F2 -141.00 59.05 11.73 12.21 12.76 13.03 13.48
F3 -271.42 60.77 15.65 16.54 17.59 18.12 18.99
BF -143.99 53.70 11.69 12.34 i3.12 13.51 14.18
F -65.14 41.51 6.36 6.62 6.98 7.20 7.67
2 .00 45.77 6.95 7.08 7.50 7.83 8.32

“units are Kcal/mol for AHf,298 and cal/mol-K for S and Cp

9




The heats of tormation in Table 3 were used to compute the gas phase bond energies listed in Table
4. These are later used in estimaung adsorption enthalpies for the gas phase reactants in Table 2 on
boron oxide surfaces.

Table 4. Gas Phase Bond Strengths

ond Bond Order Bond Strength
(Kcal/mol)

-H 1 591 136.2
-B 1 7.83 180.5
-BF 1 5.59 1323
-BF? l 6.62 149 4
-BO 1 7.06 163.0
HB= 2 9.23 225.4
= 2 8.37 193.4
OBB=0O 2 8.29 193.4
= 2 7.62 175.8
HOB=0 2 7.51 173.6
OBOB= 2 7.40 171.0
OB=0 1.5 5.51 127.6
OB-BO 1 4.73 109.0
HO-BO 1 6.22 143.3
OBO-BO 1 5.75 131.8
O-B l 4.80 110.8
-BO l 4.28 112.1
-BH 1 4.77 109.9
l 3.48 80.1
l 4.38 102.3
-OH 1 5.12 119.2
-OBO 1 5.00 118.1
2 11.11 256.0
0C=0 2 5.54 127.6

3.2 Gas Phase Reaction Mechanism

A complete listing of gas phase reaction mechanism is given in Appendix A. The tabulated
reaction enthalpies were computed from reactant and product heats of formation using the data
listed in Table 3. The reaction mechanism is limited to bimolecular and termolecular (three body)
reactions. Higher order reactions such as A + B + C = D + E were neglected. Additionally,
reaction channels resulting in products not listed in Table 2, ¢.g. boron hydrides. are excluded to
ensure consistency.

10




The portion of reacuon mechanism describing the chemistry involving H/O/C species has
been extensive ' used with good results to describe the kinieucs of CO/H2/02 mixuwres.!? Rate
parameters for the reactions involving boron containing species are highly uncertain. To date.,
relevant laboratory studies have been limited to reactions between atomic B or BO with 02, CO2
and H20!'4-20 and to reactions between BF and he oxidants 02, O and NO2.21-22 Rate parameters
tor the remaining reactions have been estimated. For many of the boron tluoride and oxyfluoride
reactions. initial estimates were obtained from a propellant afterburning study=*. The remainder
were estimated using simple scaling relationships based on the ratios of translational. rotational.
and vibrational partition tunctions.

3.3 Mechanistic Behavior

An example of the homogeneous, constant pressure, adiabatic kinetics of a B/O/H/C/F
mixture is shown in Figure 2. Only the boron-containing species are given. The results show
OBF to be the dominant boron species. The mole fractions of HBO2 and B20O3 were typically less
than 0.02. Note that the temperature rise is associated with OBF formation and that all the other
boron-containing species appear to simultaneously form OBF. The rate of OBF formation was
found to be equal to or taster than HBO? and B2O3 formation in mixtures without fluorine. 1.2
These results are typical of those found for mixtures with an oxygen/fluorine mole ratio near unity.
A more extensive analysis of model results for the gas phase chemistry is given in Reterence 6.
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Figure 2. Boron species and temperature profiles for an adiztatic, corstant pressure (1 atm)
homogeneous system with an initial temperature of 2000 K. The initial mixture consisted of
X(BF)=0.16. X(BF2)=0.11, X(BO)=0.04, A:E ;:32)=0.09, X(OBF)=0.03, X(C0)=0.04,
X(H2)=0.04, X(02)=X(H20)=X(HF)=X(N2)=0.13.




3.4 Cntical Gas Phase Reacuons

The most sensitive reactons are reported in Table 5. Most of these reactions are associated
with oxidation ot iniual reactants 10 OBF. A few are associated with the relauvely minor sequence
of BF conversion to BF2 and BF3, which was tound to be significant only tor O/F rauos much
less than one. The stmultancous tormation ot OBF by boron fluorides. boron oxides. and boron
oxyhydrides is in contrast to the sequential formation of B20O3 tound in systems without fluonne,
i.c., BO ---> BO2 ---> HBO2 ---> B203. Itis important to note that the reactions designated as
most sensitive in Table 5 specifically reters to systems with both oxygen and tluorine. When
tluorine is absent the cntical reacuons differ trom those in Table 5. In this case the earlier results
reported in References 1-3 are more applicable.

Table 5. Most Sensitive Gas Phase Reactions tor B/H/O/C/F Systems

B/H/O/C/F Reactions F+H2»=HF +H
F +H20 + OH + HF
F + B2O2 = OBF + BO
F+ HBO=0BF + H
F + HBO2 = OBF + OH
BF+O=BO+F
BF+OH=0BF +H
BF + O2=0OBF + O
BF + BO2 = OBF + BO
BF2 + O=0BF +F
BF2 + H= BF + HF
BF2 + BO = OBF + BF
BF2 + HF =BF3 + H
BF2 + BF2 = BF3 + BF
BF3 + BO = BF2 + OBF

B/H/O/C Reactions BO+02=B02+0
BO +H2=HBO+H
BO + HBO2 =B203 +H
B202 + H=BO + HBO
B202 + O=BO + BO2
B202 + OH=BO + HBO3
HBO + OH =BO + H20
HBO + OH =HBO2 + H

H/O/C Reactions H+02=0+0H
O+H>»=H+OH




4.0 B203(l) SURFACE REACTIONS

A detailed description of the model for boron oxide gasitication in B/H/O/C combuston
systems has been presented elsewhere 3. Here. that model is extended to include reactants
containing tluorine.

4.1 Global Reactions

Global surface reactions involving gas phase reactants containing tluorine were selected
using the three criteria used in earlier work.d The selection criteria are:

(1) reactions tirst order in gas phase reactants
(2) reactions whose reaction enthalpy is less than 110 Kcal/mol
(3) reactions yielding gas phase products which are consistent with the gas phase oxidation model.

Based on these criteria. four additional reactions were identitfied. They are listed in Table 6 along

with three reactions previously used in modeling B203(1) gasification in B/H/O/C combustion
environments.

Table 6. Global Reactions: B2O3(l) + Z(g) = products

Reaction AHr 298

| B203()+ O(g) = BO2(g) +BO2A®) 104.2
[R2 B203(l) + OH(g) = BO2(g) + HOBO(g) 88.3
{R3 B203() + H20(g) = HOBO(g) + HOBO(g) 89.4
FR4 B203(l) + F(g) = BO2(g) + OBF(g) 68.6
[R5 B203(1) + F(g) ---> BO(g) + OBF(g) + O(g) 96.2
[Re B203() + HF(g) = HOBO(g) + OBF(g) 86.7
Re B203() + BF(z) = B202(g) + OBF(g) 74.3

Reactions R4 and R§ are the isoelectronic analogs of reactions R2 and R3. Isoelectronic analogs
of reaction Reg,
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B203(l) + HBO(g) = B202(g) + HOBO AHr = 116.6 (16)
B203(1) + CO(g) = B202(g) + CO2(g) AHr = 1230 (17
are not included because their reacuon enthalpies exceeded 110 Kcal/mol. The model treats each of
the reactions in Table 6 as reversible. The discussion that tollows describes adsorption and
desorption reaction steps for these reactions in the forward direction. The backward reactions are
treated by taking each ‘elementary’ reaction step to be reversible. A consequence of this is that the
model will include both first-order (with respect to surtace complexes) and second-order
desorption processes.
4.2 Elementary Reaction Mechanism

4.2.1 First Order Adsorption and Desorption Channels

The global reactions in Table 6 have been represented by simple adsorption and desorption
reaction steps using the same model previously used to treat B/H/Q/C systems. This consists of
following steps.

Step (1)

The B203 surtace is taken to consist of chains of BO3 units and reactive surface sites are
represented by:

o
>B-O-B<O (18)
Step (2)
Adsorption of a gas phase species X-Y is taken to occur via bonding between the more

electronegative component (Y) to boron. Depending on the specific reactant, the more
electropositive component (X) may bond to oxygen.

X---Y
L
O>B-O-B<O + XY > O>B-O---B<O (19)
or
Y-X
|
O>B-0-B<g + XY > O>B-0--B<, (20)

We also allow the -O--B< and X--Y bonds to be broken during adsorption resulting in two
surtace species:
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O>B-O---B<O ----- > O>B-O-X + O>B-Y (2

One exception to the above description 1s when X is boron (e.g. BF). In this case. the
boron atom is taken to be inserted in the >B-O bond to give >B-B=0. This is the least
endothermic bonding contiguration and is also consistent with B2O2(g) as a gas phase
product (Reaction R6).

Step (3)

Based on step (2). all adsorption products have the form O>B-Z. Desorpuion is then taken
to occur by breaking two B-O bonds and tforming a B=O double bond. Atter extending the
BO3 chain for clanty, bond cleavage and formation during desorption consists ot the
following:

surface species bond cleavage bond tormauon

0580
>B-Z >  U5B.+.0-B<g +0-BZ —> O>B.0-B<;+0=BZ  (22)
O>BO

For simplicity, the process will be represented as O5B-Z ---> 0=B-Z. Based on steps (2)
and (3), adsorption of gas phase reactant X-Y yields two surface species. The subsequent
desorption of both complexes removes one B2O3 molecule from the surtace.

The above description is not presented as a postulated mechanism for the surface reactions
in Table 6. Rather, given our assumptions concerning the B203 surtace structure. this model
gives a simple description of bond tormation and cleavage required to yield gas phase products
which are consistent with the global reactions in Table 6. To illustrate this. the complete reaction
sequence for each reaction in Table 6 is given in Table 7 in terms of the adsorption and desorption
reaction steps.




Table 7. Model Reaction Sequence tor B203(l) Surtace Reactions

D Reactants Adsorption Desorption
Products Products

Ri O>B-0-B<y+0 > 95B.0-B< > 9>B-0.+ 0>B-0. > 0=BO + 0=BO

OH
|

[R2 O>B-0-B<g + OH ---> O>B-0--B<(y ---> O>B-OH + U>B-0. --> 0=BOH + 0=BO

H--OH
|
R3 O>B-0-B<q+ H20 > 9>B-0--B<g ---> O>B-OH + O>B-OH ---> 2 0=BOH

F
!

R4 O>B-0-B<g+F --> O>B-0--B<y > O5B-0. + O>B-F ---> 0=BO + O=BF

H--F
|
IRs O>B-0-B<( +HF ---> O>B-0--B< ---> O>B-OH + O>B-F ---> 0=B-OH + O=BF

B-—--F
o
IRe O>B-0-B<g +BF-—>O>B-0-B<--> O>B-BO + O>B-F ---> 0=B-B=0 + O=BF

To estimate adsorption enthalpies, bond energies for surface speciation have been esumated
using the gas phase bond energies in Table 4. These bond energies are listed in Table 8§ along with
the gas phase bond energies tor species with similar configurations. For D3 we have adopted the
gas phase O-H bond strength in HOBO. For >BB=0 we have used the B=O bond strength in
B202. For the remaining complexes, the gas phase bond energies have been adjusted to refiect
differences in boron's hybridization. One difference between the surface complexes and gas phase
species tor D2, D4. D5 an D7 is the boron- oxygen double bond in the gas phase species (i.e.
O=B-2) versus the two boron-oxygen single bonds for the complex (i.c. O>B-Z). Consequently.

in these cases the bond energies for surtace complexes have been set equal to the gas phase bond
energies minus 10 Kcal/mol.
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Table 8. B203(D Surtace Species Bond Strengths 7
Surtace Complex Bond Sturength Bond Strength Gaus Phase Bond Strength
Bod ‘ (eV‘) _ , (KcalVmolh

U>BO-B< 5.75 110.0

5> OsB-F 6.95 153.0 OB-F 163.0
O>BO-H 5.00 118.1 OBO-H 118.1
O>B-OH 6.22 133.3 OB-OH 143.3
O>B-BO 4.73 100.0 OB-BO 109.0
O-BB=0 8.29 191.0 lOBB=0 193.4
OsB-0. 5.51 117.0 OB-O 127.0

Adsorpuon enthalpies and rate parameters tor adsorption reacuons are listed in Table 9. For
the adsorption rates we have assumed a rate constant given by

Ea)
kg=koVTspe\'RT (23)
where
K .
ko = B,”m (24)

-

In Equation (23). Eg is the adsorption activation energy and s, is the probability that a molecuie
hitting the surtace adsorbs. Rate parameters for adsorption of O(g). OH(g) and H2O(g) were
estimated previously and are used here without any change. Anderson reports that his preliminary
results indicate the HF and H20 exhibii about the same reacuvity with respect 1o B203 clusters. 2+
Consequently. H20 adsorption rate parameters have been adopted to describe HF adsorption.
Similarly. we will also assume that F(g) has the same rate parameters as OH(g).




Table Y. First-order Adsorption Rate Parameters tor B2O3(1) Surtace

Adsorpuon Reacuon  E,
B203(h + Z(g) ---> adsorption products ky = kn‘/TSnC(-ET.,
AHI'_Q})S kn ATS! Eu
(Kcal/mob) cm/s) (Kea/mob)
S-1 >B-0O-B<+ O = >B-0. + >B-0O. -17 910, 0.1 0.00
S-2 >B-O-B< + OH = >B-0O. + >B-OH -33 8&2. 0.1 0.00
S-3 >B-O-B< + H2O = >B-OH + >B-OH -32 857. 0.05 10.0
S-4 >B-0O-B< + F= >B-0O. + >B-F -50 834. 0.1 0.00
S-5 >B-0O-B< + HF = >B-OH + >B-F -32 813. 0.05 10.0
S-6 >B-0O-B< + BF = >B-BO +>B-F -59 666. .01 30.0

Desorption enthalpies are estimated using the product heats of formation Table 3 and the adsorpton
enthalpies from Table 9. As an example. consider reactions R1-R3 in Table 2. i.c.

O>B-0-B<p+0 -->0>B-0.+V>B-0. > BO2 + BO2 (25)
O>B-0-B< + OH ---> 9>B-OH + ¥>B-0. ---> BO2 + HOBO (26)
O>B-0-B<g+ H20 ---> O>B-OH + O>B-OH ---> HOBO + HOBO 27)

From (9). the desorption enthalpy for >B-O. is 1/2[H1-Ha(O)] where H1 is the reaction enthalpy
for the global reaction R1 and Ha(O) is the adsorption reaction for O(g). Similarly. the desorption
enthalpy for >B-OH using (11) is 1/2[H3-Ha(H20)). As a consistency check. the sum of the
desorption enthalpies tor >B-0O. and >B-OH should be close to H2-Ha(OH). A similar procedure
is used to estimate the desorption enthalpies tor >B-F and >B-BO.

First order desorpuon rates are taken to have the form,
k1 = A1 xexp(-E1/kT) (28)

The desorption coetticients A are given approximately by the transition state frequency factor
kBT/h. As a first approximauon, the desorption activation energies arc taken to equal the
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desorption enthalpies. A summary ot desorpuon enthalpies and rate parameters are given in Table
10. The result of these estimatons 1s that the desorpuon rates tor the complexes >B-Z ure largely
tindependent of Z whereas, trom Table 8. adsorption rates are dependent on the gas phase reactant.

Table 10. First-order Desorption Rate Parameters tor B2O3(1) Surtace

Pesurplmn Reaction Forward Rate Parameters
k|
AH| Al E
(Keal/mol) (ps-hH (Kcal/mol)

S-7 O>B-O = 0=B-O 55.6 0.02xT 55.6
S-8 O-B-OH = 0=B-OH 55.7 0.02xT 55.7
S-9 OsB-F = O=B-F 56.0 0.02xT 56.0
S-10 OsB-BO = 0=B-BO 57.3 0.02xT 57.3

4.2.2 Reversibility

It is necessary to ensure that the reactions describe above are reversible. For the global
reactions in Table 2 to be reversible. the adsorption reactions in Table 7 will also be considered
reversible. Thus the model also includes the second-order desorption reactons listed in Table 1.
Here again. we have taken a simple Arrhenius rate.

Table 11. Second-order Desorption Rate Parameters for B2O3(1) Surtace

Desorption Reaction Forward Rate Parameters
k2 = A2exp(-E2/RT)
A2 E2
(cmzlcomplcx-s) (Kcal/mol)
e
>B-O + O>B-0 = B203(]) + O(g) 3.0x 1073 5.
O>B-OH + 0>B-0 = B203(]) + OH(g) 3.0x 1073 5.
O>B-OH +0>B-OH = B203(l) + H20(g) 3.0x 1075 10.
O>B-F + 0>B-OH = B203() + F(g) 3.0x 10-5 5.
O>B-F + O>B-OH = B203(I) + HF(g) 3.0x 105 10,
O>B-F + 0>B-BO = B203(1) + BF(g) 3.0 x 10-5 10.

From Table 2. the primary gas phase reactants are O. OH. H20. F. HF and BF. The
subsequent gas phase products are BO2, HOBO. OBF and B202. Thus. there are no reactions
hetween these products and the B2O3 surtace which satisty the three selection criteria. Therefore.
to ensure reversibility. we will assume that adsorption of these products to vield the onginal
surtace complex 1s the only viable channel. i.e. HOBO adsorbs to yield a >B-OH complex. B2O2
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adsorbs to yield a >B-BO complex. etc. Rate parameters tor these addiional adsorption reactions
where expressed in terms ot the equilibrium constant Kp and rate constants tor the adsorption
rcactions in Table 9. The explicit forms for these rates are given in Table 12.

Table 12. First-order Adsorption Rate Parameters for B2O3(l) Surtace

S-17 [BO2(g) > O>B-0 k7 _ [KIKJORT
K ,(BO,) Ke1)

S-18  [HBO2(g) ---> O>B-OH ko.g k3K H0RT
K p(HBO?) keo13

S-19 |OBF(g) ---> O>B-F i, sk,o Kp(HF) [ E 3RT
k.\'-l4 Kp(OBF) ks-lle(iIZO)

S-20 [B202(g) > O>B-BO ko ckotokets  KplBF) 3K\ H,0RT
ke.sks.s  Kp(HF)K,{B207) ks13
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5.0 B203(l) GASIFICATION MODEL RESULTS

5.1 Prototypical Example

The species protiles shown in Figure 2 are representative of the gas-phase kinetics
associated more with particulate boron combustion than with boron oxide gasitication. In
particulate boron combustion, boron oxides and tluorides are expected in the reacting mixture. In
the present study. the gas-phase kinetics of interest are those between the products of the liquid
oxide surface reactions and the species in the surrounding gas-phase environment. In most
practical applications of boron as a fuel or propellant additive, the initial composition of the gas-
phase environment with which the oxide coated boron particle reacts would be void of boron
compounds. Further, the major surface reaction products are expected to be B203 trom
vaporization, HBO? from the H20 and HF surface reactions, and OBF from the HF surtace
reaction.

An example of the homogeneous kinetics in the boundary layer surrounding a gasitying
boron oxide droplet is given in Figure 3. Here. the composition of the initial gas-phase
equilibrium mixture was derived from a JP-10/air mixture with an oxidizer/tuel ratio ot 0.5 in
which 10% HF was substituted for 5% O3 and 5% N2. To this equilibrium mixture, 3% of the
remaining N2 was replaced by 1% of each of the three surface products: B203, HBO2, and OBF.
At 1800 K, gas-phase B203 is converted almost entirely to OBF. In addition, the formation of
small amounts of HBO? and BF3 are also predicted. A similar interconversion ot boron oxides
was reported previously in mixtures without fluorinel-2 where the equilibrium shift reaction was
governed mainly by the overall reaction B203 + H20 = 2HBO?. Also, note that the time for
formation of OBF and HBO? requires a few ms while formation of BF3 requires approximately
one second. Thus. the time to achieve equilibrium in mixtures typical of those surrounding a
gasifying droplet can be appreciable.
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Figure 3. Species profiles for an adiabatic, constant pressure (1 atm) homogeneous system
with an initial temperature of 1800 K. The initial mixture consisted of X(H) = 1.22x10-6,
X(0) = 3.84x1073, X(OH) = 4.85x10-4, X(H72) = 1.16x10-3, X(07) = 5.02x10-2, X(H70) =
6.80x10-2. X(HO2) = 6.40x10-7. X(H202) = 1.92x10-8, X(CO) = 4.41x10-3, X(CO9) =

o.xzxm-i, X(HF) = 1.00x10-1, X(N2) = 6.83x10-1, X(B203) = X(HBO2) = X(OBF) =
1.OOx10-<,

Species profiles tor the quasi-steady gasification of a 500 um diameter droplet of liquid
boron oxide are reported in Figure 4. The ambient temperature is 1800 K and the pressure is 1
atm. The initial gas-phase mixture composition is the same as that reported in Figure 3 without the
substitution of the 3% N2 for the three surtace reaction products. In this calculation, the particle
diameter is fixed in ime. and an equivalent amount of mass is mathematically supplied to the
particle as it 1s consumed. The protiles show that OBF and HBO3 are the dominant species

evolving trom the particle surtace. BO2 and B2O3 are more than 2 orders of magnitude smaller in
concentration than OBF and HBO».
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Figure 4. Quasi-steady species mole fraction protiles as a function of normalized position
from the surface. The ambient temperature is 1800 K and the particle diameter is S(¢) pm.
The initial mixture consisted of X(H) = 1.22x1079, X(0) = 3.84x10°3, X(OH) = 4.85x10°4,
X(H2) = 1.16x10°3, X(02) = 5.02x10°2, X(H70) = 6.80x10-2, X(HO?2) = 6.40x10°7.
X(H2072) = 1.92x10°8, X(CO) = 4.41x10-5, X(CO?2) = 6.82x10-2, X(HF) = 1.00x10"1,
X(N2) = 7.13x10° L.

In comparison. the steady-state species profiles for a SO0 um diameter liquid boron oxide
droplet in the same gas-phase environment. except with the 10% HF replaced by 5% O2 and 5%
N2. is given in Figure S. The results show HBO> to be the dominant gas-phase boron-containing
species.
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Figure 5. Quasi-steady species mole fraction profiles as a function of normalized position
from the surface for a gas-phase environment without fluorine. The ambient temperature is
1800 K and the diameter is 500 um. The initial mixture consisted of X(H) = 1.22x10°6, X(0)
= 3.84x10°3, X(OH) = 4.85x10-4, X(Hp) = 1.16x10°5. X(02) = 1.00x10-1, X(H20) =
6.80x 1072, X(HO2) = 6.40x10°7, X(Hp02) = 1.92x10°8, X(CO) = 441x10-5, X(CO?) =
6.82x1072, X(N2) = 7.63x1071,

Normalized sensitivity cezficients for the gasification rate with respect to surtace kinetic
rate constants are reported in Tanie 13. This table presents the sensitivity gradients, In(K)/In(aj)
where K is the gasification rate and aj is a constant parameter of unity value that is associated with
each of the surface reaction rate constants. The gasification rate is most sensitive to the adsorption
of HF and desorption of O5B-OH. In contrast. the most sensitive reaction in the system without
fluorine is adsorption ot H20 tollowed by desorption O>B-OH (see Table 14). However, as
shown below. the rate controlling steps of the gasification process are extremely dependent on the
size of the droplet. the temperature of the environment, the total amount of reactants in the mixture.
and the fluorine to oxygen ratio of the mixture.




Table 13. Most Sensiuve Surtace Reactions tor the Svstem of Figure 4
Reaction Sensitivity Coefticient
B203() + HF ---> O>B-F + U>B-OH 0.15
O5B-OH ---> HBO? 0.14
O>B-F ---> OBF 0.06
O>B-F + O>B-OH ---> B203(l) + HF -0.06
203(1) + H20 ---> O>B-OH + O>B-OH 0.05
O>B-OH +0>B-OH ---> B203(1) + H20 -0.04

Table 14. Most Sensitive Surtace Reactions tor the Svstem of Figure 5

Reaction Sensitivity Coetticient
203(1) + H20 ---> O>B-OH + O>B-OH 0.27
>B-OH ---> HBO 20.19
>B-OH +0>B-OH ---> B203(l) + H20 -0.09
203(1) + OH ---> O>B-0 + O>B-OH 0.02

The time dependent rate of gasification, in units of surtace area per second, for the system
in Figure 4 is shown in Figure 6. In this calculation, the particle radius was not fixed in time, but
allowed to regress as the oxide was gasitied from the surtace. At 21l sec, the diameter of the
droplet is approximately 100 um. In comparison, the time dependent gasification rate for the
system without fluorine is also shown in Figure 6. The results show the gasification rate to
increase with additon of HF. Without tluorine, the diameter of the droplet equals 100 um at
approximately 33 sec. Note that during the first 80% change in diameter. the gasification rate
drops by 30-40%. before decreasing significantly more during the final stages of gasiticauon.
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Figure 6. Gasification rate as a function of time for gas compositions with fluorine (Figure 3)

and without fluorine (Figure 4) with an initial temperature of 1800 K and an initial particle
diameter of 500 um.




5.2 Eftect of Droplet Diameter

The ettect of the droplet diameter on the gasification rate is given in Figure 7. The range of
diameters studied was 2000 pm to 20 um. The gas-composition. temperature. and pressure of the
surrounding environment was the same as that of Figure 4. Gasitication rates tor both tixed
diameter droplets and tor three regressing diameter droplets are presented. The symbols indicate
the gasification rates for each of the fixed diameter calculations. The solid lines show the ume
dependent trajectories of droplets with initial diameters of 2000, 1000, and 500 um. fixed
diameter results show the gasification rate to increase rapidly for particle diameters up to
approximately 500 um and to be nearly independent of the diameter for droplets with diameters
greater than 1000 um. Classical theory predicts the gasification rate to be independent of diameter
if the process is ditfusion controlled and to be linearly dependent on the diameter if the rate is
kinetically controlled. The present results predict both regimes at the smallest and largest diameters
studied. However, the transition from the kinetically controlled to diffusion controlled rate occurs
over an extremely wide range of diameters.

04 B I ' i i | . ) 1 1 T Il 1 I | _
- | -
L. — ——
| ! _——-—
B ] R ]
03— AT Tt ————"a —
B / | . ]
X - //1/ - : .
c ~ , B ‘, =
£ o2~ , —
~ — ; | | 5
X sy - -
=, .7 | | ! -
._./ i I ! -
.01 l I : —]
| l @ -
| | ’ _
O QO rL | | =1 | .—L | 1 ! 1 .-L I | ] ]
0 500 1000 1500 2000

d/um

Figure 7. QGasification rates of liquid B2O3 droplets as a function of diameter. The initial
surrounding gas-phase environment consisted of X(H) = 1.22x10-6, X(0) = 3.84x10-3,
X(OH) = 4.85x10"4, X(H2) = 1.16x10"3. X(02) = 5.02x10"2, X(H20) = 6.80x10-2,
X(HO?) = 6.40x10-7, X(H202) = 1.92x10-8, X(CO) = 4.41x10°5, X(CO7) = 6.82x10°2,
X(HF) = 1.00x10-!, and X(N2) = 7.13x10°! with an initial temperature of 1800 K and
pressure of one atmosphere. The squares are the steady-state gasification rates obtained when
the diameter is not allowed to regress. The solid lines are the transient gasification rates as a
tunction of diameter as the droplet is consumed. Data for the transient calculations are
presented for initial diameters of 2000, 1000, 500, and 200 pm.




The regressing surface results also reveal that for imtal droplet diameters less than about
500 um. the time dependent gasitication rate closely follows the tixed diameter gasification rates as
the diameter is decreased. However, for droplets with initial diameters greater than 500 um. the
rates are predicied to deviate substantially from the tixed diameter predictions. This deviauon is
due to the build-up of surface products in a boundary layer surrounding the parucle. thus
significantly altering the reactants attacking the surface.

Surface reaction raes for the fixed diameter calculations as a function of diameter are
presented in Figure 8. Desorption of the OsB-OH surtace complex is the fastest step at small
diameters while adsorption ot HF is the fastest step for large diameter droplets. For small diameter
droplets. the surface reactions are far from equilibrium whereas for large diameters, the surtace
reactions are nearly equilibrated.
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Figure 8. Surface reaction flux profiles for the steady-state resuits presented in Figure 7.

The symbols denote the surface reactions as tfollows: S-1, solid diamond: S-2, solid circle: S-3.
solid square: S-4, inverted solid triangle: S-3, solid triangle: S-7. four pointed star; S-8 five
pointed star: S-9, open pentagon. S-11, open diamond: S-12. open circle: S-13, open square:
S-14. inverted open triangle: S-15. open triangle: S-17, four pointed cross "x": S-18. five
pointed cross: S-19. solid pentagon. See Tables 7-10 for definitions ot the surface reaction
numbers.




The most sensiive surtace reactions, as a tunction ot droplet diameter. are reported 1n
Figure Y. Adsorption of HF is the most sensitive reaction tor all diameters except 20 um. At 20
um. adsorption of H20 1s most sensitive, but decreases in importance as the diameter is increased.
Interesungly. the ettect that H2O adsorption has on the gasificauon rate changes at a diameter of
about 150 um (as indicated by a change in sign of the gradient). For diameters less than 150 um.
this reaction tends to increase the gasification rate. whereas tor diameters greater than 150 um, it
tends to decrease the gasification rate. Desorption of O>B-OH follows a similar trend. enhancing
gasification tor diameters smaller than 400 um and inhibiting gasification tor diameters greater than
400 um. In contrast. the gasification rate becomes increasingly more sensitive to the desorption of
the O>B-F complex as the diameter is increased.

[ | ! i i , i If
— ] ! -
i -
2 f _
E B Do s A 1
Q :'\: 1
~ 1 A
X o O & & =2 4
< i
CD -
———0— - —
SE - A & A -
. T R R B R R
0 500 1000 1500 2000
d/um

Figure Y. Sensitivity gradient profiles, InK/In(aj), of the response of the gasitication rate to
variations in the rate parameters of the surface reactions. K is the gasification rate and aj is a
constant parameter of unity value that is associated with each of the surface reaction rate
constants. The calculations are tor the steady-state results presented in Figure 7. The symbols
denote the surface reactions as follows: S-1, solid diamond: S-2, solid circle: S-3. solid square:
S-4. inverted solid triangle; S-5, solid triangle: S-7. four pointed star; S-8 five pointed star: S-
9. open pentagon. S-11, open diamond: S-12. open circle: S-13. open square: S-14, inverted
open triangle: S-15. open triangle; S-17, four pointed cross "x": S-18. five pointed cross: S-
19, solid pentagon. See Tables 7-10 for definitions of the surface reaction numbers.




5.3 Eftect ot Gas Phase Temperature

An increase in the environmental temperature results in a change in the composition of the
gas surrounding the droplet. Given the same elemental composition as studied in the previous
cxamples. the change in equilibrium mixture composition with temperature is shown in Figure 10.
The major stable specics HF, H20, CO2, and O2 remain nearly constant while the transient
radicals. OH. O. and H, and the dissociation products CO and H2 increase by 1-2 orders ot
magnitude in concentration over the lemperature range of 1600 to 2050 K. Thus. a change in
temperature can alter the gasification rate by changing the rate constants and by changing the
speciation of reactants.
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Figure 10. Equilibrium mixture composition as a function of temperature. The mixture is
based on the environmental composition of Figure 6.
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The ettect of temperature on the steady-state gasiication rate 1s shown in Figure 11 for a 50
um diamaeter droplet. The calculations were pertormed with a tixed diameter droplet. The
casitication rate is predicted to increase with temperature. The increase in rate results trom the
increased rate of surtace reactions, the increased rate of vaporizaton, and the increase in radical
concentrations 1n the surrounding gas. Below 1950 K. the gasificatuon process 1s dominated by
surface reacuons. Between 1950 and 2050 K, vaponzation plays a cqually important role in
tasitying the liquid boron oxide droplet.
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Figure 11. Gasification rates of liquid B>0O3 as a function of temperature. The initial mixture
compositions are presented in Figure [0 Alf the calculations are tor a fixed particle diameter
of 50 pm.




The rates ot the individual surtace reacuons as a tunction of temperature are presented in
Figure 12. The desorpuon of the O>B-OH complex to torm HBO2(g) increases the most rapid
with temperature tollowed by the desorption of the O>B-F complex 1o torm OBF(g). Reacuon of
the oxide layer with HF and H20 are the tastest adsorption reactions. How-ever. surtace reacuon
by GH becomes appreciable above 18X K. The rates of the second order desorption reacuons are
predicted to decrease with temperature.
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Figure 12. Surface reaction flux profiles for the steady-state results presented in Figure | 1.
The symbols denote the surface reactions as follows: S-1, solid diamond: S-2, solid circle; S-3.
solid square: S-4, inverted solid triangle: S-5. solid triangle: S-7, four pointed star: S-8 five
pointed star: S-9, open pentagon: S-11, open diamond: S-12, open circle: S-13, open square;
S-14. inverted open triangle: S-15. open triangle: S-17, four pointed cross "x". S-18. five
pointed cross: S-19. solid pentagon. See Tables 7-10) for definitions of the surface reaction
numbers

‘I
tJ




The most sensiuve surface reactions on the gasitication process are given in Figure 13,
The rapid increase in sensitivity ot desorption reactions with decreasing temperature 18 indicauve of
their rate imiung role below 1600 K tor the droplet and mixture composition under consideration
here. Above 1700 K. the rate limiting processes are shown to be adsorption reactions. However,
note that between 1950 and 2000 K. an increase in the rate of the three adsorption processes ot
HF. H20. and OH changes trom one of acceleration to one of inhibition. This change in behavior
15 accompanied by a simultaneous increase in the vaponzation process.
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Figure 13. Sensitivity gradient profiles of the response of the gasification rate to variatons in
the rate parameters of the surface reactions. The calculations are for the steady-state results
presented in Figure 11. The symbols denote the surface reactions as follows: S-1. solid
diamond: S-2. solid circle: S-3. solid square: S-4, inverted solid triangle: S-5. solid triangle: S-
7. four pointed star: S-8 five pointed star: S-9, open pentagon: S-11, open diamond: S-12,
open circle: S-13, open square: S-14, inverted open triangle: S-15. open triangle: S-17. four
pointed cross "x". S-138. five pointed cross: S-19, solid pentagon. See Tables 7-10 for
definitions of the surface reaction numbers




5.4 Eitect of Dilution

With N2 as the only pitrogen-containing species in the gas-phase mechanism. the ettect ot
varying the N2 content in the surrounding equilibrium mixture is simply diluton as shown 1n
Figure 14. A decrease in the N2 content of the mixture results in an increase in the parual
pressures of cach of the reactants, which produces an increase in the gasiticauon rate s shown 1n
Figure 15. Compared t© the pure vaporization rate (100% N2), the gasification rate 1s increased by
about a tactor of 5 when the N1 is totally replaced by the H/O/C/F mixuwre. Asthe nitrogen
content of the mixture 1s decreased from 100%, the rates of the tirst-order surface reacuons are
predicted (0 increase the fastest (see Figure 16). However. by 30¢% reduction in the N2 content.
the rates of increase of the second-order surtace reactions exceed those of first-order surtace
reactions. Sensitivity gradient protiles (Figure 17) show the adsorpuon ot HF to be the most
sensitive reaction followed by the desorption of the surtace complex O-B-OH or the adsorption of
H20., depending on the N2 content. The rate limiting nature of the adsorption reacuons 1S
predicted to decrease relative to the desorpuon reactions with an decrease in N2 content.
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Figure 14 Equilibrium mixture composition as a function of N2 content. The mixture is
pased on the environmental composition of Figure 6.
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Figure 15. Gasitication rates of liquid B203 as a function of N2 content in the mixture. The
initial mixture compositions are presented in Figure 14. All the calculations are for a fixed
diameter droplet of 50 um.
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Figure 16. Surface reaction flux profiles for the steady-state results presented in Figure 15.
The symbols denote the surface reactions as follows: S-1, solid diamond: S-2. solid circle: S-3,
solid square: S-4, inverted solid triangle: S-5, solid triangle; S-7, four pointed star: S-8 five
pointed star: S-9, open pentagon: S-11, open diamond; S-12, open circle: S-13, open square:
S-14, inverted open triangle; S-15, open triangle; S-17, four pointed cross "x": S-18. five
pointed cross; S-19, solid pentagon. See Tables 7-10 for definitions of the surface reaction
numbers




dInK /8 In aq

Figure 17. Sensitivity gradient profiles of the response of the gasification rate to variations in
the rate parameters of the surface reactions. The calculations are for the steady-state results
presented in Figure 15. The symbols denote the surface reactions as follows: S-1, solid
diamond: S-2, solid circle: S-3, solid square; S4, inverted solid triangle: S-5, solid triangie; S-
7, four pointed star; S-8 five pointed star; S-9, open pentagon; S-11, open diamond: S-12,
open circle: S-13, open square: S-14, inverted open triangie; S-15, open triangle. S-17, four
pointed cross "x"; S-18, five pointed cross; S-19, solid pentagon. See Tables 7-10 for
definitions of the surface reaction numbers.




5.5 Ettect of Fluonne/Oxvgen Mole Ratio

| The tluonne/oxygen (F/O) ratio in the gas-phase environment can be varied in several
manners. In the first two examples presented here. the F/O ratio was varied without holding the
hydrogen content fixed. In Figure 18. the F/O ratio of the gas-phase equilibrium mixture was
varied by fixing separately the nitrogen. carbon. and hydrogen atom balances and the sum of the
oxygen and tluonine atom balance. The mixture composition shows the CO2 mole tracuon to

are essenually eliminated from the mixture at an F/O ratio near 1.4. At the same F/O ratio, a
significant increase tn the F-atom mole traction is observed. The HF mole fraction increases and
the O mole fractuon decreases with increasing F/O rato.

remain nearly the same as the F/O ratio is increased until a rauo of about 1.6, at which point the CO
mole traction increases rapidly. The H20 and OH mole fractuons decrease with increasing F/O and

fluorine / oxygen

Figure 18. Equilibrium mixture composition as a function of fluorine/oxygen mole ratio.
The mixture is based on the environmental composition of Figure 6.
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The gasiticauon rates of a SO pm diameter droplet with the mixture compositions shown in
Figure 17 and an ambient temperature of 1800 K and pressure of | atm are shown in Figure 19.
The results show that addition of a small amount of fluorine to the mixture (F/O = U.1) increases
the gasificaton rate by approximately 16%. Further increasing the F/O rato to 1.3 increases the
gasification rate by 23%. Interestingly, an increase in the F/O from 1.3 to 2.3 increases the
gasitication rate by 78%. The sudden increase in the gasification rate at a F/O ratio of 1.3
corresponds to the mixwure where the H20 and OH concentrations are eliminated from the mixture
and the F-atom concentration is significanty increased.
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Figure 19. Gasification rates of liquid B2O3 as a function of the F/O ratio in the surrounding
mixture. The initial mixture compositions are presented in Figure 18. All the calculations are
for a fixed diameter droplet of SO pm.




The fastest and the rate limiting surtace reactions as a function of F/O rauo are given in
Figures 20 and 21. respectively. The reaction flux results show a significant increase in the rate of
F-atom adsorption on the surface at a F/O ratio of 1.3. The sensitivity gradient results show H20
adsorpuon to be most sensitive for F/O < (.25, HF adsorption to be most sensitive for .25 < F/O
< 1.8, and F-atom adsorption to be most sensitive for /O > 1.8.

10" w; / mol/cm’—s

0 S 1 1.5 2 2.5
fluorine / oxygen

Figure 20. Surface reaction flux profiles for the steady-state results presented in Figure 18.
The symbols denote the surface reactions as follows: S-1, solid diamond: S-2, solid circle; S-3,
solid square: S-4, inverted solid triangle: S-5, solid triangle; S-7, four pointed star: S-8 five
pointed star; S-9, open pentagon: S-11, open diamond: S-12, open circle; S-13. open square;
S-14. inverted open triangle: S-15, open triangle: S-17, four pointed cross "x":; S-18, tive

pointed cross; S-19, solid pentagon. See Tables 7-10 for definitions of the surface reaction
numbers.
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Figure 21. Sensitivity gradient profiles of the response of the gasification rate to variations in
the rate parameters of the surface reactions. The calculations are for the steady-state results
presented in Figure 18.The symbols denote the surface reactions as follows: S-1, solid
diamond: S-2, solid circle: S-3, solid square: S-4, inverted solid triangle: S-5, solid triangle: S-
7, four pointed star: S-8 five pointed star: S-9, open pentagon; S-11, open diamond: S-12,
open circle: S-13, open square: S-14, inverted open triangle; S-15, open triangle; S-17. four
puinted cross "x": S-18, five pointed cross: S-19, solid pentagon. See Tables 7-10 for

definitions of the surface reaction numbers.
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6.0 SUMMARY AND CONCLUSIONS

In summary. a model has been developed to describe the gasitication of a liquid boron
oxide droplet in combustion environments having a gas phase speciation similar to that expected in
the post-combusuon environment of advanced tluoroamino/nitroamino based oxidizers. The
model includes the gas phase B/H/O/C/F kinetics formulated in previous work® and the surface
kinetics used to treat oxide gasitication in B/H/O/C environments.5 The latter model has been
extended to include heterogeneous reactions involving fluorine containing species. A series of
calculations have been performed to characterize the droplets burning rate on its size and the
temperature and composition of the surround gas. The model results suggest that fluorine can have
an important impact promoting oxide gasification.

The addition of tluorine to the gas phase mixture surrounding a gasifying liquid B203
droplet at high temperatures has been predicted to increase the rate of gasification. For the

conditions of the present study. the increase in the gasification rate ranged from 40% (0 a tactor of
3

For the conditions important to boron particle combustion. gasification of liquid B203 by
surface reactions was predicted to always play an important role. The most sensitive surtace
reaction was found to be adsorption of HF except for highly fluorinated mixtures (F/O > 2) where
F atom adsorption was the most sensitive reaction and for mixtures with small quantities of
fluorine (F/O < 0.2) where H20 adsorption became important. Adsorption steps were found to be
rate controlling for all conditions studied except at the lowest temperature (1600 K) where
desorption became the rate limiting process. Thus, the assumptions of considering only reactions
first order in gas pasha reactants was tfound to be appropriate for this study.

The results also indicate that gasitication will be kinetically controlled for particle diameters
relevant to boron combusuon. Transition of the gasitication rate from a purely kinetically
controlled process to one controlled totally by diffusion was found to occur over a wide range of
diameters. Also, boundary layer effects were found to be significant for an initial particle diameter
greater than 500um. The implications of these results, particularly with regard to their transient
behavior, are important to the interpretation of particle experimental data.

Recently. experimental studies of the interaction between HF and small boron oxide cluster
ions have become available.2* One interesting result of this data is the suggestion that formation of
an BHOF surtace complex may be an important adsorption channel. The significance on this data
is currently being investigated and will be subsequently be incorporated into the model.
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APPENDIX A. GAS PHASE REACTION MECHANISM

Table 15, B/O/H/C/F Reacuon Mechanism

G-2 [ BO+F+M=0OBF+M 0.364 x 10+15 0.0 -1987.0
G-3 [BF+O+M=0OBF+M 0.363 x 10*15 -0.5 30.0
G-4 |[F+H+M=HF+M 0.221 x 10+23 2.0 0.0
G-5 [BF+F+M=BF2+M 0.363 x 10+15 -0.5 -3961.0
G-6 [BO2+F=0OBF+0O 0.120 x 10+15 0.0 0.0
G-7 |B202+F=0BF+BO 0.241 x 10*15 0.0 0.0
G-8 |B203+F=OBF+BO» 0.241 x 10*15 0.0 0.0
G-9 BO+F=0BF+H 0.108 x 10*15 0.0 0.0
G-10 BO+F=HF+BO 0.361 x 10+14 0.0 0.0
G-11 BO»+F=HF+BO2 0.361 x 10+14 0.0 Y935
G-12 BO2+F=0OBF+0OH 0.108 x 10*15 0.0 0.0
G-13 [B+HF=H+BF 0.361 x 10+15 0.0 0.0
G-14 |BO+HF=OBF+H 0.181 x 10*13 0.0 6955.0
G-15 [BO2+HF=OBF+OH 0.181 x 10+12 0.0 9935.0
G-16 [B202+HF=OBF+HBO | (0.313 x 10*10 0.0 9935.0
G-17 {B203+HF=OBF+HBO? | 0.602 x 10+Y 0.0 11922.0
G-18 BO+HF=0OBF+H? 0.181 x 10+12 0.0 9935.0
G-19 BO2+HF=0BF+H20 | 0.157 x 10+1! 0.0 9935.()
G-20 [BO2+BF=0BF+BO 0.301 x 10+14 0.0 1987.0
G-21 [BO+BF>=OBF+BF 0.602 x 10+13 0.0 0.0
G-22 [BO2+BF2=20BF 0.181 x 10*12 0.0 9935.0
G-23 |B+OBF=BO+BF 0.422 x 10+11 0.0 0.0
G-24 [BF+O=BO+F (0.843 x 10+14 0.0 0.0
G-25 |BF2+O=0OBF+F (.120 x 1O+15 0.0 0.0
G-26 |[BF2+H=BF+HF 0.301 x 10+14 0.0 0.0
G-27 [F+OH=HF+O 0.301 x 10+14 0.0 3974
G-28 [BF+OH=0OBF+H 0.120 x 10+14 0.0 0.0
G-29 [BF+OH=BO+HF 0.602 x 10+12 0.0 1968.0
G-30 [BF2+OH=OBF+HF 0.181 x 10+13 0.0 4968.0
G-31 [BF+O2=0OBF+0O 0.108 x 10+14 0.0 14390.0
G-32 [F+H2=HF+H 0.163 x 10*15 0.0 1590.0
G-33 [F+H20=0OH+HF 0.602 x 10+14 0.0 1987.0
G-34 [BF2+B=2BF 0.361 x 10+14 0.0 0.0
G-35 |[BF2+HF=BF3+H 0.181 x 10+13 0.0 9935.0
G-36 |BF3+B=BF2+BF 0.361 x 10+14 0.0 0.0
G-37 [2BF2=BF3+BF 0.602 x 10+12 0.0 0.0
G-38 F3+BO=BF2+OBF 0.602 x 10+13 0.0 1987.0
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Table 16. B/O/H/C Reacuon Mechanism

No. Reacton A nf Eat

G-39 | B+02=B0O+0 0.717 x 1014 0.0 3139
G-40 | B+O+M=BO+M 0.110 x toleé 0.0 -1987.0
G-41 |BO+02=B0+0 0.421 x 1013 0.0 -507.0
G-42 | BO+O+M=B02>+M 0.109 x 1016 0.0 -1987.0
G-43 | B+B0»=2BO 0.361 x 1014 0.0 0.0
G-44 |BO+B02+M=B203+M 0.181 x 1014 0.0 -1987.0
G-45 |2B0O2=B203+0 0.602 x 1011 0.0 9935.0
G-46 | B+OH=BO+H 0.602 x 1014 0.0 0.0
G-47 |BO+0OH=BO>+H 0.241 x 1013 0.0 0.0
G-48 | BO+OH+M=HBO2+M 0.363 x 1015 0.0 -1987.0
G-49 |BO+H20=HBO>+H 0.602 x 1011 0.0 9935.0
G-50 | BO2+OH=HBO2+0O 0.181 x 1013 0.0 993.5
G-51 | BO2+H+M=HBO2+M 0.181 x 1016 0.0 -1987.0
G-52 | BO2+H2=HBO>+H 0.181 x 1013 0.0 2981.0
G-53 | HBO2+OH=BO2+H70 0.120 x 1013 0.0 1987.0
G-54 | B203+H20=2HBO? 0.602 x 10° 0.0 11922.0
G-55 | BO+H+M=HBO+M 0.109 x 1016 0.0 -1987.0
G-56 |BO+H2=HBO+H 0.452 x 102 3.53 3160.0
G-57 | BO+OH=HBO+O 0.164 x 1074 2.76 5015.0
G-58 | HBO+0=BO2+H (0.482 x 1014 0.0 0.0
G-59 | HBO+OH=BO+H20 0.482 x 1014 0.0 0.0
G-60 |HBO+OH=HBO2+H 0.482 x 1014 0.0 0.0
G-61 |HBO+OH=BO2+H?> 0.602 x 104 0.0 69942.0
G-62 | HBO+02=B0O2+0OH 0.602 x 104 0.0 69942.0
G-63 | HBO+O+M=HBO2+M 0.363 x 1021 -0.5 50072.0
G-64 | 2BO+M=B202+M 0.363 x 1014 0.0 -1987.0
G-65 | B202+H=BO+HBO 0.602 x 1013 0.0 0.0
G-66 |B202+0=BO+B0O2 0.361 x 1014 0.0 0.0
G-67 |B202+0H=BO+HBO? 0.361 x 1014 0.0 0.0
G-68 | B202+0H=B0O2+HBO 0.602 x 104 0.0 69942.0
G-69 |[B202+02=2B0O? 0.602 x 104 0.0 80076.0
G-70 | BO2+CO=BO+CO?2 0.301 x 1014 0.0 1987.0
G-71 |B+H20=HBO+H 0.241 x 1015 0.0 2682.0
G-72 | B+C02=BO+CO 0.422 x 1011 0.0 0.0
G-73 |HBO+BO2=HBO2+BO | 0.182 x 1013 0.0 990.0
G-74 | BO2+HBO=B203+H 0.182 x 1013 0.0 990).0)
G-75 | BO+HBO2=B203+H 0.482 x 1013 0.0 0.0
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Table 17. O/H/C Reacuon Mechanism

Reacuon
G-76 [H+0>=0+0H 0.192 x 1015 16440.0
G-77 |O+H>=H+OH 0.508 x 109 2.67 6292.0
G-78 [OH+H2=H+H>0 0.216 x 10Y 1.51 3430.0
G-79 [ROH=0+H?20 0.123 x 10° 2.62 -1878.0
G-80 ﬁHz+M=’H+M 0.457 x 1020 14 104400.0
G-81 [2O0+1=02+M 0.617 x 1016 -0.5 0.0
G-82 [0+H+M=0OH+M 0.472 x 1019 -1.0 0.0
G-83 |H+OH+M=H20+M 0.225 x 1023 2.0 0.0
G-84 [H+02+M=HO2+M 0.617 x 1020 -1.42 0.0
G-85 02+H=H2+02 0.663 x 1014 0.0 2126.0
G-86 0>+H=20H 0.169 x 1015 0.0 874.0
G-87 02+0=0H+07 0.181 x 1014 0.0 -397.0
G-88 [HO2+OH=H20+023 0.145 x 1017 -1.0 0.0
G-89 [|2HO2=H202+02 0.302 x 1013 0.0 1390.0
G-90 202+M=20H+M 0.120 x 1018 0.0 45500.0
G-91 202+H=H20+0H 0.100 x 1014 0.0 3590.0
G-92 202+H=H2+HO? 0.482 x 1014 0.0 7948.0
G-93 202+0=0H+HO? 0.955 x 107 2.0 3970.0
G-94 [H202+OH=H20+HO2 | 0.700 x 1013 0.0 1430.0
G-95 0+0+M=CO2+M 0.251 x 1014 0.0 -4541.0
G-96 [CO+02=C0O2+0 0.253 x 1013 0.0 47690.0
G-97 [CO+OH=CO2+H 0.150 x 108 1.3 -765.0
G-98 [CO+HO2=C0O»2+0OH 0.602 x 1014 0.0 22950.0
G-99 [HCO+M=H+CO+M 0.186 x 1018 -1.0 17000.0
G-100 [HCO+02=CO+HO> 0.758 x 1013 0.0 410.0
G-101 [HCO+H=CO+H2 0.723 x 1014 0.0 0.0
G-102 [HCO+0=CO+0OH 0.302 x 1014 0.0 0.0
G-103 [HCO+OH=CO+H?20 0.302 x 1014 0.0 0.0
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APPENDIX B. B(s) SURFACE OXIDATION MECHANISM

B-1. Global Reacuons

Global reacuons tor paruculate boron surtace oxidation in B/H/O/C/F combustion systems
are listed in Table 18. These reactions were selected using three critenia: (1) reacuons first order in
ras phase reactants (2) reactions whose reaction enthalpy 1s less than 150 Kcal/mol (3) reactions
vielding gas phase products which are consistent with the B/H/O/C/F gas phase oxidation model.
Reactions R|-R | 5 are the surface reactions previously used to treat B/H/O/C systems. Reactions
R16-R20) are the new surface reactions which anise when fluorine is added to the system.

Table 18. Global Reactions B(s) + Z(g) = Products

Reacton I AHr{Kcal/mol)
—

1 B(s)+ O(g) = BO(g) -59.6
2 B(s) + 02(g) = BO2(g) -68.0
3 Bis) + O2(g) = BO(g) + O(g) 59.6
4 2B(s) + 02(g) = B202(g) -109.0
5 2B(s) + O2(g) = 2BO(g) 0.0
6 B(s) + OH(g) = HBO(g) -56.7
7 B(s) + OH(g) = BO(g) + H(g) 42.8
g B(s) + H2O(g) = BO(g) + H2(g) 57.8

9 B(s) + H2O(g) = HBO(g) + H(g) .5
10 B(s) + BO2(g) = B202(g) -41.0
11 B(s)+BO2(g) = 2BO(g) 68.0
12 B(s) + B203(g) = B202(g) + BO(g) 90.8
13 B(s) + HOBO(g) = BO(g) + HBO(g) 86.6
14 B(s) + HOBO(g) = B202(g) + H(g) 77.1
15 B(s) + CO2(g) = BO(g) + CO(g) 67.7
16 B(s) + F(g) = BF(g) -46.7
17 B(s) + HF(g) = BF(g) + H(g) 89.5
18 B(s) + BF2(g) = BF(g) + BF(g) 85.6
19 B(s) + BF3(g) = BF(g) + BF2(g) 102.7
2() Bf«) + OBF(g) = BO(g) + BF(g) 116.3

B-2. Adsorpuon and Desorption Channels

Surtace speciation is listed in Table 20 and first-order adsorption rate paramters are given in
Table 21. The adsorption enthalpies are expresses in terms of the heats of formation given in Table
20 for the surface complexes. First-order desurption channels and rate parameters are listed in
Table 22.
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Table 20. B(s) Surtace Species - Estimated Heats of Formation

Complex

Heat of Formation

Adsoprtion Reaction AHj, S0 Ea
(cal/mol)

S-1 B(s)+H = BH(c) . 0.0
S-2 B(s)+ O = BO(¢) H1-59.6 ).8 0.0
S-3 2B(s) + O2(g) = B202(¢) -109.0 1.064 1014.0
S-4 2B(s) + O2(g) = BO(c) + BO(g) 1 ).0082 0.0
S-5 B(s) + O2(g) = BO(c) + O(g) 1+59.6 001 1000.0
S-6 B(s) + OH(g) = BO(c) + H(g) 1-42.8 .02 1000.0
S-7 B(s) + OH(g) = HBO(c) 3-0.3 ).02 1000.0
S-8 B(S) + H20(g) = BH(c) + HBO(g) 2-2.2 .0062 8000.0
S-9 B(s) + BO2(g) = B202(¢) 5+68.0 ).005 5000.0
S-10 B(s) + BO2(g) = BO(c) + BO(g) 1+68.0 ).005 5000.0
S-11 B(s) + B20O3(g) = B202(g) + BO(g) p0.8 ).87 ).0
S-12 B(s) + HOBO(g) = HBO(¢) + BO(g) [H2+134.0 ).0025 4000.0
S-13 B(s) + HOBO(g) = B202(¢) + H(g) 5+186.1 ).0025 4000.0
S-14 B(s) + CO2(g) = BO(c) + CO(g) 1+67.7 ).0013 4517.0
S-15 B(s) + CO(g) = BCO(¢c) 4+26.5 00015 0.0
S-16 B(s) + BO(g) = B20(¢) =BO(c) 1 i
S-17 B(s) + B202(g) = B302(c) = B202(c) [H5+109.0  Feverse of B202(c) desorption
S-18 B(s) + HBO(g) = HB20(¢c) = HBO(c) [H3+60.0  Freverse of HBO(c) desorption
S-19 B(s) + F(g) = BF(¢c) 6 .02 1000.0
S-20 B(s) + HF(g) = BF(c) + H(g) 6+52.] ).0062 10,000.0
S-21 2B(s) + HF(g) = BH(c¢) + BF(¢) 6+H2 57 ).0062 10.000.0
S-22 B(s) + BF2(g) = BF(c) + BF(g) 6-27.7 00 ).004 3000.0
S-23 B(s) + BF3(g) = BF(c) + BF2(g) 6-141.0 OO ).004 3000.0
S-24 B(s) + OBF(g) = BF(c¢) + BO(g) 6 49 ).0025 4000.0
S-25 B(s) + BF(g) = BF(¢) 6 everse of BF(c) desorption




* Hj represents the heat of tormation for surtace species Cj
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Table 22. B(s) Surface - Desorption Rate Parameters™

Complex {Desorption Channels AH| Al E{
(Kcal/mol) (Kcal/mol)

B(s) + H(g) 52.1-Ha reverse S-1

0(c) BO(g) -HI 0.02xT -H1

B(s) + O(g) 59.6-H1 reverse S-2

IB202 B202(g) -109.0-Hs 0.02xT -109.0-Hs
2B(s) + O2(g)| -68.0-Hs reverse S-3

FHBO(c) HBO(g) -60.0-H3 0.02xT -60.0-H3
BO(g) + H(g)| S52.1-H3 0.02xT 52.1-H3
B(s) + OH(g) 9.3-H3 reverse S-7

PCO(c) B(s) + CO(g) | -26.4-H4 | reverse S-15

[BF(©) BF(g) -He 0.02xT -He |

B(s) +ﬂg) 18.97-Hg | reverse S-19
* Hj represents the heat of formation for surtace species Cj

51




