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R mm. a preliminary evaluation of the modifications and/or extemsions to
Miﬂ:y analysis techniques for future spplications to the heterogenecus phases
of boren combustion was performed.

The basic foundation has been developed for initiating experimencal and/or
cheorstical studies to further refine the kinetic and thermochemical paramsters
. e ldentified to be of critical importance to gas phase oxidation and to help validate
. the present gas phase combustion model. At the same time, a fairly comprehensive
gas phase combustion model now exists for studying a number of boron based combuation
s systems.
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SUMMARY

Solid boron has long been recognized as a potential high volumetric
density propellant for volume limited air breathing propulsion systems.
However, achieving this potential has proved difficult due to low combustion
and heat release efficiencies encountered when solid boron slurries are added
to conventionally design combustors. The difficulties in achieving the
anticipated potential of boron-assisted propellants in practical applications
has created a nsed for improved understsnding of the basic chemical and
physical processes in these systems.

The combustion of solid boron particles with an oxygen based oxidizer has
long been known to be a complex process involving both heterogeneous
(gas/s0lid) and homogeneous (gas/gas) chemical kinetics. The combustion
process begins with an initial heterogeneous phase of particle oxidation,
ignition and volatilization of partially oxidized boron species. The
volatilised boron species undergo further homogeneous gas-phase oxidation to
form' s mixture of gaseous boron oxide and boron oxyhydride species. Finally,
as these combustion gases cool,the complex B-O-H mixture must condense to
1liquid or solid B;03 in a third (heterogeneous) combustion phase in order to
complete the heat relesse necessary for an efficient boron assisted
propellant.

This study presents the results of an AFOSR spounsored project to model
the homogeneous gas phase combustion sub—process and use kinetic sensitivity
analysis to determine critical reaction pathways and uncertainties in the
currently aveilable thermochemical and kinetic data. An additional objective
was to evaluate the extensions of sensitivity analysis that would permit its
future aspplication to heterogeneous boron combustion. Eventuslly, the models
for each of the three sub—processes would be coupled to develop a complete
model for the full combustion process.
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From the modeling work and sensitivity analysis susmarized in this
report, several isportant results have been obtained. These include the
fellowing:

1) Thermodynamically, the dominant equilibrium boron species in the
boundary layer surrounding a hot boron particle in hydrocarbon
combustion gases consists of HBO and B0, for fuel rich systems and
HEDO, and B,03 for oxygen rich systems.
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2) The initial identity of boron sub-oxides and oxyhydride species
evolved from the particulate boron influences the gas phase
oxidation kinetics only during the first few micro seconds. The
species snd temperature profiles, as well as sensitivity gradients
are only weakly dependent on the identity of initially vaporized
species during the subsequent oxidation chemistry.

3) The presence of hydrogen containing species has a significant impact
on the homogeneous combustion. In general hydrogen tends to have a
favorable effect because it aids vaporization of B(s) and promotes
reactions of B0 and B0, to form HBO, and B,03. On the other hand,
larger quantities of hydrogen promote the formation of HBO,, and the
product condensation stage becomes more complicated.

4) The gas phase oxidation kinetics is dominated by a relatively small
set of kinetic and equilibrium processes. These have been
identified for further experimental and/or theoretical study.

S) HBO, and B0, are the two principal gas phase combustion products
with B,03(g) favored at higher combustion temperatures. For most
systems modeled, HBO, is favored. Consequently, the product
condensation stage of boron combustion is probably more typically a
complex heterogeneous process. However, the ability to shift the
product distribution to B;03 via special additives would allow
coundensation to proceed as a simple nucleation which could
significantly increase combustion efficiency.
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6) A preliminary analysis has identified key issues and viable
approaches for extending the current model and sensitivity analysis
to the heterogeneous burn phase of boron combustion.

The basic foundation has now been developed for initiating experimental
and/or theoretical studies to further refine the kinetic and thermochemical
parameters identified to be of critical importance to gas phase oxidation and
to help validate the present gas phase combustion model. At the same time, a
fairly comprehensive gas phase combustion model now exists for studying a

number of boron based combustion systems of important to the Department of
Defense community.
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Soz covesel dncedus bLesen has booe peepesed 40 an advanced fwel fer we
ia conbustics snd prepuisien cpotems tossuse of its high enec@ demsity.
Constéduving hants of cssbustion, the grevimstric hesting velus of deten 1o
agpoenimately & guestss than J9S, o widsly wsed conventisns! liquid
Wpéveasrtes fusl, end appocuimntely 0R goester then wmatallic slunisws,
ansthey sdvencad fusl candidete eurvently wied ia ceitd Cusled rechets. On o
volamatric Yends, Moven is cven wsoe agpenliag with & hestiag welws
apposaiustely J0IE grester than JB0 end (08 grester thes slumiaws. These
potantisl adventagee tave cpashed s geoet dusl of ifatecest (a the emhenssment
of conventicusl liquid hpéveecertes combustien vis the sidditien of pacrtisnler
tosen ia the feosn of clursy cuspansdens. %o date mwewns, these peteatial
gains hove st teea fully resiissd ia cither reseeseh or presticsl cembusters.

Tue sajer sntuselved combustien peshiemn ess the posr cembustion
officiancy and the insdoguete igniticn chesusteristies of beten particles.
The et of csniuetion sdventagn of deten asstisted hgdvteserten fusls ssted
shove is baved e the asownption of complete esubusties (1.0., fimsl preducts
of gasesus 8,0, gasesus OB,, and liquid beris, 5,0,); the pesr combusties
officioncy sesuilts fren cslew Liastically ecsatrelled cendsasstisn precseses to
fern the liquid phase astal cumide vhish é» ast ressh the desired equilibris
during the chert tesidunce timss sveilsble tla weet cambustion dovices. The
ignitien preobien is s result of the oversl] ishibiting precess of exide scale
fosustion en wnbuwcrusd boren fuel patticles and ite subsegquent ishibitiem of
otua particls sucfase veperisstien during the initial Wwet-wp phase of the
pasticle.

The eurvent wmderstandiag of heton combhustion cemetists of, && beet, &
oversl] dascriptisa of the asst preodeble physica' snd chemical precesses;
1.0., maniedge of the doteiled clemsutary precescses is significeatly
lashing. It (s sppesent fren previeus recsarch ia this field, thet it
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slatiens  the eusrent problems preventiang practical applicstiom of berom
ess % b found, adéitionsl resssrch efferts will be required, perticularly at
the clemantany lowel.

This sapest peasents the sesults of an {nitial APOSR spensored progras to
esnstsust ¢ dotalled wdsl for deseribing the hemsgenscus borom combustion
shase of = ovessll Npdvecerion sesisted boren combustion model. This
temngenscus esmbusticn phese msdel is the first part of em overall prograa
dstigned to ebtais & letter fupdemsntsl wnder—etanding of the elementary
posessses of beven csubustion sad the rele these precesees play during the
entive hydvesaston aseisted boven csmbustien precess.

The wsdeling pregran included 1ia this repert relies oa gradiest
esusitivicy anslyeds te aid the dovelopment and velidetion of the model and to
officiently istesfese msdeling and emperimsntal programe. Purthermore, the
aetssery entensien of sensitivity amslysis techaiques to surface chemistry
peobicns will be & significant conpensat of future work. The extessioa of
gvedient csnsitivily enslysis techniques Co heterogemseus kisetic processes
such o8 particle ignitien and predust condensstiocn 1is met caly mecessary to
cusesssfully trest boven cembustien, but will be & majer comtributioa to
usdels of othor imhesently heteregonseus chemical systems imcluding solid
veshet prepullont and pulverised cesl cembustion, upper atmespheric and near
opase dagredaticn of space wehicle materials, cosbustion and stwospheric
pollvtant driven surface cecresien, and chemical deposition and plasms etching
prosssses for advenced eclectremic snd clectre-optical materials.

The uitimste goal of any Wrea conbustion medel development progrem is to
peovida cembustion eagiasers with s predictive tool which will allow the
dosign of advensed csmbusters capable of efficieantly buraimg liquid
hpdeecarton fusls lesded with particulate beren. Nowever, as mentioned above,
8 vory fmpettast isitial geel is to amslyse msdel results with the halp of
kimstic cemsitivity anslysis techaiques ia order to ideatify the most
tapertant physicsl precesses and chemical resctioms which control effective
boten cembustien. This will allew subsequent experimental and theoretical




studies to focus effort on quantifying only those model parameters, including
reaction rate constants and thermochemical parameters, which control effective
bozrou combustion. This process is, of course, an iterative procedure with
model predictions and sensitivity analyses becoming more accurate as input
data for important physical and chemical parameters are improved.

A crucial set of model parameters for hydrocarbon assisted boron
combustion is the gas phase reaction rate constants governing the oxidation of
suboxide and suboxyhydride species wvolatilized during the combustion of solid
particulate boron. Chemical equilibrium calculations predict that solid boron
burning in the presence of hydrocarbon fuels will evolve substantially to
gaseous boron oxyhydride compounds such as HOBO. Since the chemical
eavironment in the boundary layer around each boron perticle will almost
certainly be oxidizer poor, it is likely that a B/O ratio of less than two
will prevail in the vaporised species. Depending on the currently wmcertain
details of gas/surface thermochemistry and kinetics, it is expected that the
volatilization of species such as DO, HBO, BOH, B,0, and B0, as the
boron/boron oxide surface layer of the particle is heated by radiative and
convective heat transfer and reacts with hydrocarbon combustion intermediates
and products including H, OH, H,0, CO, and CO,.

The initial modeling effort, presented in this report, concentrstes on
the homogenecus gas phese portion of boron combustion for several related
reasous. First, an extensive gas phase reaction rate set for boron assisted
combustion was developed by Kold and co~workers under DARPA and AFOSR funding
in the late 1970'..1'2-1'3’1"‘ and this reaction set with its estimated
rate constant parameters can serve as the basis for initial model
development. Second, wvhile a few key reactions in the gas phase bdoron
oxidation schems heve been mesasured over the past several years, (generally
confiruing the rate estimates of Koldb and co-workers) 1-1 and several
experimental groupe have the capability to msasure more, it is clear that a
kinetic sensitivity analysis study of the system will help specify which of
the many wmsssured rate constants should be the focus of dedicated
experimental or theoretical efforts. PFinally, kinetic sensitivity studies of
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combustion systems have so far been limited to homogeneous, gas phase systems;
thus, the gas phase portion of the boron combustion process is most amenable
to immediate kinetic sensitivity analysis.

An important secondary task of our initial effort is to map out the
theoretical extensions necessary to extend the gradient kinetic sensitivity
analysis technique to the heterogeneous problems of boron particle ignition
and burnout and boron oxyhydride/boron oxide condensation kinetics necessary
for a complete boron combustion model.

Section 2 of this report will present elements of the overall model for
boron assisted combustion of hydrocarbon fuels. Section 3 presents the
homogenous combustion model developed to date and the results of initial model
runs and\conlitivity analysis. Section 4 summarizes conclusions and presents
recommendations for further work.

1.1 References for Section 1l

1-1 Faeth, G.M., "Status of Boron Combustion Research,” Report of the Boron
Combustion Specialists Workshop, Air Force Office of Scientific Research,
(October 1984), also partially published under the same title in the

Proceedings of the 21st JANNAF Combustion Meeting, Laurel, MD (October
1 .
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2. COMBUSTION MODEL DEVELOPMENT AND SENSITIVITY ANALYSIS

2.1 Model Overview

Particulate boron combustion iu conjunction with hydrocarbon combustion
is a complex, multiphase proccu.z'l Initial analysis indicates that the
process can be viewed as involving at least three stages. These are: 1)
boron particle surface oxidation, ignition and volatilization of suboxides and
suboxyhydrides; 2) s largely homogeneous, gas phase oxidation of the volatile
suboxides and suboxyhydride which pass through the oxidizer poor boundary
layers of the particle; and 3) condensation of the gaseous high temperature
boron oxyhydride products to liquid boria (B;03) as the combustion exhaust
temperature and pressure approach ambient values.

A schematic of these combustion stages is shown in Figure 2.1. Each of
these is discussed in more detail in subsequent subsections.

COMBUSTION PHASE DESCRIPTION TYPICAL SPECIES
1 BORON PARTICLE OXIDATION, 3(s) 0,(g)
IGNITION AND VOLATILIZATION B,04(s,2) CO,(g)
Ha0(g)
HOBO(g) H,0(g)
11 BOMOGENEOUS REACTIONS OF BORON HBO(g) Ol(g)
SUBOXIDES AND OXYHYDRIDES B,0,4(g) 0,(g)
B,0,(g) o(g)
302(‘) 002(8)
Bo(g)
‘ HOBO
111 CONDENSATION OF BORON OXYHYDRIDES (HOBO)
TO B,04(2) 3203(83
Hy0yB;(2)
B,03(2)

Figure 2.1. Schematic of Boron Particle Combustion Processes
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2.2 Particle Ignition and Volatilization

The ignition process involves the heating of an initially cold boron
particle covered with an oxide layer. As the particle temperaturz rises (due
initislly to the hot external enviromment from the surrounding hydrocarbon
combustion, but eventually to some self-heating), two competing processes
occur involving the removal of and the ‘formation of the oxide layer. The
oxide layer is removed at the surface through vaporization. At high
temperatures, this process can involve chemical transformations, and
therefore, the composition of the surrounding gases can significantly alter
the tates of oxidelayer removal.?-?
observed to promote ignition.

For example, water vapor has been

Some controversy has recently arisen regarding the mechanism for oxide
formation. Early works2~3 postulated that oxygen dissolves in the oxide layer
and diffuses to the boron ~ boron oxide surface where it reacts to foram boron
oxide. More recently,?™" it has been argued that a wore likely mechanism
would involved the diffusion of boron to the boron oxide - gas surface where
subsequent heterogeneous reaction with oxygen to form the oxide would occur.

Most of the past work on boron barticle ignition has involved studies of
boron in oxygen or air. However, as noted above, water vapor can have a
significant promotional effect om boron ignition kinetics.2~2 1In a boron
assigted hydrocarbon combustion process, not only water vapor but a number of
other hydrocarbon combustion intermediates and products including H,, CO, OH,
H, CO;, and possibly partially oxidized hydrocarbons such as aldehydes will
sll interact with the surface of the boron particles.

It is probable that it is the chemical reaction of these species, not 0
and 0; which control particle ignition and vaporization in mixed
hydrocarbon/boron combustion systems. Since both thermochemical
-odclo.z's’z’s and flame sampling studies?~7 indicate that boron oxyhydride
species such as HOBO are the dominant high temperature boron containing

combustion products, it seems possible that a third process dominates boron
particle ignition and volatilization kinetics in hydrocarbon combustion
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systems. This process would involve the removal of the boron oxide layer
itself through surface reaction with hydrogen containing species such as H,
Oﬁ, Hy, and H,0 to form volatile boron oxyhydride species such as HBO, BOH,
and HOBO. As the depth of the boron oxide layer is reduced, new surface will
be available to reform boron oxides, through interaction with CO,, OH, H,0,
and whatever O and O, penetrate the oxygen poor region around the particle.

Indeed the reactive chemistry of atomic boron as well as electronically
analogous atomic aluminum provides a strong hint that oxyhydride species form
efficiently and preferentially. These electron deficient atoms each combine
with water in bimolecular reactions in both the gas phase2'°'2'12 and in cold
2-13 ¢y form an excited H-M-OH species which efficiently sheds
its excess energy through radiative decay.

argon matrices

* ®
B, AL + H)0 + H-B-0H or H-Al-OH + H-B-OH or H-At-OH + hv  (2.3.1)

Theoretical studies confirm that these remarkable reactions occur with
surprisingly small activation energie-.z‘l“'z‘ls It is not difficult to
imagine that the high combustion temperatures coupled with the presence of
surface to stabilize reactions may well promote very efficient oxyhydride
formation.

As surface reactions and heat transfer raise the particle temperature,
boron suboxide species such as BO, B,0, and B,0, may vaporize along with the
boron oxyhydride species.

Thus, it is quite possible that under hydrocarbon combustion conditions
the boron oxide layer which strongly inhibits particle ignition and
vaporization under clean boron/oxygen system conditions becomes a reactive
layer promoting particle vaporization when the particle boundary layer is
oxidizer poor.




A better understanding of the thermochemical, solubility, transport, and
reaction properties of the layer is required to resolve the actual ignition
aad vaporiszation mschanisu. Thermodynamically, the oxide formation process is
exothermic whereas the removal process for oxides is endothermic. Thus, the
eriteria for uution in the "clean” boron/oxygen system is that the oxide
vaporisation rate exceeds its production rate so that the layer itself is
removed. The degree to which hydrocarbon combustion products and
intermediates change this picture is an important question.

2.3 Combustion Kinetics

Once the oxide layer is removed, the particle burns rapidly with a
surrounding flame sheet which is detached from but near the surface. Since
the volatility of boron is low, boron burns much like a carbon particle vs. a
hydrocarbon liquid droplot.z"' Here, gasification of the boron occurs by
chemical transforsation into more volatile components. Thus, heterogeneous
and homogeneous chemistry play a more dominant role in the gasification of
boron than for liquid hydrocarbons. For example, liquid hydrocarbon droplets
gasify primarily by a simple vaporization process which proceeds in the
presence or absence of oxidant. The volatile component formed during boron
gasification {s believed to be BO, but as noted above there may be significant
levels of HOBO, HBO, BOH, B,0, or B,0,. CO, is the major product of carbon
combustion which diffuses back to the carbon particle surface to react
heterogensously to form more CO. Boron oxides and oxyhydrides may play
similer roles in boron combustion. Indeed, there may be a strong similarity
between boron and carbon combustion; even the' homogeneous gas phase kinetics
may have similarities. For example, CO oxidation is controlled by the
presence of the hydrogen containing OH radical and boron sub—oxide oxidation
will be clearly affected by oxyhydride formation.

Evolution of gas-phase boron compounds in the boundary layer around the
burning particle is most likely under kinetic control and must be modeled as a
homogeneous kinetic process. This requires estimated or measured rate
constants for a large number of individual reactions. Fortunately, previous

2-4
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DOD interest in boron assisted liquid rocket propellants and their exhaust
plumes resulted in considerable activity in this area.2-1® Section 3 presents
an updated and extensive version of this reaction rate constant set,
including, of course, the results of available experimental data obtained
since 1979.

2.4 Product Condensation

Estimates for the high volumetric energy density potential of boron-based
fuels are based on heats of combustion for complete oxidation with condensed
boron oxide, e.g., B,03 (1), as the principal product. Thus, realizing the
full theoretical potential depends, in part, on achieving complete energy
conversion as combustion product vapors cool during the expansion process.
This has been difficult to achieve, however, because chemical recombination
reaction rates are typically slow relative to the short residence-times for
expansions in typical combustion devices. This significantly reduces
combustion efficiency as energy is effectively trapped in the vapor phase. It
is currently estimated that as much as 20 - 30 percent of the estimated
available energy may be lost by this mechanism. The problem is particularly
acute for high altitude operation where reaction rates are even slower due to
the reduced pressure in the nozzle exhaust flow.

Equilibrium calculations for boron oxidation in wet flames indicate large
concentrations of HOBO in the product vapors. Studies of the boron—oxide
surface layers properties also suggest the heterogeneous formation of HOBO
during combustion in the presence of H,0. Taking HOBO(g) as the principal
vapor phase product, boron oxidation at temperatures near the onset of
nucleation (T ~2000 K) may be represented as

2B + 02 + Hz + 2HOBO (g) AH = 1151 KJ/mol (2.4.1)
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‘first approximation equal, failure of HOBO(g) to convert to B,0, and

In contrast, complete combustion to condensed boron oxide,

2B + 202 + 2« Hz + 3203(1) + HZO AH = 1468 KJ/mol (2.4.2)

is approximately 20 percent more exothermic. Since, at T = 2000 K, the
constant pressure equilibrium constants for reactions 2.4.1 and 2.4.2 are to a

subsequently condense significantly reduces combustion efficiency. Equations
(2.4.1) and (2.4.2) do not represent the reaction mechanisms for boron
oxidation, but only serve to indicate the increased energy available upon

condensation. Obtaining this extra energy, however, is dependent upon
condensation.

The mechanisa for formation of B,03(1) remains one of the most poorly
understood components of boron combustion. Edelmann et. al. characterized
it as a nncle;tion process and developed & model for the finite-rate kinetics
and condensation during nozzle expansions which agreed reasonably well with
cxporin.nt.z"7 In contrast, Miller has argued that the mechanism is more
complex than just a simple nucleation process and actually involves many
intermediates and reactions not eonoiaercd {n Edelmann's model.2~7 Miller's
arguments are based on studies of the boron combustion products at low
pressures, ca. 0.l atm, in which mass spectrometry was used to determine the
species present in =n oxygen-rich flame under conditions appropriate for
nucleation. These results indicated the presence of a variety of complex
boron oxyhydroxide species in addition to simple monomers, dimers and trimers
of H0B0.2-7 Since polymeriszation reactions are typically fast (k ~10~10 opl
molecule sac for dimer and trimer formation), Miller concluded that
elimination of H,0 from the polymer chain was the more likely kinetic
bottleneck to condensation. Moreover, it appeared that H,0 elimination

occurred gradually during nucleation rather than in a single discrete step.
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From this data, Miller formulated a hypothetical polymerization
mechanism. However, the experimental studies were unable to probe specific
reaction pathways, and many reasonable pathways were left out of the model, so
that no quantitative predictions that could be compared with experiment were
made. It has been suggested that some of the discrepancy between Edelman et.
al. and Miller may be attributed to the fact that they had examined the
combustion products in very different pressure ranges. However, since neither
study provided definite measurements to test reaction mechanisms, both models
are subject to a great deal of uncertainty. Since the formation of condensed
boron oxide is so important to combustion efficiency, it is imperative to gain

a more reliable grasp of the key reactions and parameters which control this
process.
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3. HOMOGENEOUS BORON COMBUSTION: MODEL DEVELOPMENT AND KINETIC
SENSITIVITY ANALYSIS

3.1 Overview of Model Development

The model development and concomitant sensitivity analysis program
described in the report consisted of the following tasks:

1) The collection and evaluation of currently available thermochemical
and kinetic data for chemical species and elementary reactions that
may be important to boron combustion (Subsection 3.2).

2) A series of thermodynamic calculations for air oxidation of a
mixture of solid boron and a typical hydrocarbon fuel (JP4) to
determine equilibrium boron speciation (Subsection 3.3).

3) The development of a homogeneous combustion model consisting of a
detailed list of plausible elementary reactions and estimated (or
measured values when available) rate constants followed by kinetic
calculations to determine species concentrations and temperature

profiles under various initial conditions. (Subsection 3.4).

4) The application of kinetic sensitivity analysis to determine the
response of system observables to changes in the input parameters,

e.g., initial species concentrating, rate parameters, etc.

5) An in depth analysis of the gradient sensitivity data to identify
the critical reaction pathways and key uncertainties in currently

available thermochemical and kinetic parameters (Subsection 3.6).

6) and lastly, a brief analysis of the research strategies needed to
extend the applicability of sensitivity analysis to heterogeneous
process.

Each phase of this work is briefly described in the following subsections.
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3.2 Collection and Evaluation of Relevant Thermochemicsl aad KEimetic Deta

During the initial stage of this program, s comprehensive literature
search was performed to develop a dats base containing ths woet up-to-date
values for the thermochemical and kinetics paramsters that would be needed in
developing a model for gas phase borom oxidation kinetics. The data bese was
periodically re-evaluated and updated as new or more reliable results become
available. In this section, we summarize the more importaant results from this

survey.

3.2.1 Thermochemical Data

Table 3-1 contains the standard enthalpies of formatiom Allg 29¢ and
entropies Sygg for the atomic and molecular species that are importsat to
boron assisted hydrocarbon combustion systems. (This list iamteatiomally
concentrates on species containing boron since the correspoading
carbon-containing species are well-known and well-documeated.) VWith ome
notable exception (BOH), this data has been collected from the moet recest
publication of the JANAF thermochemical tables.’~! The heavier boros
oxyhydrides (e.g. H3B0;, H,B,0,, etc.) are probably mot critical to a
description of the high temperature gas phase doron combustiom chemistry.
They will be important, however, to future modeling of the condensatiom phase
(Subsection 2.3) and are included in Table 3-1 for completeness.

The HBO species has long been thought to be sn important intermediate in
boron combustion systems containing hydrogen. It is pertineamt, therefore, to
consider the possible role of the BOH isomer. At present there is no
experimental data available for this species. Ab initio calculatioas,
however, have been performed to characterize the potential energy and minimus
3= these results
indicate that the ground configuration for BOH is approximstely 40 kcal above
the ground configuration for HBO. The potentisl barrier for rearrangement is
approximately 50 kcal. The optimum geometric parameters for the BOM species

energy path for the intramolecular rearrangement DOH - HBO.
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Teble -1 - allg

LT Ty

genic end Molasuler Species of

Lapesstanse fsetisted Npdrecarben Combustien
o8¢ .29 190
(heal/wsle) (cal/wnle~dag)
Ms) 0 1.41 ¢ 0.02
a) (11.081) (6.432)
] 133.8 ¢ 3.0 %.046 : 0.00
» 0: 2.0 8.6 2 0.1
e, -8 & 2.0 .90 : 0.0%
Y 198.3 ¢ 8.0 48.27 ¢ 0.04
”o B2 (34.47]
50, -109. ¢ 1.0 37.93%
B0y (s) -304.0 t 0.3 12.90 ¢ 0.1
ho, () -299.36 : 0.6 18.7% ¢ 0.01
5,0, -199.8 : 1.0 7.8 21
"o -47.2 ¢+ 3.0 8.4 200
e
e, (s) -191.87 ¢ 0.20 (11.7 ¢ 1.0]
=80, -134.0 ¢ 1.0 [37.273)
n, b, (-114 £ 19) [58.116)
B, B0, -237.16 : 0.6 (70.5387]
8, 5,0, -307. ¢ 5.0 (83.37)
8,8,0, -291. ¢+ 10.0 (69.7]
By 5,0, -543 ¢ 3 (83.061)
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*‘ Table 31 - Allg 295 ond for Atemic and Neolecular Species of
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. (Continmed)
AR, 200 19
r' (heal/wsle) (cal/mele—deg)
L] -0.42 ¢ 0.0 47.21 ¢ 0.01
'- los, ~$4.0%4 & 0.011 51.07 ¢ 0.03
Wy0(1) -68.315 : 0.01 16.718 ¢ 0.019
. Y -37.795 2 0.01 45.106 ¢ 0.01
' 0 49.003 : 0.008
5 0 31.207 : 0.008
' o 3.3 ¢ 0.026 30.468 : 0.003
32.103 ¢ 0.001 27.392 1 0.004
. - 9.318 £ 0.29 43.090 & 0.0l
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(in stomic waits) sve Ry_g = 2.46, Rgy = 1.79 and the DOH angle is 125°,
Prem this data Allg 293 and S29¢ for BON have been estimated to be
Keal/usle and cal/mole deg respectively.

From Table 31, it is immediately apparent that the uncertainties in the
thermodynsnic paramsters for the B/O/R combustion system are several orders of
segnitude largar than for the same peramsters associated with molacular
species impertamt to counventional hydrocarbon combustion. For example, the
wncoertainties ia the standard eanthalpies and entropies for CO and CO, range
from ome to two orders of magnitude smaller than the corresponding
uncertaiaties their isoelectromic boron analogs HBO and HBO,.

The hests of formetion ti Table 3-1 have been used to establish bond
ensrgies for several relevant B-H, B~0, and B-B bonds. These are summarized
in Table 3-2.

Table 32 -~ Bond Energies for Boron Assisted Hydrocarbon Combustion

Bond D, (kcal/mole) D, (eV)
B~-0 192.8 ¢+ 3.5 8.37
BOB - O 145.8 £ 2.0 6.33
i - 080 117.0 ¢ 3.0 5.08
oBOB - O 149.8 + 27.0 6.50
080 - BO 131.0 £ 5.0 5.68
03 -0 127.0 £ 4.5 5.51
H-DM0 98.7 b 4 5.5 4.28
oBs -0 191.0 £ 27.0 8.29
0B ~ O 109.0 £t 6.0 4,73
H-H 103 + 0.5 4.47
0-0 118 ¢+ 0.l 5.12
0-H 101 ¢ 0.3 4,38
BO - H 118 + 0.l 5.12
c-0 256 + 0.04 11.11
oC -0 127.6 £+ 0.06 5.54
3-5
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3.2.2 Experimental Kinetic Data

Reliable data for kinetic parameters associated with the B/O/H combustion
systea is even more lacking than for the thermodynamic parameters. One
important exception 1s the recent work by Baughcum and Oldenborga'3 at Los
Alamos National Laboratory on the reactions of B and BO with molecular

oxygen.

10 _(158 £ 13)/T

B+0,+»B0O+0 k. = 1.19 (£0.004) x 10 cn3/sec

2 £
BO +0,> B0, + 0 k= 1.7 (£0.4) x 10" (1/1000) 2.23 + 0.5

2 f
e__(716 + 288)/T cn3/sec

This work extends the earlier room temperature work on B + 0, by DiGiusspe and
Davidovits®™ and BO + 0; by Llewellyn, Fontijn and Clyne.3'5 We have also

-l = 3

drawn on the experimental work of DiGiusseppe et. al.,3 =% for the

reaction of B with CO, and B with H,0.

3.3 Combustion Thermochemistry

Equilibrium calculations were performed to establish initial estimates of
the boron speciation in the boundary layer surrounding each boron particle.
The results of these calculations were used to extend the list of relevant
reaction (Subsection 3.4.1) and as guides in choosing initial species
concentrations for the subsequent kinetic calculations (Subsection 3.4.3).

The equilibrium calculations were performed using the PACKAGE code
(Plasma Analysis, Chemical Kinetics, and Generator Efficiency) developed at
ARI to predict multiphase combustion product parameters including mixture

composition and thermodynamic properties. Originally based on the NASA CED
code, the present PACKAGE program has been extended to include a multiple
ideal solution model, a phase rule check when condensed phases are present,
and improved methods for dealing with numerical difficulties.
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The equilibrium calculations were performed for oxidation of a JP4/solid
boron mixture (fuel) in air (oxidizer). Initial concentrations of the fuel
reactants (moles of fuel resctant/total moles of fuel) and of the components
of the oxidizing medimm (moles of oxidizer species/total moles of oxidizer)
are given in Table 3-3 and were the same for esch calculation. The actual
rsactant concentrations in the fuel-oxidiszser mixture were varied by adjusting
the fuel/oxidizer (F/0) equivalence ratio. Calculstions were performed for
/0 equivalence ratios ranging from 0.3 (oxidizer rich) to 4.5 (fuel rich).
However, since the chemical environment in the boundary layer is alwost
certainly fusl rich, the calculations for 7/0 > 2.0 are probably more
representative of the boron species concentrations nesr a boron particle.

Tabdble 3-3 - Initial Fuel and Oxidiszer Species Concentrations for
Rquilibrium Calculations

Species Mole Fraction
Puel: R) ) 0.1
3(s) 0.9
Oxidiszer: [ 7} 0.78
0, 0.21
Ar 0.0095
co, 0.0005

Pigures 3.la and 3.1d show constant pressurs equilibrium species
concentrations as a function of temperature for F/0 equivalence ratios of 0.3
and 4.5, respectively. The pressure was 1.0 atm and the temperature was
varied from 1400 K to 2400 K. Similar results for pressures of 3.0 atm and
6.0 atm did not iudicate any substantial change in the thermodynamically
predicted boron speciatiom.
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Por F/O = 0.3, Figure 3.la, the system is oxidizer rich and the initial
solid boron phase, excluding the liquid boria component [B,03(1)] below 1800
K, is completely oxidized to gas phase oxides and oxyhydrides. The dominant
gas phase species are HOBO, B,0;, and BO, for T > 1600 K. The concentrations
for the heavier oxyhydrides H3BO3; and H3B30g, although comparable to the
concentrations of B,03 and B0, for T < 1600 K, are more than 3 orders of
magnitude smaller then the concentration of HOBO for T = 1800 K. Thus,
although these species will be important in modeling the condensation stage of
boron combustion, they are not going to be important to the gas phase kinetics
considered in this report. Beginning at about 2200 K, entropy terms begin to
become important and there is a gradual increase in the concentrations of
smaller species, BO and HBO, with increasing temperature. However, they
remain minor species over the temperature range considered with concentrations
at least 3 orders of magnitude smaller then the the dominant species HOBO.

The equilibrium boron species distribution changes markedly with as the
F/0 equivalence ratio increases. Figure 3.1b shows the species concentrations
for an equivalence ratio of 4.5. These results are typical for fuel rich
systems (F/0 > 2.0). In this caeé, a solid boron phase persists throughout
the temperature range considered. In contrast to oxidizer rich systems, the
primary equilibrium gas phase species for fuel rich systems are HBO and B,0,.
Gaseous B,0; and HOBO are comparatively minor species with concentrations
approximately 2 orders of magnitude smaller.

Table 3-4 summarizes the dominant equilibrium boron speciation in the
boundary layer surrounding a hot boron particle. These results show an
interesting correlation with conventional hydrocarbon combustion.
Specifically, the dominant combustion products for boron combustion, HBO,
(oxidizer rich) and HBO (fuel rich), are isoelectronic with the primary
hydrocarbon oxidation products CO, (complete combustion) and CO (incomplete
combustion), respectively. Similarly, the secondary equilibrium constituents
show expected trends in the B/O mole ratio as the F/0O equivalence ratio
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Table 3-4 - Dominant Equilibrium Gas Phase Boron Speciation at T=1800 K

F/0 Equivalence Ratio: 0.3 4.5
Species Mole Fraction Species Mole Fraction
HOBO 10-2 HBO 10-2
B,03 10-3 B,0, 10-3
BO, 10™% B,0, 10—
HOBO 10-*

increases. Thus, for oxidizer rich systems, the B,03 species has a B/O mole
ratio of 2/3, whereas for fuel rich systems, the second major constituent B,0;
has a B/O mole ratio of 1.

3.4 Homogeneous Combustion Kinetics

3.4.1 Elementary Reactions and Rate Parameters

There is currently not enough known about the initial ignition and
volatilization phase of boron assisted combustion to accurately characterize
the boron species distributions dominating the homogeneous kinetics. Kinetic
and transport effects may significantly alter the predicted species
concentrations based on an assumption of local equilibrium. The equilibrium
results do serve as guides, however, which help identify the species and
elementary reactions which should be included in a homogeneous boron
combustion model. Thus, from the list of boron species in Table 3-1, the
small subset given in Table 3-5 has been selected for ifnitial study. The
principal species not included are the heavier boron oxyhydrides (HxBOy
with x,y > 2) which appear to only be important for temperatures below 1600 K
and those species (B,0 and BOH) which because of their large positive
enthalpies of formation tend to be important only in extremely high
temperature regimes, i.e. T > 2400 K.

. Table 3-5 - Boron Species List for Homogeneous Combustion Models

B B,0,
BO HBO
BO, HOBO
B,0,
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Based on the thermodynamically predicted boron speciation in the boundary
layer a list of elementary reactions for boron assisted hydrocarbon combustion
was developed. This reaction list, which is summarized in Table 3-6, includes
most of the thermodynamically allowed reactions between boron containing
species and hydrocarbon intermediates. Reactions which were spin forbidden,
sterically improbable, or not thought to be fundamental were not included in
Table 3-6.

Developing an accurate model for the homogeneous boron oxidation kinetics
requires a knowledge of the rate parameters for a large number of elementary
reactions. Unfortunately, with but a few important exceptions, detailed
experimental and/or theoretical studies are notably lacking for the reactions
listed in Table 3.4. This has forced this initial modeling effort to rely on

estimated rate constants.

@ Rate constants for the bimolecular rate constants were estimated using
transition state theory (TST) and/or by scaling the rate constants for similar
reactions. Both approaches are subject to large uncertainties. For TST,
general questions concerning the validity of a statistical theory are
relatively minor for the present application; rather, the primary source of
uncertainty stems from not knowing the relevant transition state
configurations and activation energies. Rate constants based on scaling the
rate parameters for similar reactions do not necessarily fare much better
since the specific scaling relationship used may also require either
structural and dynamical information which is unknown, or be forced to rely on

unsupported assumptions. Because of these inherent uncertainties, the

O OER R SR

principal aim has been to establish rate constants which are at least

physically reasonable and, to a certain extent, collectively self-consistent.

' For the sets of reactions
! A+ HBO » AH + BO A=(H, O, and OH) (3.1)
and
E A + HBO » H + ABO A = (0, OH, and BO) (3.2)
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the rate constants were first estimated using TST by sseuming a linmesr
transition state. The rate coustants for the resctioms (3.2) were
subsequently decreased by about an order of magnitude to offset the effect of
assuming s linear complex. Rate constants for reactioms (3.1) were also
calculated by scaling the corresponding reactions for the iscelectromic BCH
using the ratio of classical partition functiocuns for the reactants. These
values were typically larger than the rate constsats calculated using TST.
Since TST tends to yield rate constants which are slower than experimsntally
observed, the TST rate constants for both sets of reactions were iancreased
slightly to give the final values in Table 3.4.

Rate constants for the reactions
B,0, + 0 + BO + BO,

and
B,0, + OH + BO + HOBO

were more difficult to estimate because of they involve 5 and 6 atom

transition states. Initial estimates were obtained by simply doubling the
rate constants for the corresponding HBO reactions (3.2) due to the symmetry
of the B,0, species giving kg = 1.6x107}!, This value was then scaled by

the reactant partition function ratio for the HBO and B,0; resction giving the
value in Table 3-4, k¢ = 6x10~}1, The reactions

-20 -=35200/T
Hl!O‘I-OH»BOZ'l-B2 kf-lo xe

HBO + 0, » B0, + OB k, = 10 2xe >200/T

-15__-35200/T
xe

B,0, + OH » BO, + HBO k 10

22 2 4

-15_ -35200/T
3202 + 02 > BOZ + 502 kf 10 “xe

probably involve 4-center reaction complexes and, consequently, were estimated
to proceed very slowly.
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34.2 Sresen Benstiene

Tue typus of syotams hove bosn ilavestigated; an adishatic, cemstaat
pouscute eyotan and en isetherunl cenctant velums systen. The adisbetic
Constant pressuss oyoten is described by the set of eguetiens,

&, o
‘l.:l;L Aol, coee, W) (3.4.1)
"
I S w (3.4.2)
4 x3 PR 4

vhere Y4 is the mnee frection of the i-th chemicsl opecies, T is the
w.pumm--muy.z,um-nwu-
specific Meat at csnstant pressure, By is the specific enthalpy of the 1-th
chemical opocies, vy 15 the msler preduction rate of the 1-th chemicsl
species, YUy is the wslecular wveight of the i-th chemical species, and t 1o
tiss. The mase density is defined via the perfect gos lew

p a2 (3.6.3)

2%

where P is the system pressure, R° is the wmiverssl gas constaat amd ¥ 1s
the mixture mslecular veight, f.e.,

= )\
bl (3.4.4)
i Y
o1 ¥4
the mslar net rate of production of species i is givea by,
® E - [] L]
w, © (v - v ) (1=, ..., W) (3.4.9)
15 Lk 1.k’ %
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. " v ' | v,
o "%, : ¢, ik 5, ' , 1.8 (o1, ..) (3.4.6)
[ - 1 ‘.

where K¢ o and Ky ) are the specific resctien rate comstasmts for the
feswasd and Yoshwurd resetions, respectively sad where v'g x and v g are
the steichiomstric csefficiecnts for species | appesring as reactaat and &
predust, respestively, ia the srbitrary chemiecal resctioca

* . -
v [ ] - v | | (bl.ooo..) (30‘07)
1.a ‘E' 1.k My

g

ie}

with Ny dumeting the chemicel syabel for epecies 1.

The sase weighted masz epacific heat ot constant preseure is

€1 ¢ Y (3.4.8)

The snes weighted specific hests st constant preseure sand the ness weighted
enthalpice for cseh spocies are givea bWy,

c c" (3.4.9)
-» ———— .‘.,
Py 1
ond
.0
h - i‘:' . (3.4.10)
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The reference state specific heats at constant pressure, enthalpies, and
ontrepies for cech species are obtained from the NASA polynominal fits to the
JARAF dsta.

c® - au* au'r + antz + .“13 + a”‘r‘ (3.4.11)

oy ut TITYFT TT +x G4D
ond

ﬁ-.n('r)+ redt2 M, B, (3.4.13)

2° 14 824" T 7T 3 =+ %4 ¥

The elementery resction rate comstant is expressed in mndified Arrhenius
fora,

b Y
Ry = P AT exp(R L/ :°1) (3.4.14)

where Ay is the pre-exponential factor, ny the temperature exponent, and
Bg,k the activation emergy. P is the constant parameter perturbed in the
sensitivity amalysis, Py for each reaction equals unity. The backward rate
constent is obtained from the forward reaction rate constant snd the reaction
equilibrium constant using the relation

o Lak (3.4.15)
K.k K,
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The equilibrium consiantl for the reactions are obtained from

N "
1 I Oy =vix)
= o =] ’ ’ 4.16
Kc,k Kp’k (n°'r ) 1 (3 )
vhere K,  is determined from
As: Ank°
= - o' 017
lp’k exp ( o 7T ) (3.4.17)
where
o °
Ask N - ' 8
i
am— - - —— .‘.l
z° 121 (vi,k “1,k) z° 3 8)
and
Al: N . , n:
— I (v -V ) — (3.4.19)
Rt qm ok LK gop

All termolecular reactions are assumed to be in their low pressure
limiting regimes. The third body My for esch reaction is defined as the sua

of the product of all species concentrations times the corresponding chaperon
efficiency

Hh - 121 ‘k._i ci (3-‘.20)

where oy { is the chaperon efficiency for the i-th species and the k-th
reaction and cq; is the concentration of the i-th chemical species.
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The governing equations for the isothermal, constant volume system are

1 Y,

1 (3.4.22)

N
r(f 2y B

(3.4.23)

=
¥y
~
o~y
=|
[%Y
~

The system equations are solved using LSODE and several modified
subroutines from CUEMKIN.

3.4.3 of 8 s Concentration and T rature Profile
£ ters

General characteristic bdehavior of high temperature B-C-H-0 chemistry was
investigated by examining the response of the species concentrations and
temperature profiles to various different initial conditions. The initial
conditions studied covered a wide range of temperature, pressure, and initial
species concentrations. These conditions were chosen to be representative of
soms of the gas phase environments surrounding metallic boron particle
combustion. Seversl of these systems are illustrated below. The initial
conditions for each system are tabulated in Table 3-7.

In the first exsmple (Run 1), the initial conditions were derived from
equilibrium calculations for a fuel rich mixture of JM and B(s) in air at a a
presoute of | atm and an equivalence ratio of 4.5. Results from these

' "'t_' - ;1“1 (1.1.00000,') . (3.‘.21)
The species concentrations are related to the species mass fractions and mole
fractions through the following equations
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Table 3=7 - Inttisl Conditieoms for Kimetic Calculatioas

o 1 2 3 4 S ] 7 ]
(k) 1800 1800 1800 1800 1800 1800 1800 1800
Patn) 1 1 1 1l 1 1 1 1
| 1.06(=4)|1.31(4)] O 0 0 0 0 0
0 0 0 0 0 0 0 0 0
on 0 0 0 0 0 0 0 0
) 2.00(-1)|2.52(~1)| 0.04 0.04 0 0.09 0.09 0

0 1.06(=-5)|1.31(~-8)] O 0 0.04 0 0 0.09

0 0 0 0 0 0 0 0
3 0 0 0 0 0 0 0 0
‘M(-l) 2027(-1) 0.0‘ 0.0‘ 0 0.04 0.04 0
co, 0 0 0 0 0.0 | o 0 0.04
BCO 0 0 0 0 0 0 0 0
B 0 0 0 ) 0 0 0 0
| ) 0 0 ) 0 0 0.05 0.03 0.08
%0, 0 0 0 0 0 0 0 0
&?’ 5.00(=4)16.31(=4)] O 0 0 0 0 0
9.00(-3)11.14(-2)| 0.05 0.03 0.05 0 0 0
10, 3.00(-4){3.78¢-)] o 0 0 0 0 0
B S.146(-1)|5.05(~-1)] O0.70 0.70 0.70 0.65 0.65 0.65
ADTABATIC Y b § h 4 — Y  { — Y
b 4 Y ——

CORStant pressure, comstan! temperature calculations over a tesperaturs range
of 1400 -~ 2400 K avre shown ian Pigure 3.1b. The initial conditions for the
kinetic cslculstions were taken at s temperature of 1800 K. Here, all species
with wole fractions grester than 1 x 10™5 were considered as initial
resctants. The solid boron was replaced by an equivalent amount of air (where
air is assumed as 212 0, and 79X N,). The results of species mole fractions
snd temperature versus time for an adiasbatic, constant pressure systea are
showa 1ia Pigure 3.2. Part (s) of the figure presents the boron containing
compounds; part (b) presents the species of the CO/H,/0, system; and pert (c)
presents the temperature.
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Tigure 3.2. Species and Temperature Profiles for an Adiabatic, Constant
Pressure, Oxygen Rich System. Initial Reactants Derived From
Fuel Rich (/0 = 4.5) Bquilidbrium Gas Phase Boron Species.
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Figure 3.2. (Continued) Species and Temperature Profiles for an Adiabatic,
Constant Pressure, Oxygen Rich System. Initial Reactants
Derived From Fuel Rich (F/0 = 4.5) Equilibrium Gas Phase
Boron Species.
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Run 2, Figure 3.3, is the same as run 1 except that the metallic boron
removed from the system in run 1 was not replaced with any species, and the
existing equilibrium mole fractions were normalized to equal 1.0, neglecting
solid B.

Runs 3 through 5, Figures 3.4 through 3.6, make a set for comparison.
Run 3 is for an initial mixture consisting of HBO, H,, CO, O, and N, as

reactants. This case represents an extreme assuming all the initial boron
(e.g., coming from the solid boron surface) is in the form of HBO. Run 4 is
the same as run 3 except the reaction is isothermal, constant pressure. Run S5
is the same as run 3 except the initial H, is replaced by H,0 and the initial
CO is replaced by CO,.

Run 6~8, Figures 3.7 through 3.9, again make a set. Run 6 is for an
initial mixture consisting of BO, H;, CO, O, and N;. This case represents
another extreme assuming all the initial boron is in the form of BO. In
comparison to run 3, the amount of BO is equal to the amount of HBO. The H
originally in HBO (in run 3) is put into H, in run 6. Run 7 is the same as
run 6 except the reaction is isothermal, constant pressure. Run 8 is the same
as run 6 except the H, is replaced by H,0 and CO by CO,.

Run 9, Figure 3.10, shows the results from a constant volume, 1sothermal
system. Relative to run 3, the initial 0, concentration was reduced and the
initial temperature was increased. In Figure 3.11, the profiles of boron
containing species for 4 related cases are presented. In part (a) of the
figure, the initial CO mole fraction was converted to H, (i.e., the system is
carbon free); in part (b), the initial H, mole fraction was converted to CO;
in part (c), the initial 0, mole fraction was reduced from 0.07 to 0.005, by

volume; and in part (d), the initial H, and CO mole fraction were converted to
N,.

As a final set of examples (Runs 11 and 12), the series of runs 9 and 10
were repeated, but with the initial HBO replaced by BO + 1/2 H,. The results
from this series of runs are reported in Figures 3.12 and 3.13.
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Figure ).6. Species snd Tempersture Profiles for sa Adiabetic, Comstast
Pressure Mixture of EBO, 8,0, CO,, 0, end W,
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Figure 1.6. (Continued) Species end Temperature Profiles for an Adisbetic,
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Examination of the concentration and temperature profiles suggest that
for stoichiometric and oxygen excess systems (i.e., systems with reaction
products dominated by EBO, and B,03), the reaction proceeds in a sequential,
partially overlapping process with the following order of events (events here
referring to the formation of major intermediates and final products),

A B c

n\\ B.O

273

The amount of HBO; vs B,03 in the products is determined by the final
temperature and the amount of water vapor (or more generally, hydrogen
containing species) in the system, which 18 governed to a large extent by the
equilibrium relation

HOBO + HOBO = B,0, + H,0 .

The equilibrium constant for this reaction is shown in Figure 3.14, and as can
be seen the reactants are generally favored with the equilibrium shifting
toward the products with increasing temperature. Over the temperature range
1800 - 2400 K, steps A and B are observed to be fast and are generally
completed within a few micro-seconds. The total energy release for these lean
systems occurs over & lengthy period of time starting at a few micro-seconds
and lasting a couple of milliseconds. Step B accounts for approximately
33-552 of the total energy release from the boron containing species, Step C
(and/or D) accounts for the remaining 50-66% of the energy release.

For oxygen deficient systems, parallel and competing steps become
important as represented by the following network of events
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Furthermore, the reaction times are substantially longer and the reaction
products are dominated by HBO, BO, B0, and HOBO in oxygen deficient systems.

The presence of CO or CO; can have a minor effect on reaction times and a
more pronounced affect on the amount of BO, formed during the reaction process
(as seen in Figures 3-llc and 3-11d and Figures 3-13c and 3-13d).

The influence of hydrogen on the reaction is shown by comparing Figure
3-13a with Figures 3-13d or 13b. In addition to shortening the time required
for equilibrium, the presence of hydrogen plays a more important role in
sccelerating the oxidation of intermediates (i.e., BO and BO,). This is
perticularly important with regard to the energy release of the system. Note
that in comparing Figures 3-13a with 3-13b, the energy release duration (as
denoted by the time to the peak in the HBO, concentration profile (Figure 13a)
or the time to the peak in the B,03 concentration profile (Figure 13b)) 1is
sbout 100 times shorter with hydrogen present.

Comparison of all the system with HBO present initially with those with
30 present as a reactant shows an important characteristic difference among
these two types of systems. HBO systems have induction periods whereas BO
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cortaia eavircamsnts. The diffecrences ia these twe typas of oyetems will be
diocuseed further with the esasitivity amslyeis.

3.3 Sessitivity dsalvels
3.5.1 Systen Bemstisee

The tels of ssneitivity anslyeis 1a the precest study s tues ¢s previde
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€

>
A “-: (3.5.1)

provids s direct ssesure of hew the j-th persmeter ceatrels the behevier of
the {-th dependent wvarisble st tims t.

The equstions that the firet erder clemsntsry semsitivity csefficieants
satisfy are obtained by differentisting the oysten equetiecas (1.e., ogqe. (1)
ond (2) or oq. (21)) with respect to esch oystem peramster of isterest. For
siaplicity, the sensitivity equations for the isetherus] comstest volums
problea sre given belew ss

i . 1., (=2) (=) . (3.5.2)
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This oot of eguetions is eelved (s clesed feru to give the result

;; e o(t,0) (;j )0 ¢ it 6(c,t’) (-z-’- ) de* (3.5.3)

wvhore Gosen's fusction estisfiss
L3 - L@ &ee) 20, > (3.5.4)

ond G(t',¢°') = 1. J(t) to the ¥ x ¥ Jocobien astrix with eloments

O;g/k.,. The iaitisl esndition (3g/dayg)y {5 the sero wecter, wmless

¢y io the iaitial esmssatretion of the i-th epecies, ia which case the
fiaitial esndition 19 & wecter vhese ssmponents are all ssre emcept the 1-th
compoasat, vhich Yo the valus |. The ssasitivity equaticns are solved with
the Al esmputer esde.

3.5.2 Sensn’s Funsties Seafiepts

The Gossa’'s functica mstriz hes en faperteat physical iaterpretstios.
The clemsnts of the Gresn's functieon metriz msy be idesntified as the gredieats
Ggy = deq(t)/dey(e’), t > t'. These terws msy bhs directly imterpreted
es “mamery functions” ia thet esch terw preseats the sensitivity of species {
ot tims t with reepect te veristioas of species j at prior time t'. The
sasult 1is o very detailed probe for the operstioms]l mmchamistic patiways of a
complan chemical syotamn. Uhen t' equals sero, these gradients are equivalent
teo the limser ssmsitivicty gradients whare the perturbed parameter is the
isitial epecies concentreticns or initisl tempersture of the system.
Furtheraore, these gradients are msssursble ia the laboratory.

Ruemples of these imitisl condition semsitivity gredients sre shown in
Piguses 3.13 theough ).18. The enamples are tsken from the two kinetic
oystems illustreted in Pigures 3.10 ead 3.12. Figures 3.15 and 3.17 show
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the gradients of (B0, (t)]/3cy(0) and all(t)lllcj(O). respectively, for

the HBO system of Figure 3~-10. PFigures 3.16 and 3.18 report the same
gradients except for the BO system of Figure 3.12. The chemical names in the
upper left hand corner of each figure denote the gradient plotted. For
example, the notation “BO,, B;0," of Figure 3.15(a) represents the gradient
3[B0,(t)]/3(B;0,(0)]. The physical interpretation of this gradient is simply
that the nominal value of the BO, concentration is increased at a time of 1 us
and then decreased slightly thereafter (relative to its original conc. profile
shown in Figure 3.10) when the B,0, concentration is perturbed at t=0. It
also may be interpreted as a shift in the BO, concentration profile to shorter
times, and thus, an acceleration in the overall reaction.

Without looking into the details of these sets of figures, they reveal an
important characteristic feature about the two systems under consideration.
Note in particular the similarities in many of the gradient profiles of the
HBO system. This similarity indicates a high degree of dynamic coipling among
the various species. Furthermore, the magnitudes of the coefficients are much
larger for the HBO system, and hence, this system 18 much more responsive to
perturbations. The high degree of coupling is only in the vicinity of HBO
consumption and BO and BO, production. At times thereafter, the two chemical
systems respond similarly to initial condition perturbations. This latter
fact may be observed in Figures 3.15(p) and 3.16(m) or Figures 3.15(q) and
3.16(1) by comparing profiles at times greater than 10~ s. The practical
importance of these results are the following: first, for reaction times
greater than approximately lus ({.e., the period of energy release), both HBO
and BO systems respond similarly, and hence, accurate information in the
initial conditions (i.e., which species are coming off the metallic boron
surface) is not critical to the present study of the gas phase chemistry. It
is important, however, to realize that this statement pertains only to
stoichiometric and oxygen excess systems. Secondly, the significant
differences in the responses of these two systems (as indicated by the Green's
function coefficients) may be used to differentiate {f HBO or BO {s the
dominste species being produced at the surface. For example, note that CO,
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eddtitions teads to inhibit the HDO system (or te decresse the B0,
consontration), vhereas 00; addition to the DO systes acceslerstes it (aad
iacresses the B0; cemceatraties).

3.5.3 Lisesr Peremetric Sessitivities

Parametric sensitivities of the form 31lnCy/3laPy have been
investigsted for several kinetic eystems. Soms results from three of the
systems are discussed here. These include the O, excess HBO system of Figure
3.10, the 0, excess B0 system of Figure 3.12, and the 0, deficient HBO system
of Figure 3.llc.

Although one may apply and interpret the sbove parametric derivatives in
several ways, the most elementary interpretation is used here. In particular,
its gradient 31nCy/31nP; will be interpreted as the relative response of
species Cqy at time T to a variation in the kinetic rate constant parameter
PJ.

Figures 3.19 and 3.20 show the gradients, 31n (noz)/amj. for the
oxygen excess, HBO and BO systems, respectively. The sequence of Figures (a)
through (p) includes the first 16 reaction rate parameters of greatest
importance on the BO, concentration profile. The figures are arranged in s
decreasing order of importance as determined by the maximum gradient
(absolute) value over the time interval studied. Furthermore, the gradients
plotted are normalized to their maximum values, 1.e.,

alnc1

dlnP
{3 1

31nC1

1nP
d1nP,
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Consideriag the NBC system, the reactions most importaat to the
preduction of 30, are ths braschiag resctiom
lo+ozomzoo. (xl)
the dissociation reactioa
B0+ M+>»H+DO+ N, (2)

and the three abstraction reactions

380 ¢+ O + DO + O (branching) (r3)
HBO + OH + DO + B0 (24)
HBO + B » BO + Hy. (»5)

The resctions important to B0, destruction are,

30 + B,0 » HBO, + OH (»6)
B0, + B3O, + B,0; + 0O (r7)
BO, + OH » HBO, + O (r8)
and B0, + H, » HBO, + H (not shown). (R9)

The CO oxidation reaction

also hag significant influence on the B0, concentration profile.
From the CO/H,/0, reaction submechanism, the reactions important to the
BO; concentration profile are the initiation reaction
82+02->R02+H (Rll)

and the branching reactions

H+0, +0H+0 (R12)

0 + H,0 + OH + OH (not shown) (R13)

and HO; + M+ O + OH + M. (R14)
3-79

2 U Ch W U N N G U @B oD O U E e W




Ia coatrast, the results of Pigure 3.20, 1.e., the B0 systea, indicate
thet the most semsitive reactiom to B0, production is Rl. However, the same
rescticas (R6-R9) are importaat to B0, consumption. Since BO reacts directly
with molecular oxygen, the initiation reactiom, Rll, is not important, but the
K,/0; branching resctious, R12 and R13, remain important.

The significance of backward reactions having gradients of the same
sagnitude, but of opposite sign as their corresponding forward reactions, as
shown in several parts of Figures 3.19 and 3.20, are an indication of the -
importance of these reactions equilibrium constants on the concentration
profile of interest. For example, Figures 3.20(b) and 3.20(c) show that for
times greater than approxisately 100 us, the equilibrium constant of
B0, + Hy;0 - HBO, + OH is more important on the BO, concentration profile than
either the forward or backward reaction rate constants.

Examples of gradients for the H~atom concentration profiles for the three
kinetic systems of Figure 3.10, 3.12 and 3.11(c) are shown in Figure 3.21,
3.22, and 3.23, respectively. Comparison of these gradients with those of
Figures 3.19 and 3.20 illustrates that the ranking of reactions can change
with each species of interest. However, examination of the gradients for all
species reveal a general grouping of important reactions. The results of this
grouping are reported in the next section.

A detailed examination of the linear sensitivity gradients, as depicted
in Figure 3.19 through 3.23, reveals an unlimited amount of information about
the underlying kinetic processes. For example, note from Figure 3.22((a) that
the formation of HBO in the excess oxygen BC system results from the
initiation step

BO + H, » HBO + R (R15)

The HBO is rapidly converted back to BO mainly through the propagation
reaction

HBO + OH » BO + H,0 (R?)
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Or note that in the 0, deficient system, the reaction BO + 0, + B0, + O is
again an important braanching reaction.

3.6 Critical Resction Pathways

The critical reaction pathways were determined by examining all the
linear sensitivity gradients 3ln cilalnrj. The most sensitive boron
reactions were selected as those which had gradient values within 2 orders of
sagnitude of the maximum gradient valus for a particular species. The results
of this ranking for excess oxygen systems is tabulated in Table 3-8. For
oxygen deficient systems, the B,0, reactions listed in Table 3-9 were found
important in addition to those reactions listed in Table 3-8.

3.7 Extension of Sensitivity Analysis Techniques

Currently available sensitivity snalysis techniques have already been put
to significant use in the first-phase of our boron combustion study (see
Section 3.5 and 3.6 for details). The present studies have focused on
gas-phase chemistry alone and we have therefore been able to directly utilize
existing computer coding and experience gained from sensitivity and modelling
studies of an allied nature. A complete model for particulate boron assisted
hydrocarbon combustion, however, must incorporate heterogensous and transport
processes. In addition, the complexities of the physical and chemical events
makes it highly desirable to search for any simplifying clues hidden in the
kinetic behavior. This latter issue is directly connected with the
possibility of scaling and self similarity behavior existing amongst the
strongly coupled kinetic species in the boron particle combustion system.
Therefore, in the first phase of this project we have examined two topics: a)
the need for modifications of existing sensitivity analysis techniques for
particle-gas phase transport and surface kinetics; b) the development,
analysis and physical understanding of scaling and self-similarity behavior in
kinetic systems. The current status of these two items is summarized below.
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Table 3-8 -~ Critical Elementary Reactions for Oxygen Rich Combustion
Homogeneous

HBO/BO REACTIONS

+ B0 (important when HBO

HBO + OH « BO

HBO + O « BO + OH is initial reactant)

HBO + O » BO, + H

HBO + H - BO + H2

HBO + M» BO + H + M

BO + OH - BO, + H (important when BO

is initial rectant)

B30, REACTIONS

BO + 0 = BO, + 0

B0, + CO - BO + (0,
HBO, REACTIONS

BO, + H+ M~ HOBO + M

BO, + HyO - HOBO + M

BO, + OH -~ HOBO + O

B0, + H, - HOBO + H

HBO + OH -« HOBO + H (important when HBO

is initial reactant)

| B, O3 _REACTIONS

3021-302‘8203'0-0

Table 3-9 - Critical Reactions for Fuel Rich Homogeneous Combustion

B,0, REACTIONS

BO+HBO-13202+H
DO+BO+H03202+M
BO+BOBO‘3202+OH
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3.7.1 Sensitivity Analysis Techniques as Applied to Boron
Particle-Gas Phase Transport and Heterogeneous Surface Reactions

Many of the general sensitivity analysis techniques needed to treat the
various aspects of boron particle combustion are already available from prior
applications to other kinetics problems. The one exception to this situation
may be encountered when condensation phenomena are ultimately included. Since
modeling of the product condensation phase of boron combustion will only occur
at an advanced stage of the research it will not be discussed here. Instead
we will focus on the initial heterogeneous burning phase. Currently, the
basic two problems are 1) transport of chemical species and energy to/from the
particle surface, and 2) reaction and transport on the particle surface.
Regarding both types of problems it is important to note that other steady and
unsteady reaction diffusion problems including sensitivity analysis have
already been treated. The primary distinction is that these latter studies
have thus far been restricted to one spatial dimension, although there is no
inherent reason (except for the level of computational effort) constraining
them in this way. One immediate application even in one dimension arises by
treating the boron particle burn-up problem as purely radial. Relaxation of
this idealization would require the introduction of an angular variable. The
basic mathematical formulation is already in hand, but careful consideration
to computer coding and efficiency would have to be made. In the case of
adsorption, desorption, diffusion and reaction occurring on the boron particle
surface, the physical and mathematical formulation is quite similar to the
latter gas—phase processes. The surface problem is further compounded by the
fact that the surface may be heterogeneous with defects. An important caveat
is that the proper parametric values for virtually all of the surface
processes are far more speculative than in the gas-phase. This situation
calls for special care when interpreting the results, but also provides an
even more serious role for sensitivity analysis as a means to guide further

modeling and experimental efforts.
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The gas-phase and surface processes are intrinsically coupled although a
first cut at these problems would trest them separately involving source

‘,fluxna to/from each phagse. For example, the current gas-phase

wmodeling/sensitivity effort could easily be extended to include flux inputs
and outputs of species and emergy to/from the boron particle. Similarly, the
processes on the particle surface could also be treated with gas-phase fluxes
as source/.ink terms. The full combination of both coupled system might still
be fruitfully treated by splitting techniques whereby each aspect of the
problem is alternatively solved in a bootstrap type process. All of the
particulars of these issues will be explored and implemented in the insuing
research.

3.7.2 Scaling and Self Similarity Relations in Kinetics

A kinetic systea with N chemical species and M parameters may exhibit a
variety of complex behavior regardless of whether it is steady or unsteady.
In addition, the number of basic questions or interrelationships between the
various variables will give rise to N(N+M) sensitivity coefficients as a
measure of the system coupling. Each of these coefficients in turn will be a
function of the coordinates and/or time. As we have already seen in the
present first phase of the project the analysis of these coefficients can
provide a critical guide to physical understanding and intelligent planning of
subsequent experiments. From a number of previous kinetic studies an
intriguing prospect of significantly simplifying this problem has arisen. In
particular, evidence exists for the presence of scaling and self similarity
relations amongst all the system sensitivity coefficients under appropriate
conditions.

.

The scaling relations take on the following form for a purely temporal
problea

a0 | facye) flac, ac, =1
aaj 3aj ot ot
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vhere a4 is a system paramster such as rate constent and C, is a cheni cal
species conceatration. This scaling relation shows that knowledge of the
sengitivities to one chemical species may be used to deduce others by simply
scaling it with a ratio of the species fluxes. Even more remarkable are the
self oinilatity conditions which have the form

acn(:)
3 o - xn(t)uJ

where

oo BT

The functions A,(t) are characteristic of the chemical mechanisa and can
208t easily be identified from the temporal bshavior of the sensitivity
coefficients. In contrast, the coefficients a4 are constant in time but
otherwise complicated functions of all the systems paramsters. The self
similarity relation is consistent with the scaling relation but goes further
to imply that knowledge of one vector of constants c and a single function
Ap(t) will yield all of the system sensitivity coefficients.

The relations above are only approximate and a critical issue is to
establish their realms of validity. The evidence available thus far implies
that these relations are most valid when the system is characterized by a
strong nonlinear coupling, such as through the temperature. Some of the
current gas-phase boron combustion sensitivity analysis calculations show
evidence of these relations and the matter will be explored further in the
second phase of the resesrch. The primary motivation for this effort is to
fully utilisze anj systematic behavior found in the kiﬁctic system. An
important spin-off of these results concerns their potential generality since
they should be applicable to s variety of other similar problems.
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As in the present first phase study, it is anticipated that sensitivity

techniques will coatinue to provide & powerful means to analyse the physical
sodels. In addition as the experimental aspects of thic project ultimately
develop sensitivity anslysis will be used in a recursive way to assess the
theoretical and physical implicstions the new experimental information.

3.8
3-1

3-2

3-3

3-4

3-6
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4.1 Semmary of Results and Conclusions

The model results and sensitivity analysis presented in Section 3 fulfill
the major gosal of our first phsse effort; the basic dependencies of
homogeneous borom suboxide and boron oxyhydride oxidation are clearly
elucidated and critical reaction paths (and their associated rate constants)
and key iatercouversion equilibria are highlighted for further refinement.

Our secondary goal of identifying issues to be addressed in extending the
model to the heterogensous ignition and product condensation phases was also
addressed.

Among the major research conclusions are:

D

2)

4. CONCLUSIONS AND RESEARCH RECOMMEMNDATIONS

The presence of hydrogen containing species (H,0, OH, H, H;) has a
significant impact on both the identity of species evolved from
rescting boron particles and on their subsequent oxidation rate, as
well as the rate of heat release.

The initial identity of the boron oxide and oxyhydride species
evolved from the particulate boron influences the oxidation
chemistry for a very short time period (typically on the order of a
microsecond); subsequent oxidation cheaistry at reasonable O/F
ratios is only mildly dependent on the identity of initially
vaporized species including B, BO, HBO and B,0,. This fact
validates our decision to model the homogeneous combustion phase
chemistry without being able to fully specify the kinetic
distribution of initially volatilized boron species from ignited
particles.

4-1




3)
4)
5)

As revealed by our sensitivity snalysis, a relatively small set of
kinetic and equilibrium processes appear to dominate the boron
oxidation pathways. As discussed in Subsection 4.2, this allows the
identification of key kinetic and thermochemical parameters which
need further experimental and/or theoretical refinement if a more
accurate model is desired.

The most important issues associated with extending our boron
combustion model and concomitant kinetic sensitivity analysis
techniques to the initial particle ignition and heterogeneous burn
phase of boron combustion have been identified. These include
transport of chemical species and energy to/from the particle
surface and kinetic processes on the surface. This initial analysis

~ suggests that both processes may be treated with existing

sensitivity analysis techniques by invoking two simplifications.
First, the gas phase and surface processes would be treated
separately (as in the present work), but source and sink terms
éottctponding to species and energy fluxes would be incorporated
into the kinetic equations. Second, reaction and transport to and
from the particle surface would be modeled for one spatial dimension
(e.g., the radial dimension). This would provide an initial model
for the heterogeneous burn, a more realistic model for the gas phase
oxidation kinetics, and build in a coupling between the two phases
using cheamical species fluxes. On the basis of this work, it would
be possible to evaluate the validity of scaling and self-similarly
relations.

A better defined (but possibly incomplete) model of homogeneous
boron assisted hydrocarbon combustion now exists and can be used to
study a number of energetic combustion and propulsion systems of
interest to the Department of Defense community. Several of these
are discussed in Subsection 4.3.




4.2 Recommendations for Further Research

The work described in this report has significantly increased our current
understanding of the homogeneous gas phase kinetics for boron—assisted
.hydrocarbon combustion. However, achieving a reliable model for a boron fueled
combustor will require further research on several fronts. This includes the
development of models for the initial heterogeneous burn and final
condensation stages of boron—assisted combustion, in conjunction with
experimental work which can provide accurate values fbr Eey thermochemical and
kinetic parameters, as well as validation of the various combustion models.

In subsections 4.2.1 and 4.2.2 below, we briefly discuss our
recommendations for further experimental and modeling work. It is imperative,
however, to note that real progress in this field requires that the modeling
and experimental work be closely interrelated. In particular, modeling of
either the initfal ignition and heterogenous oxidation or the final
condensation processes will rely heavily on the homogeneous combustion model
presented in this report. Consequently, any further development in the
combustion modeling must be carefully coordinated with experimental studies
which can be used to validate the present homogeneous combustion model.
Similarly, as key reaction mechanisms in the other stages of boron combustion
are identified, additional experimental work will be required to provide
accurate values for the input parameters and for comparisons with model
predictions.

4.2.1 Further Basic Experimental and Theoretical Research

In the present program, sensitivity analysis was used to identify the
critical chemical and physical parameters which control the homogeneous
combustion process. The capability to identify the most important gas phase
reactions allows researchers to preferentially select those rate parameters
whose magnitudes, temperature dependence, and product branching ratios need to
be carefully evaluated with further experimental work. Such experimental

studies are particularly important for modeling of boron-assisted fuels




because of the large uncertainties in both the overall boron combustion
process and specific input parameters. Thus, while the estimated rate
parameters from the present and earlier work were adequate for initial
modeling efforts, they cannot be expected to be accurate enough for the
modeling which will be required to optimize boron combustion systems.

Based on the results from the pregent modeling of the homogeneous
combustion phase, it is clear that experimental measurements of the kinetic
rate psrameters and product branching ratios for HOBO, HBO, BO, BO,, and B,0,
reactions (Table 3-6) are needed. The kinetic sensitivity analysis described
in Sections 3.5 and 3.6 suggests that experimental studies should particularly
concentrate on the reactions listed in Tables 3-8 and 3-9 since the gas phase
kinetics has been shown to be particularly sensitive to these elementary
resctions.

To date, relevant laboratory studies have been limited to reactions of
atomic B(g) and BO(g) with simple stable oxidants such as 0, CO,, and H,0. A
similar situation exists in for boron/halogen systems where only a few
resctions of BF and BCl with oxidants such as O,, O, and NO, have been
studied. While these past and on—-going studies are important, only the work on
BO, initially studied by Fontijn“"l and more recently by Oldenborg and
Baughcul,“‘z is relevant to boron-assisted hydrocarbon oxidation, since ounly
B0, of the gaseous species studied to date, is expected to be vaporized from
boron particles burning in a hydrocarbon/oxygen combustion system.
Consequently, further progress in formulating a reliable boron combustion
model requires extensive experimental research on key reactions involving the
other boron oxides and oxyhydrides which play important roles in the
combustion process.

The sensitivity analysis summarized in Subsection 3.5 has also indicated
a need for more accurate thermochemical data. Equilibrium constants for key
resctions involving HBO, (g) formation and conversion to B,03; (g) are
particularly important. Specifically, equilibrium data for two reactions

b4=4




B0, + H,0 - HOBO + OH

appear to be particularly critical. Better values for the equilibrium
constants for these key processes would come from the experimental kinetics
community (by independent determination of forward and reverse rate
constants), the experimental thermodynamics community through second and third
law ARf and AS determinations, or from the theoretical molecular structure
community through better molecular parameters for HBO (g), B203 (g), and BO,
(g). In general, reference to Tabie 3-1 fllustrates the crucial need for more
accurate (hopefully to the 0.1 kcal/mole range) molecular structure data over
the tempeérature range of 300 to 3000°K.

4.2.2 Further Hodeligg Work

Coupled to the experimental studies described in 4.2.1, additional
modeling of both the heterogeneous burning of a boron particle and
condensation of the gas phase combustion products is needed to develop a
complete model for the overall combustion process. The most logical extension
of the present work is to model the gas phase chemistry in the presence of a
clean solid or liquid boron/boron oxide surface. From a practical viewpoint,
this extended model will represent the clean particle burning phase described
in Section 2.2. From a more fundamental perspective, the same model could be
applied to analyze simple heterogeneous kinetic experiments [see for example,
Ref. 2.23].

This is a particularly important aspect of the practical combustion
problea since earlier work, as well as the results of the present study
indicate the boron oxidation is dominated by heterogeneous, surface oxidation
processes. This preliminary work would emphasize the oxidation kinetics of
B(s) by the various gas phase species expected in the boroan/hydrocarbon
combustion system. Subsequent work should focus on the boron particle
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igaition and the elementary chemical and physical processes of boron oxide
film growth and vaporization. Particular attention should be given to the
competing diffusion processes of the various species in B,03; which control
oxide growth aad the chemical transformations affecting the oxide removal at
temperatures lower than the vaporization temperature of B,03 [e.g., B,05(1) +
B,0 (g)]. The modes of heat transfer should be an important phase of this
modeling since it has been shown experimentally that particle self-heating is
negligible during the ignition process.

Finally, the condensation process which occurs downstream from the
burning stage should be treated. This phase may be initially studied
separately from the heterogeneous particulate boron oxidation and subsequently
coordinated with the other submodels to provide a complete description of the
full process.

4.3 Related Aress of Application

The work presented in this report was specifically motivated by the
current interest in boron-assisted hydrocarbon combustion for air-breathing
propulsion systems. However, metallic boron and borane based propellants are
also being actively considered for a variety of related applications.

Although each potential application hss unique physical and chemical
characteristics, there will undoubtedly also be strong similarities in the
basic combustion chemistry. It is worthwhile, therefore, to briefly review the
relation between our modeling program and ongoing research in other
laboratories.

The use of boron enhanced fuels in decoy flares is one area of
spplication of current interest. Infrared decoy flares deployed from both
tactical and strategic aircraft must present a hot infrared spectral signature
which will divert a missile seeker away from the aircraft nozzle and exhaust
plume. In order to be successful, a decay flare must achieve very rapid and
efficient colbﬁation while simultaneously providing the appropriate spectral
signature. Current magnesium/teflon flares have significant deficiencies on
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both accounts. Ongoing work at Aerodyne Research, the Naval Weapons Support
Center and other laboratories have identified several boron enhanced fuels
which may have both combustion and exhaust spectral signatures that could
result in improved, advanced infrared decoys. The knowledge gained in the
present AFOSR boron combustion modeling program will be directly relevant to

the evaluation of these new decoy concepts.

Another related area of interest is the addition of borane or
borane/amine adduct compounds to liquid rocket propellants in conjunction with
a variety of oxidizers including nitrogen oxides, oxygen, oxygen halides, or
interhalogens. Attack warning issues have stimulated a great deal of

Department of Defense sponsored research effort focused on determining the

exhaust plume afterburning chemical kinetics and spectral properties of boron

1
containing exhaust species from such "advanced” liquid rocket propellants.
|

Borane-based propellants may also have significant applications as burn
rate modifiers for NC and NC/HMX propellants and ignitors in large and medium !
caliber guns and telescoped ammunition, and as propellants for advanced gun
propulsion concepts such as consumable sabot, FILMBAL and the traveling charge
t:om::ept:."’3 Conventional chemical gun propulsion is intrinsically inefficient
for obtaining muzzle velocities greater than 2 km/sec. In a traveling charge
configuration, a projectile is accelerated by a combination of gas pressure
and impulse produced by a very fast burning propellant attached to and moving
with the projectile. Initial calculations indicate tﬁat burn rates between

100 m/s and 1000 m/s are required to obtain the des:red muzzle velocities.

Much of the recent work on very high burn rate (VHBR) propellant
formulations has focused on a series of borane salts (B10B10-2, B12H12-2)
known generically by the trade name of Hivelite. Although these salts have
been shown to be very effective burn rate promoters, there is very little
understanding of the basic mechanisms through which they act. It is generally
accepted that VHBR materials burn by a convective mechanism in which the
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combustion zone propagates by the infiltration of hot combustion products
through pores in in the propellant sample. This is followed by a transition to
a very rapid combustion which takes place throughout the whole sample.

In borane~assisted combustion, the initial ignition and volatilization
combustion phase associated with metallic boron propellants is replaced by a
simpler and much faster pyrolysis of the borane. However, the chemical
kinetics of the subsequent combustion phases should closely parallel the
reaction kinetics discussed in Section 3.5. Specifically, as the borane ion
breaks up and undergoes some initial oxidation, the resulting combustion gases
will probably contain many of the same oxides and oxyhydrides which
characterize the homogeneous phase of metallic boron combustion. Consequently,
the homogeneous boron combustion model described in Section 3.5 should be a
very useful in research on the mechanisms by which the gaseous combustion
products influence the burn rate. The first step in generalizing the reaction
1ist in Table 3-6 to borane—assisted propellants would be to include oxidation
reactions for BH fragments and substitution reactions for the highly reactive
5-coordinated boron atoms in the deca-borane salt. Some evidence for the
similarity between borane and metallic boron assisted combustion can be seen
in Table 4-1. The table gives combustion product concentrations for a
representative sample of a VHBR-borane.

) N EE B BN B B B B aE .

Table 4-1 - Combustion Products of VHBR-Borane Propellant and a

I Conventional High Impetus Propellant
Species Concentration

I HBO, (g) 0.186
B,03(g) 0.0072

' HBO(g) 0.092

l B,043(1) 1.88
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It enticipated that as the present modeling efforts are extended to the
heterogensous phases of metallic boron combustion, the resulting combustion
models and mathematical framework developed to extend sensitivity amalysis to
include heterogeneous processes will be extremely useful in understanding the
basic mechanisms responsible for the action of VHBR propellants based on

boranes.
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