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Ignition and Combustion of Boron Particles in the Flowfield
of a Solid Fuel Ramjet

B. Natan* and A. Ganyt
Technion—Israel Institute of Technology, Haifa, Israel

Theoretical investigation on the behavior of individual boron particles in the flowfield of a solid fuel ramjet
(SFRJ) combustor is presented. The study was motivated by the observed difficulties in achieving good combustion
efficiencies of boron required to exploit its remarkable theoretical energetic performance. The equations describing
the gas flowfield and the particle behavior are solved numerically. The solution presents the trajectory, temperature,
and history of the boron particles due to the interactions with the surrounding gas, as well as the ignition envelope
and combustion time. The results demonstrate the limited ranges of particle size and ejection velocity which enable
ignition and sustained combustion, reveal why practical systems often exhibit poor combustion efficiencies, and
predict the conditions where ignition and efficient combustion of boron are feasible.

Nomenclature

A4, =forward and backward reaction kinetics
coefficients

A, = particle cross-sectional area

a = acceleration vector

Cp = drag coeflicient

c = parameter defined in Eq. (20)

<, = specific heat at constant pressure

D =0, — N, diffusivity

dg = pure boron diameter

d, = particle diameter

E,.,E, = activation energy of forward and backward
reactions

F, = drag force vector

Fu = fuel

f = fraction of boron in liquid phase

HC = hydrocarbon

AH,, = heat of fusion of boron'

AHyr  =heat absorbed by the reaction of H,O with

AHyap =heat of vaporization of B,0,

h = specific enthalpy

k = gas-particle heat transfer coefficient

L, = effective heat of vaporization or decomposition
of the solid fuel

) = Prandtl’s mixing length

M = molecular weight

m, = particle mass

Nu = Nusselt number

P = pressure

Pr = products

0 = heat transfer rate to the particle

dsr = heat of boron-oxygen reaction

4, = heat flux to the solid fuel

R, = untversal gas constant

Re = Reynolds number

Ry = molar rate of boron consumption

Rg = molar evaporation rate of boric oxide
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Ry = molar rate of removal of boric oxide by
water reaction

= radius; radial coordinate

= radial direction unit vector

= solid fuel regression rate

= gas temperature

= particle temperature

= axial velocity

= radial velocity

= velocity vector defined in Eq. (14)

= molar fraction

= axial coordinate

= axial direction unit vector

=mass fraction

= oxide layer thickness

= particle emissivity

= viscosity

= density

= Stephan—Boltzman constant

= Prandtl or Schmidt number

= rate of chemical reaction

= molar concentration

‘ﬂﬂ‘-‘t)\

SADTE® DR T R

Q
>

_&

Subscripts

B = boron

BI = boron liquid
ch = chemical

eff = effective

= gas

= enthalpy

= ith chemical component
= initial

= laminar

= particle

= solid fuel

= turbulent

~ Ly \E.n-.}.og

Superscript
~ = unit vector

I. Introduction

HE solid fuel ramjet (SFRJ) seems to be a promising
propulsor for a variety of missions, because of its high
specific impulse compared to rockets and its relative simplicity
compared to other air breathing devices. The addition of
certain metals to the commonly used hydrocarbon (HC) fuels
can provide even better energetic performance, especially in
volume-limited systems.
Boron exhibits remarkable theoretical energetic perfor-
mance with the highest energy density (i.e., heat release per



38 B. NATAN AND A. GANY

unit volume) of all elements, about three times that of HC
fuels.! However, extracting this theoretical energy is not
straightforward. Boron particles are difficult to ignite and to
sustain combustion because of a molten oxide layer, which is
formed around the particle. This layer serves as a barrier
between the oxygen and the boron, thus slowing down the
chemical reaction. Besides, prior to their ejection to the
flowfield, boron particles tend to coalesce and form relatively
large agglomerates whose burning time may be long com-
pared to the residence time in the combustor. Although the
ignition and combustion processes of boron have been stud-
ied, only a few publications®* have provided information on
the particle behavior inside an SFRJ combustor.

The objectives of this study are to analyze and to character-
ize the behavior of individual boron particles in the flowfield
of an SFRJ combustor. An effort is made to explain why in
many practical cases the energy release from boron is low
compared to the theoretical potential and to demonstrate the
conditions in which good combustion efficiencies are feasible.

II. Boron Ignition and Combustion Mechanism

Macek and Semple? noted that there are two stages in the
boron combustion process. In the first stage (the ignition
stage), the particles become luminous, glow for a short period
of time, and then tend to extinguish. Under certain condi-
tions, a second and longer stage follows, in which the particles
reignite and burn more brightly and completely. The sur-
rounding gas temperature has to be about 1900 K° in order to
establish the conditions for the second stage (i.e., the sus-
tained combustion).

King®’ suggested that the reaction between the boron and
the oxygen takes place at the boron-boron oxide interface as
a result of oxygen diffusion across the melt layer. This ap-
proach was also supported by Safaneev et al.® According to
the mechanism proposed by Glassman et al.,’ the reaction
occurs at the boron oxide-gas interface as a result of boron
diffusion. The latter mechanism was based on evaluation of
boron and oxygen solubilities in liquid boron oxide.

The boron-oxygen reaction thickens the oxide layer. On the
other hand, it generates heat which, together with heat flux
from the gaseous surroundings, increases the particle tempera-
ture. As temperature rises, boron oxide evaporates and the
thickness of the oxide layer is reduced. This process is en-
dothermic and lowers the rate of particle heating. The pres-
ence of water vapor enhances the oxide layer removal by an
endothermic water-boron oxide reaction to form gaseous
boric acid.”!? Ignition occurs when and if the oxide thickness
reaches zero.

Both of the oxide production mechanisms”® (Fig. 1) sug-
gest that there is a critical temperature, above which the oxide
removal rate exceeds the generation rate. If the particle ig-
nites, the burning rate is mainly controlled by the oxygen
diffusion rate through the surrounding gas, although at some
finite small particle diameters the burning rate may become
kinetically limited.
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III. SFRJ Flowfield

The SFRI combustor can be divided into three major
regions (Fig. 2): 1) the head-end region behind the inlet step
(approximately 6—7 step heights long), characterized by a
separated, recirculation flow; 2) the main region (downstream
of the reattachment zone and along most of the fuel grain),
where a diffusion flame between the volatile fuel vapors or
decomposition products and oxygen is established within the
developing boundary layer; and 3) the rear-end region (the
aft-mixing-chamber), where there is no fuel grain but where
extensive chemical reactions occur because of the good mixing
and additional residence time.

The significance of the first region is its essential role in the
flameholding process. On the other hand, the second region,
which stretches along most of the solid fuel grain, is the main
site of the fuel combustion and of the processes leading to the
heat-up, ignition, and combustion of boron. Hence, rather
than cloud the main issue with a detailed mass of informa-
tion, it was chosen to focus on this boundary-layer region.

The gas flowfield is assumed to be decoupled from particle
influences. However, the thermal, chemical, and dynamic
behavior of the individual particles results from their interac-
tions with the surrounding gas flowfield. This behavior is a
reasonable description of the situations encountered for low
mass fractions of boron in the fuel grain, but may deviate
from the actual conditions for highly boron-loaded fuels.

The gas flow is assumed to be steady, turbulent, and of an
axisymmetric boundary-layer type. Because the gas-phase
combustion process takes place in a diffusion flame zone
within the boundary layer, one may assume that the axial
diffusion or conduction components are small compared to
the radial terms and can be neglected.'! !> The gas composi-
tion is described by concentrations of O,, N,, gaseous fuel,
water vapor, and other combustion products. The flowfield is
described by the following conservation equations:

Continuity:
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Fig. 1 Proposed ignition mechanisms of a boron particle covered with a thin boron-oxide layer (after Refs. 6 and 9).
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Fig. 2 Flow and combustion features in the SFRJ combustor: a) general view; b) closeup of detail A.

where the stagnation enthalpy is defined as

u2
h=cpT+—2—g+hc,, 5

and A, is the ‘““chemical enthalpy’’ taking into account the
heat of combustion of the fuel.

The effective turbulent transfer coefficients in the above
equations are described by Patankar and Spalding.!! The
effective viscosity is taken as the sum of the laminar and tur-
bulent contributions, i.e.,

CMeg =, (6)

The turbulent viscosity is characterized by the Prandtl mixing

length hypothesis:
ou
pe = pl 2<a—rg) @)

where the mixing length / near the wall is relative to the
distance from the wall and reaches a constant value far from
the wall.

For the oxidation of the gaseous fuel a global, single step,
reversible chemical reaction is used!>!?:

O,+FuaPr ®
The reaction rate is given by

d[Fu]
dt

= — Ay, /RTFU][O,] + A,e ~B/FT[Pr]  (9)

The reaction coefficients and activation energies, calculated
and adjusted to experimental data by Helman et al.,!? were
used in Eq. (9). The rate of change of the fuel mass per unit
volume as the result of the chemical reaction is

. d[Fu
top = M, L1 (10)

This expression also determines the rate of heat release during
the chemical reaction.

" The regression rate of the fuel grain is calculated from the
heat flux to the wall and the effective heat of gasification of
the solid fuel, which includes its sensible heat:

F=4,/Lsp, (1

On the solid fuel grain surface, the axial velocity and the

" concentrations of oxygen and products are assumed to vanish.

The decomposition and vaporization of the solid fuel is
assumed to occur at a temperature of 800 K. On the axis of
symmetry, the derivatives of all dependent variables are zero.
At the initial cross section of the developing boundary-layer
region, profiles of the dependent variables are specified, based
on evaluation of the global amount of fuel burned in the
recirculation zone.

The boundary-layer-type flowfield was numerically solved
by a computer code based on Patankar and Spalding’s'!
scheme.

IV. Particle Behavior

After ejection from the condensed fuel into the gas flow, the
boron particle motion is dominated by the drag force result-

_ing from the velocity difference between the gas and the

particle:
Fp,=m,a, (12)
Fp=3p,CpA,|wg —w,|(wg —w,) (13)
where
w = uf +vf (14)
24 :
Cp =— (1 +0.167 Re®%) (15)
Re
Re=2P2 |y _ | (16)
He
d do, .
ap=up£f+up-azxer an
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Equations (12—17) produce two first-order differential equa-
tions for u, and v,:

upa%—c(ug—up) =0 (18)
d
u,,g';ﬁ—c(ug—u,,)=o (19)
where
18
¢ =—"2 (1 40.167 Re®%) (20)
4P

Considering King’s’ model for the ignition stage, the fol-
lowing equations can be written:

d,=dp+20 21
ddg 2RgMy
B _ 22
" dx nd%pg (22)
dé (RB /2 - RE - RH)MBzOg
U,— = (23)
? dx nd%pﬂzog
For T, <2450 K,
dT, 0
u —2 = 249
7 dx (7‘/6)‘1%%,3!’3 + nd2866p,3203p3203
For T, =2450 K (boron melting temperature),
df 0
S 25
Yo dx ~ (n/6)d5pAH,, 25
For T, >2450K,
dT,
U, —2X= 3 Q 2 (26)
dx  (n/6)dpc, ppm + Td%0C, B,0,PB,0,
O = Rpqpg + nd2K(T, — T,) + nd3oe(Tiap — T2)
— RpAHypp — Ry AHyp 27
Rp =0.16 x 107'%(d2 /8)T, X, Pe ~3*%%/Tp (28)
_0.32 x 10°rd; NuT > o —H000/T, 29)

£7  T,Nu+887Pd,

N 1
Ry = 4.575 x 10~ T“ d,T1? exp|:18.l<1 -~ 2T00>]

p

X [ —-0.15+ [0.0225 +0.987 Xy,0 P

xexp[—18.1<1—2100>]}0'5] (30)
TP

The numerical values in the equations correspond to SI units.
When and if the oxide thickness reaches zero, the particle
ignites (or enters the second stage of combustion), and com-
bustion starts. Assuming that the rate of combustion is con-
trolled by oxygen diffusion to the particle, the molar
consumption rate of boron is given by

Ry =2nd,p,(D/Mp) {n(1 +0.677Y,) (31)

A special routine was developed to solve the particle behav-
ior, i.e., motion, temperature, and chemical reactions, result-
ing from the interactions with the surrounding gas.
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V. Results and Discussion

Calculations were made for a 2-m-long, 20-cm-i.d. motor,
at chamber pressure of 1 MPa (~ 150 psia), and air mass
flux of 100 kg/(m?s). For the initial cross section (of the
boundary-layer region), the typical velocity profile of a turbu-
lent boundary-layer pipe flow was assumed. The temperature
profile consisted of a 1000 K core air temperature, with a
narrow 1500 K peak temperature zone at a distance of about
one-quarter of the port radius from the wall. The condensed
fuel surface temperature was taken as 800 K. The hydro-
carbon portion of the solid fuel was represented by the
chemical formula CH, and an effective heat of vaporization of
300 cal/g.

Characteristic profiles of the gas axial velocity and temper-
ature, mass fractions of O, and fuel, and molar fraction of
water vapor at a distance of 66 cm from the initial cross
section are shown in Fig. 3.

Predictions on boron particle behavior were obtained for
particles ejected at a distance of 5 cm from the initial cross
section. Initial particle temperature was taken as equal to the

" wall temperature (800 K). The particle size range relevant to

this study is the typical boron agglomerate size upon ejection
from the condensed fuel surface.

The main parameters considered in this study were initial
particle diameter, ejection velocity and angle, and melt layer
(oxide) thickness.

Ignition Characteristics

The particle or agglomerate ejected from the fuel surface
enters the flow and is heated by convection and radiation heat
transfer. Its trajectory depends on its size, ejection velocity,
and ejection angle. As previously mentioned, the particle is
covered by a thin, often liquid, boron-oxide layer. The igni-
tion event is characterized by the complete removal of this
layer. High surrounding temperatures together with high mo-
lar fractions of oxygen and water vapor promote the ignition
process of the particle. Obviously, the diffusion flame zone in
the boundary layer is the hottest zone in the flowfield. In
addition, it contains the highest water vapor fractions due to
the reaction between the hydrocarbon fuel and the oxygen.
Thus, it seems logical that a long residence time in this zone
promotes ignition.

The ignition behavior of various size boron particles is
presented in Fig. 4. If the ejection velocity component vertical
to the fuel surface is small, the particle rolls over the fuel
surface where the temperature is not sufficiently high and the
amounts of oxygen and water vapor are limited; hence, igni-
tion does not occur. At a certain vertical ejection velocity the
particle may ignite, although ignition time is long. An in-
creased ejection velocity brings the particle closer to the flame
zone, thus reducing the ignition time, until it reaches a
minimum value. A further increase in the vertical ejection
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Fig. 3 Characteristic profiles of velocity, temperature, mass frac-
tions of Oz and fuel, and molar fraction of water vapor.
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velocity shortens the residence time in the hot flame zone and
shoots the particle towards the cooler zone above the flame.
This causes the ignition time to increase with ejection velocity.
An increase of the ejection velocity above a certain value
results in a failure of the particle to ignite. The range of
ejection velocities for which ignition of the particles can be
obtained is affected by the particle size. Because of their
inertia, larger particles need lower ejection velocities to reach
the same distance from the surface.

Effect of Initial Boron-Oxide Thickness

Figure 5 presents the ignition time of a 25-u particle vs the
ejection velocity for two values of initial oxide-layer thickness,
0.1 and 0.2 u. There is only a slight effect of the oxide-layer
thickness, indicating that the heating process dominates the
overall ignition time. When the particle temperature exceeds
approximately 1900 K, the oxide removal is rather fast.
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Fig. 4 Effect of ejection velocity on ignition time.
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"Fig. 5 Effect of initial boron-oxide thickness on ignition time,
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Ejection-Angle Effect

Particles are ejected in all directions.>* The ejection angle
combined with the ejection velocity affects the ignition time
through its influence on the particle trajectory and the resi-
dence time in the hot flame zone. Figure 6 presents the
ignition time of 25-u boron particles ejected at various ejec-
tion angles. The ejection angle is measured from the down-
stream direction of the fuel surface. Ejection angle of 90 deg
represents direction vertical to the fuel surface.

Particle Ignition Zone

The ejection velocity and angle of a particle of certain size
was found to determine its ignition location. The geometric
locus of all ignition locations of the same particle can be
defined as the ignition zone and is described in Fig. 7. The
physical significance of the ignition zone is that particles
whose trajectories cross the boundaries of this zone do ignite,
while those that miss this ignition envelope do not ignite. The
ignition zone lies downstream of the particle ejection point.
For larger particles this zone moves further downstream, but
remains basically similar. One can conclude that most regular-
size boron particles, whose ejection velocities are not too
extreme, are likely to ignite.

Combustion Characteristics

Burning times (including ignition and complete combus-
tion) were calculated for boron particles as a function of the
ejection velocity. A 0.1-u-thick boron oxide layer and perpen-
dicular ejection were assumed. The results shown in Fig. 8
demonstrate that there is a limited range of ejection velocities
which produce ignition and complete combustion of the par-
ticle. The boundaries of this range shrink for larger particles.

It should be noted that ignition, defined by complete re-
moval of the oxide layer, does not guarantee sustained com-
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bustion of the particle. The ignition zone is close to the
gas-phase flame zone, and stretches mainly below it (towards
the wall), where the oxygen concentration is relatively low.
Ignition in such situations may result in very low reaction
rates that may lead to extinguishment, which may be the case
for low ejection velocities.

An increase in ejection velocity enables ignition and com-
bustion. Minimum combustion time is achieved at certain
ejection velocities. A further increase in ejection velocity
increases the ignition delay, hence increases the total combus-
tion time. In general, the net combustion time (measured
from the ignition event to the completion of combustion)
decreases with increasing the ejection velocity (Fig. 9). Higher
ejection velocities, although causing longer ignition delays,
enable the particle to achieve greater distances from the
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Fig. 11 Schematic description of ignition and combustion characteris-
tics of boron particles having different trajectories.
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vs ejection velocity, d,,, =50 4, T,,, =2000 K.

surface, where the oxygen concentration is higher, thus they
reduce the net combustion time.

The major concern is whether or not a particle ejected from
the wall can burn completely inside the motor. Calculations
show that small particles (up to 30 u) need to travel at least
1 m inside the motor for complete combustion. Larger par-
ticles, even if they ignite, may not burn completely even after
2m. The axial combustion distance as a function of the
ejection velocity, for various small-size particles ejected per-
pendicular to the surface, is presented in Fig. 10. The shapes
of the curves are similar to those of Fig. 8. Figure 11 is a
schematic summary of the ignition and combustion character-
istics of particles having different trajectories demonstrating
the sensitivity of the overall combustion process to parame-
ters of limited control.

In order to characterize the combustion itself, isolated from
the ignition phenomena, the behavior of already ignited
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" boron particles, dispersed at the initial cross section, was
analyzed. Such a situation may be encountered in real boron-
rich SFRJ combustors, where particles originating in the
recirculation zone enter the main combustor section already
ignited. Axial distances for complete combustion of particles
of 30, 40, and 50 u dispersed at different distances from the
fuel surface are presented in Fig. 12. It can be seen again that
particles which move along the centerline region burn faster
than those whose trajectories are closer to the fuel surface.
Ignition in an oxygen-rich zone enables even relatively large
particles (50-u diameter) to complete their burning within a
short distance from their initial point. Particles of similar sizes
that are ejected from the fuel surface can scarcely ignite and
burn.

The interesting result, that complete combustion of boron
particles is possible once the necessary conditions for igniting
and situating the particle in an oxygen-rich zone are fulfilled,
indicates a direction for achieving efficient combustion. The
crucial stage of ignition may be overcome by preheating the
particles upon their ejection from the fuel surface. Calcula-
tions made for 50-u-diam particles ejected at an initial tem-
_ perature of 2000 K at various velocities reveal a remarkable
decrease in burning time and distance for complete combus-
tion (Fig. 13) compared with particles ejected at the regular
wall temperature (800 K).

V1. Conclusions

The study reveals that the general flowfield characteristics
of the SFRJ combustor are inherently unfavorable for the
combustion of boron particles ejected from the solid fuel. The
requirements for boron ignition, particularly high surround-
ing temperatures, are often associated with the low oxygen
content, gas-phase reaction zone. Boron combustion, on the
other hand, requires high oxygen fractions. This is the reason
why only particles of very specific characteristics (size and
ejection velocity and angle) are predicted to burn efficiently
inside the combustor. As a conclusion, the overall combustion
efficiency of an SFRJ combustor is predicted to be generally
low, in accordance with available experimental findings.

It is, however, indicated that efficient combustion may be
expected by either preheating the particles before leaving the
surface, thus saving the initial ignition stage, or by situating
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the already ignited particles in a high-oxygen-concentration
zone.
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