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Effect of plasma on combustion characteristics of boron∗
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As it is very difficult to release boron energy completely, kinetic mechanism of boron is not clear, which leads to the
lack of theoretical guidance for studying how to accelerate boron combustion. A new semi-empirical boron combustion
model is built on the King combustion model, which contains a chemical reaction path; two new methods of plasma-assisted
boron combustion based on kinetic and thermal effects respectively are built on the ZDPLASKIN zero-dimensional plasma
model. A plasma-supporting system is constructed based on the planar flame, discharge characteristics and the spectral
characteristics of plasma and boron combustion are analyzed. The results show that discharge power does not change the
sorts of excited-particles, but which can change the concentration of excited-particles. Under this experimental condition,
plasma kinetic effect will become the strongest at the discharge power of 40 W; when the discharge power is less than 40 W,
plasma mainly has kinetic effect, otherwise plasma has thermal effect. Numerical simulation result based on plasma kinetic
effect is consistent with the experimental result at the discharge power of 40 W, and boron ignition delay time is shortened
by 53.8% at the discharge power of 40 W, which indicates that plasma accelerates boron combustion has reaction kinetic
paths, while the ability to accelerate boron combustion based on thermal effect is limited.
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1. Introduction

Boron is the ideal fuel additive for solid rocket ram-
jet because of the high quality calorific value (58.28 kJ/g)
and high volume calorific value (136.38 kJ/cm3), which is
2.3 and 1.9 times of magnesium, 3.1 and 1.7 times of alu-
minum, respectively.[1] However, ignition delay time of boron
is too long and combustion efficiency is too low. Boron
chemical kinetic theory is not clear, which leads to the
lack of theoretical guidance for studying boron combustion-
supporting method.[2] Conventional combustion-supporting
method, such as adding flammable metals, coating boron with
strong oxidants,[3] can improve boron combustion character-
istics, but there is a problem of decreasing boron chemical
heat release (boron and fluoride generate BF3, but specific heat
capacity of BF3 is very low), which will weaken boron en-
ergy advantage.[4] Plasma-assisted combustion is an effective
means to realize fuel combustion with releasing heat effec-
tively, which is one of the hotspots of aerospace development
in recent years.

Plasma kinetic effect has a wide application prospect
in shortening ignition delay time and improving combus-
tion efficiency.[5] Aleksandrov et al. simplified the discharge
mechanism. Results show that the main factor of combustion-
supporting is the active particles that generate during the

process of discharge, the most concentration is oxygen free
radical.[6] He et al. established plasma kinetic model to ob-
tain the concentration evolution of typical active particles.[7]

Sun et al. pointed out by contrastive test that oxygen free rad-
ical is the main free radicals of plasma-insisted combustion
and the starting source of fuel oxidation. More than 80% of
oxygen radicals can be transported to the reaction zone to en-
hance multistage combustion when the temperature is beyond
900 K.[8]

Plasma can accelerate boron combustion from chemical
kinetic level and avoid the problem of decreasing boron chem-
ical heat release. However, the basic theories of plasma kinetic
effect and boron combustion are not well understood.[9,10]

The classical boron model cannot explain the phenomenon of
plasma-assisted boron combustion. Therefore, it is of great
theoretical and practical significance to study kinetic theory
of plasma-assisted boron combustion and carry out theoreti-
cal innovation of this. In this paper, a boron semi-empirical
model with a reaction kinetic path has been built, plasma-
assisted combustion methods have been pointed out, and the
rationality of model and methods has been verified by plane
flame test. Which solve the problem that the existing boron
semi-empirical model cannot analyze plasma-assisted boron
combustion.
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2. Theoretical models and methods
2.1. Boron combustion model

The methods of improving boron combustion model have
been studied mainly in recent years. Xia et al. have built
a boron semi-empirical model for the influence of Stefan
flow.[11] Ao et al. have built a boron semi-empirical model
for high pressure combustion condition on King and Kuo
model.[12] Which can guide theoretically the methods of boron
combustion-supporting and other related research work. Ki-
netic model can analyze the change rules of each component
from chemical reaction mechanism, but the computation is
intensive and complex, and it is not suitable for the numeri-
cal study of the actual working condition of boron combus-
tion. Therefore, it has more practical value that adding opti-
mal mechanism to the typical boron semi-empirical model, to
reflect kinetic process of boron combustion. It is the hotspot
and focus in the boron combustion model development.

The boron combustion model is built on the King model
in this study. The surfaces of boron particles are always cov-
ered with a layer of boron oxide (B2O3). Consumption of
boron oxide is mainly through vaporization and reaction with
water vapor. Oxygen diffusion to the interface of B−B2O3

will reacts with boron to form boron oxide. The boron ignition
stage starts when the consumption of boron oxide is larger than
generation, the boron combustion stage starts when boron ox-
ide is completely consumed. The King model and parameters
can refer to Ref. [13]. The main active particles of air plasma
are oxygen free radicals and nitrogen oxides, and the results
analysis of boron detailed mechanism show that,[14] oxygen
free radicals can accelerate the oxidation reaction rate of BO.
Therefore, four elementary reactions with reaction path have
been added to the boron King model, which are shown as

R0 : B+B2O3→ 3BO,

R1 : O2 +M→ O+O+M,

R2 : BO+O→ BO2,

R3 : BO2 +BO→ B2O3. (1)

2.1.1. Assumptions

The following assumptions are needed to calculate ele-
mentary reaction rate.

1) Boron particles are uniform spheres; the surfaces of
pure boron are covered with a layer of boron oxide (B2O3).

2) O, BO, and BO2 are already evenly distributed in the
boron oxide layer.

3) BO is kinetic controlled by reactions of R1, R2, and
R3.

4) The third body M is any other components except O2.

2.1.2. Reaction rate of elementary reaction

(I) Equilibrium reaction of B(s) with B2O3(l). The ele-
mentary reaction (R0: B(s) + B2O3(l)→3BO(l)) is an equilib-

rium reaction, which cannot be the rate-limiting step, there is
no rate-limiting problem, the reaction rate is given as that in
Ref. [15]. The nBO is the amount of substance of BO(l) as

nBO = nZχBO = 2.32×10−2
((4πr3

B/3
)

ρB(s)

M B(s)

+
4πr2

BXρB2O3

MB2O3

)
×
(

1− exp
(

3500
TP
− 3500

Tcut

))
, (2)

where χBO is the equilibrium mole fraction of BO(l) at the
B(s)/B2O3(l) interface, nZ is the amount of substance of
B2O3(l). The expressions of χBO and nZ are

χBO = 2.32×10−2 (1− exp(3500/TP−3500/Tcut)) , (3)

nZ = mB(s)/MB(s)+mB2O3/MB2O3

=
(
4πr3

B/3
)

ρB(s)/MB(s)+4πr2
BXρB2O3/MB2O3 , (4)

where Tcut is the temperature above which the hoxide layer re-
moval occurs by chemical reactions, and Tcut = 1550 K at the
condition of this study.

The elementary reactions (R1–R3) are the rate-limiting
reactions, the reaction rates can be expressed in the Arrhenius
form, which are givenin Ref. [16].

(II) Elementary reaction (R1): O2 +M = O+O+M−
QR1,

k1 = 1.81×1018T−1
∞ exp(−118100/(1.987T∞)) , (5)

where k1 is the reaction rate constant for the reaction (R1),
cm3/(mole·s), and

R1 = 4πr2
BXk1 [O2] [M] , mole/s,

QR1 = 119.10×103, cal/mole, (6)

where R1 is the molar reaction rate by the reaction (R1),
mole/s; QR1 is the heat absorbed by the reaction (R1),
cal/mole.

(III) Elementary reaction (R2): BO+O+M = BO2 +M+

QR2,

k2 = 1.1×1015 exp(1990/(1.987TP)) , (7)

where k2 is reaction rate constant for the reaction (R2),
cm6/(mole2·s), and

R2 = 4πr2
BXα2k2 [BO] [O] [M] , mole/s,

QR2 = 127.55×103, cal/mole, (8)

where R2 is the molar reaction rate by the reaction (R2),
mole/s; QR2 is the heat released by the reaction (R2), cal/mole;
α2 is the reaction probability of the reaction (R2), α2 = 0.035;
O should be more than consumption as

dnBO

dt
= nBO− (R2 +R3)≥ 0. (9)
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(IV) Elementary reaction (R3): BO+BO2 +M =

B2O3 +M +QR3,

k3 = 7.24×1013 exp(1990/(1.987TP)) , (10)

where k3 is the reaction rate constant for the reaction (R3)
cm6/(mole2·s), and

R3 = 4πr2
BXα3k3 [BO] [BO2] [M] ,

QR3 = 131.80×103, cal/mole, (11)

where R3 is the molar reaction rate of the reaction (R3),
mole/s; QR3 is the heat released of the reaction (R3), cal/mole;
α3 is the reaction probability of reaction (R3), α3 = 0.35; BO2

should be more than consumption as

dnBO2

dt
= R2−R3 ≥ 0. (12)

2.1.3. Modified governing equation

Boron mass balance equation is

drB

dt
=− [λ (R2 +R3)+(1−λ )RB]MB

4πrB2ρB

. (13)

Boron oxide mass balance equation is

dX
dt

=
[(1−λ )(RB/2−RE−RH)−λ (R2 +R3)]MB2O3

4πr2
BρB2O3

, (14)

and Q1 and Q2 are the heat released as

Q1 = [(1−θ)(RBQB1−REQE−RHQH)+θ (R2QR2 +R3QR3)]

+4πr2
P
[
h(T −TP)+σεαR

(
T 4

RAD−T 4
P
)]
,

Q2 = [(1−θ)(RBQB2−REQE−RHQH)+θ (R2QR2 +R3QR3)]

+4πr2
P
[
h(T −TP)+σεαR

(
T 4

RAD−T 4
P
)]
, (15)

where θ is the consumption via by the reactions R2 and R3 ac-
count for the total boron oxide consumption, θ = χBO/3; [x]
is the molar concentration of component x, mole/cm3; rB is
the boron particle radius, X is the thickness of the boron oxide
layer, cm; TP is the temperature of boron, T is the flame tem-
perature of the burner, TRAD is the radiation temperature of sur-
roundings, K; MB is boron atomic weight, MB=10.82 g/mol;
ρB is boron density, ρB = 2.33 g/cm3; MB2O3 is boric oxide
molecular weight, MB2O3 = 69.64; ρB2O3 is boric oxide den-
sity, ρB2O3 = 1.85 g/cm3; σ is Stefan–Boltzmann constant,
σ = 1.354× 10−12 cal/(cm2 · s ·K4); cpB2O3

is liquid boron
oxide heat capacity, cpB2O3

= 0.438 cal/(g ·K); cpB(s) is solid
boron heat capacity, cpB(s) = 0.507+7.0×10−5Tp cal/(g ·K);
cpB(l) is liquid boron heat capacity, cpB(l) = 0.675 cal/(g ·K).

2.2. Plasma-assisted methods
2.2.1. Plasma kinetic analysis method

The plasma discharge process is an activation process of
neutral particles and electron energy transfer. Electron energy

will be converted to the bond energy of free radicals, after a se-
ries of reactions such as collision, excitation, dissociation, ion-
ization, charge exchange, quenching of excited state particles,
and recombination of electrons–ions.[17] The free radicals gen-
erated in the discharge phase are simulated based on the ZD-
PLASKIN zero-dimensional plasma kinetic model. The con-
trol equations are

d [Ni]

dt
=

jmax

∑
j=1

Qi j (t), (16)

aA+bB [+δε]→ a′A+ cC [+δε] , (17)

R j = k j [NA]
a [NB]

b , (18)

QA =
(
a′−a

)
R; QB =−bR; QC = cR. (19)

The energy transfer process of temperature change is de-
scribed by the adiabatic isometric approximation equation, ig-
noring the Joule heat generated by the ion motion

[
Ngas

]
γ−1

dTgas

dt
=

jmax

∑
j=1
±δε jR j +Pelast [Ne] , (20)

where [Ni] is the density of component Ni, Qi j is the rate of
density change going from reactant i to product j, jmax is the
maximum of product j; A, B, C are reaction components; a,
a′, b, c are stoichiometric number, [+δε] is chemical reaction
calorific value; R j is the reaction rate of component j, k j is the
reaction rate constant of component j; [NA] is the density of
component A, [NB] is the density of component B; QA, QB,
QC are the density change rates of components A, B, C; R is
the reaction rate; [Ngas], γ , Tgas, Pelast, [Ne] are gas density,
adiabatic exponent, gas temperature, electron impact energy,
electron density; δε j is the chemical reaction calorific value
of reaction j.

2.2.2. Plasma thermal analysis method

The effect of plasma on the gas temperature is mainly
based on the energy of electron impact loss and reaction heat
absorption and release. Considering only the thermal effect
of plasma, the effect of reaction heat absorption and release
is removed, and the whole discharge energy is used to change
the ambient temperature and radiation temperature of the gas
around boron particles, and the modified energy transfer equa-
tion is

dTP−RAD

dt
=

γ−1[
Ngas

]Ppower, (21)

where TP−RAD is the temperature increased by discharge, K;
Ppower is the discharge power of plasma, eV.
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3. Experimental analysis methods
3.1. Experimental system

The experimental system consists of a particle combus-
tion system, a plasma system, and a measurement and diagno-
sis system. The particle combustion system includes a multi-
diffusion planar flame burner (a post-flame instantaneous heat-
ing particle produced by methane combustion), a boron par-
ticle feeding device and a gas supply device; the plasma sys-
tem includes a needle-like plasma exciter and a high-frequency
high-voltage power supply; the measurement and diagnosis
system includes an image analysis system, a spectral diagno-
sis system, and a discharge characteristic analysis system. The

multi-diffusion planar flame burner is divided into upper and
lower layers, and the lower layer is methane, which is rectified
into the capillary metal tube (inner diameter 0.8 mm, outer di-
ameter 1 mm); the upper layer is a certain proportion of mixed
nitrogen and oxygen, which flows out from the honeycomb
holes around the capillary tube, and forms a flat flame with
methane; boron particles are dissolved in a certain proportion
to ethanol, which are fully dispersed after vibrating and will
enter the dryer in the form of aerosol after atomizing, and fi-
nally boron particles are loaded by nitrogen into the central
tube of the honeycomb and will be heated by methane com-
bustion to form boron flame, the whole experimental system is
shown in Fig. 1.
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Fig. 1. (color online) Experimental system diagram.

The high frequency and high voltage power supply is pro-
duced by Nanjing Suman Company, model CTP-2000K, out-
put voltage 0–30 kV, frequency 10 kHz; high voltage probe
is produced by Tektronix company, model P6015A, rise time
14 ns, bandwidth 75 MHz, peak voltage 40 kV; the current coil
is produced by Pearson Company, model P6595, peak current
10 A, rise time 20 ns; oscilloscope is produced by Tektronix
Company, bandwidth 500 MHz, sampling frequency 5.0 GS/s;
HR4000CG-UV-NIR broadband spectrometer is used in this
study, bandwidth 200–1100 nm, the composite grating of 5 µm
incident slit, the filter of eliminating high-order diffraction, the
optical resolution of 0.7 nm FWHM.

3.2. Boron flame image analysis method

3.2.1. Image analysis principle

Planck gives the quantitative relationship between the
blackbody radiation and the object surface temperature. It is
pointed out that, when the particle temperature is lower than

3000 K and the radiation wavelength range is 400–800 nm,
the radiation energy I (λ ,TP), the spectral characteristic wave-
length λ , and the particle temperature TP can be expressed
as[18]

I (λ ,TP) = ε (λ ,TP)
C1λ−5

e(C2/λTP)−1
, (22)

where C1 and C2 are the first and second radiation constants;
ε (λ ,TP) is the particle emissivity, which is used to correct the
difference between particle combustion radiation and black-
body radiation.

The three band signals (red, green, and blue) which are
extracted from the SLR camera can be reduced to the corre-
sponding peak wavelengths, and the band radiation will be
considered approximately as the wavelength radiation. Parti-
cle combustion radiation is dominated by the continuous ther-
mal radiation and the fluorescent radiation of the active par-
ticles, and the flame image stores all the radiation signals,[19]
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which can be expressed as

S (z,TP) = τexposeNP

∫
4πr2

r I (λ ,TP)η (λ ) dλ , (23)

where z, NP, and rr are the spatial dimension of each pixel,
the corresponding particle concentration of each pixel, and the
corresponding physical radius of each pixel; τexpose and η (λ )

are the exposure time and the energy conversion rate, respec-
tively.

The thermal radiation is mainly concentrated in the red
band at the temperature in the range of 1000–3000 K, which
can represent the particle temperature;[20] Yu et al. pointed
out that the green band is the main color of the BO2 emission
spectrum, the single value function of green and red signal
ratio, which can indicate the sensitivity of the BO2 generation
rate to temperature, in other word, the degree of boron burning
as[21]

SG (z,TP)

SR (z,TP)
=

∫
G

I (λ ,TP)ηG (λ ) dλ∫
R

I (λ ,TP)ηR (λ ) dλ
= f (z,TP) , (24)

where subscripts G and R are only the spectral radiation infor-
mation of green and red, respectively.

It should be noted that only the relative strength of radia-
tion intensity and flame two-dimensional space size are needed
to consider in this study, so calibrating the absolute temper-
ature is not necessary. The experimental results are mainly
related to the three-band radiation information represented by
the CMOS spectral response curve, and have no concern with
the camera lens, imaging systems, operating modes, and color
reproduction capability.

3.2.2. Boron combustion stage division method

The combustion process of boron particles is generally
divided into three stages: ignition delay, ignition, and com-
bustion. The three kinds of information of red, green, and blue
and the spatial size of each pixel can be extracted from the
boron flame image by MATLAB software. The red radiation
(red band) and BO2 emission spectrum (green band) of boron
particles along the flame propagation direction are analyzed,
boron combustion stage division method is shown in Fig. 2.
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Fig. 2. (color online) Three-phase diagram division method of boron particle combustion. (a) The color information of boron flame
image and (b) flame image of boron.

A typical boron combustion flame image obtained in this
experiment is shown in Fig. 2(b). Temperature of boron par-
ticles reaches the ignition temperature when particles flow the
distance of 8 mm. By then, boron particles will be in ig-
nition delay, ignition, and combustion stages one after an-
other. The information curves of red, green, and blue with
the flame height are extracted from the boron flame image,
where “green/red” represents the degree of particle combus-
tion, d(green/red)/dt represents the slope of the degree of par-
ticle combustion change curve.

Ignition delay time τ id is defined as the time required for
boron particles reaching the ignition temperature to the peak
slope of the combustion degree; ignition time τ is is defined as
the time required for the peak slope of the combustion degree
to the peak point of the combustion degree; and combustion

time τcs is defined as the time required for the peak point of
the combustion degree to 20% of the peak point of the com-
bustion degree.

It can be seen from Fig. 2(a) that there is a strong ra-
diation at the flame distance of 0 mm, the reason is that the
plane flame is a methane combustion zone and generates a
large number of active particles (such as C, C2, C3, etc.), and
the emission spectrum within the wavelength range of 500–
580 nm is strong; and it is mainly the spectral information of
boron combustion when the flame height is more than 8 mm,
that is why it is necessary to judge the boron combustion stage
with the flame height of more than 8 mm. The resolution of
flame image is 6016×4016 in this study, and the high resolu-
tion of the two-dimensional space ensures the time accuracy
of three combustion stages.
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3.2.3. Particle flow rate characterization method

Combustion time t is obtained by dividing the boron
flame length l by the boron flow rate (t = l/vp). Yeh et al.
measured boron particle flow trajectories, and indicated that
the particle velocity at the moment of injection is extremely
high and then reduces until reaching the ignition delay time,
ignition, and combustion zones, where the particle rate will be
basically stable in the constant, so the average can be taken as
the particle rate.[22] The size of boron particle is very small
(only a few micrometer) in this study, which is better with gas
flow. It is assumed that the boron particle rate is the same as
the gas flow rate, so the boron particle rate will be estimated
according to the gas flow velocity, and the formula is

vp = vgas =
Q0

6×104
πr2

eff
× T

Tg,0
, (25)

where vp is the particle rate, m/s; vgas is the gas rate, m/s; Q0

is the gas flow through the central tube, SLM (standard liter
per minute); reff is the effective radius of the particles jet, mm;
T is the ambient temperature, K; Tg,0 is the standard ambient
temperature, 273.15 K. The consistency between the numeri-
cal values and experimental results obtained by the laser phase
doppler analyzer ensures the rationality of this formula.

4. Results and discussion
4.1. Experimental process

Firstly, boron particles are dispersed in a certain propor-
tion to ethanol solution (mass ratio 1: 80); secondly, boron
particle suspensions need two hours of ultrasonic oscillations,
so that particles are more fully dispersed; thirdly, boron par-
ticles and ethanol need to be atomized by aerosol and blown
in the CaCl2 diffusion dryer in the form of gasoloid, so that
ethanol and other liquids will be removed; and finally, boron
particles blow in the high temperature zone of methane com-
bustion from the bottom of honeycomb center of the stainless
steel tube (diameter 2 mm).

Plasma in this study is needle-like arc discharge plasma
(two tungsten electrodes are the high voltage pole and ground
pole, tungsten pole diameter is 1.6 mm), the electrode spacing
is 4 mm, and the distance from the burner surface is 8 mm. A
high-voltage probe and a current coil are used to measure the
discharge voltage and current respectively, and the discharge
power can obtained by integral; a spectrometer is used to mea-
sure boron flame spectrum; the color SLR camera is used to
photograph the flame of boron particles.

4.2. Experimental results

A typical experimental condition in this study is as fol-
lows: CH4 flow 0.92 SLM, O2 flow 7.36 SLM, N2 flow 6.92
SLM. The component of flame zone is N2: O2: CO2: H2O =

0.455:0.362:0.061:0.122, and the temperature is 1575 K; the
nitrogen flow rate in the honeycomb center stainless steel tube
is Q0 = 0.50 SLM and boron particle flow rate is 15.3 m/s.

Discharge power is a typical plasma characteristic that af-
fects the combustion characteristics of boron. Discharge volt-
age and current signals at both ends of the plasma exciter are
measured, discharge power is calculated by voltage and cur-
rent integral, and the frequency of the high-frequency high-
voltage power supply is 11.0 kHz in this study. The Savitzky–
Golay filtered voltage and current signals are shown in Fig. 3.
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Fig. 3. (color online) Waveforms of the discharge voltage and current.

It can be seen from Fig. 3 that the current increases as the
voltage increases (the current is approximately zero before the
voltage reaches the breakdown voltage, and the discharge en-
ergy is approximately zero at that moment). It will generate
arc plasma when the voltage reaches the breakdown voltage,
the current instantaneously increases to the peak, and then the
voltage decreases with the increase of electric conductance be-
tween arcs, and then the current begins to decrease. Arcs will
extinguish and the arc conductance instantaneously decreases
when the current decreases to approximately zero, and then
voltage increases to the breakdown voltage from reverse, the
discharge process goes on.

Figure 4 is the boron flame photos under a series of typ-
ical discharge powers with the use of Nikon D610, aperture
F4, ISO 800, white balance sun and shutter 1/5 s. Arc break-
down position is fixed when the discharge power is greater
than 10 W. The arc near the electrode side is brighter and
which temperature is higher; the arc column end which acts
on the boron flame is relatively dark and the temperature is
much lower. The concentration of active particles increases,
boron flame is brighter and ignition delay time is obviously
shortened when discharge power increases.

Plasma kinetic effect refers to the collision of high en-
ergy electrons with neutral particles, excitation, dissociation
and even ionization, to generate large amounts of active par-
ticles (such as free radicals, charged ions, excited molecules
and atoms), to improve the elementary reaction rate. Emis-
sion spectrum is one of the primary means of measuring and
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diagnosing active particles, which can measure relevant infor-
mation without affecting the working state of the test source.
The principle is that molecules, atoms, and ions of the high en-
ergy states transition to the low energy states, and the excess
energy will be released. Fiber optic probe aims at the nee-
dle electrode arc column position through lens in this study,
plasma spectrum characteristics under typical discharge pow-
ers are shown in Fig. 5, and the integration time is 2 s.

0 15 W10 W5 Wno boron

(a) (b) (c) (d) (e)

63 W56 W51 W47 W 76 W

30 W 36 W24 W19 W 40 W

(f) (g) (h) (i) (j)

(k) (l) (m) (n) (o)

Fig. 4. (color online) Boron combustion flame images under different
discharge power levels. (a) No boron, (b) 0, (c) 5 W, (d) 10 W, (e) 15 W,
(f) 19 W, (g) 24 w, (h) 30 W, (i) 36 W, (j) 40 W, (k) 47 W, (l) 51 W, (m)
56 W, (n) 63 W, (o) 76 W.

As can be seen from Fig. 5, the types of active particles
does not change but the concentrations change with the in-
crease of discharge power, the peak wavelength is 367.1 nm
of O2

(
B3Σ−u −X3Σ−g

)
. Thermal radiation spectrums mainly

exist in the wavelength scope of 450–1000 nm, which re-
flects plasma thermal effect; the fluorescent radiation of ac-
tive particles mainly exist in the wavelength scope of less than
450 nm, which reflects plasma kinetic effect. Thermal radi-

ation spectrum intensities increase progressively and plasma
thermal effect is stronger with the increase of discharge power;
plasma kinetic effect increases at first and then decreases,
which reaches the peak at the discharge power of 40 W. Plasma
mainly has the kinetic effect and the concentration of active
particles is larger when the discharge power is less than 40 W;
plasma mainly has the thermal effect and the concentration of
active particles is far less when the discharge power is more
than 40 W. The emission spectrum intensity of 367.1 nm is
24260 at the discharge power of 40 W, while the intensity will
be reduced to 19710 with the discharge power of 51 W, in other
word, the concentrations of active particles decrease by 18.7%
when the power increases by 25% under this concentration.
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Fig. 5. (color online) Plasma emission spectrum under different dis-
charge power levels.

The main emission spectra are: the spectrum 367.1 nm
and 373.4 nm of oxygen molecules O2(B3Σ−u − X3Σ−g ) and
O2(A3Σ+

u − X3Σ−g ); the N2 positive bands are generated by
transition (313.62 nm, 315.81 nm, 337.13 nm, 353.69 nm,
357.73 nm, 370.98 nm, 375.06 nm, 380.06 nm, 394.18 nm,
399.22 nm, 405.77 nm); and the emission spectra of active
particles such as CH, C, C2, C3, C5, C+ are mainly focused on
580 nm, 650 nm, and 750 nm, which will improve the particle
concentration, and enhance the emission spectrum intensity.

The main controlling factor of boron combustion is the
oxidation rate of BO, and BO is mainly oxidized to BO2. The
spectral characteristics of BO2 are measured and the com-
bustion characteristics of boron particles under typical dis-
charge power are analyzed in this study. Measurement results
are shown in Fig. 6, and the emission spectra of BO2 wave-
lengths (452.7 nm, 471.4 nm, 493.2 nm, 517.7 nm, 547.0 nm,
578.5 nm, 602.3 nm, 619.7 nm, 638.0 nm) are obtained by fo-
cusing the optical fiber probe of spectrometer at 20 mm above
the exit of boron particles, integral time 2 s, and the wave-
length of 547.0 nm is the strongest. In addition, the spectrum
characteristic of Na (589.7 nm) will be produced in this ex-
perimental system at high temperature, since the experimental
apparatus contains sodium element.

It can be seen from Fig. 6 that the peak of BO2 spectrums
is constant, but the spectral intensity is enhanced with the in-
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crease of the discharge power, which indicates that the oxi-
dation of BO, the concentration of BO2, and the boron com-
bustion reaction rate can be increased with the increase of dis-
charge power. When the discharge power is 40 W (plasma
mainly has the kinetic effect), the spectral intensity of BO2

wavelengths (602.3 nm, 619.7 nm, 638.0 nm) is higher than
that in the discharge power of 47 W (plasma mainly has the
thermal effect), which indicates that plasma has a reaction path
for assisting boron combustion.
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Fig. 6. (color online) Boron emission spectrum under different dis-
charge power levels.

4.3. Results analysis

The rationality of theoretical model is verified by con-
trasting the classical king model in the classical literature. The
initial conditions are: particle diameter rP = 10 µm, oxide
layer B2O3 thickness X = 0.1 µm, particle temperature TP =

1800 K, ambient temperature TRAD = 2100 K, T∞ = 2100 K,
oxygen mole fraction 0.2, ambient pressure P0 = 1 atm, and
numerical results are shown in Fig. 7. The oxide layer con-
tinues to decrease until it disappears completely and the oxide
releases more heat. Ignition delay time is defined as the time
that the thickness of oxide layer is reduced to 10%. The simu-
lated temperature and oxide thickness curves in this study are
the same as those of the King model. The sum of ignition de-
lay time and ignition time is 4.6 ms, and the time is reduced
by 24% when adding 0.1% O radical.

Particle velocity is 15.3 m/s, time is 0.523 ms, and tem-
perature is 1311 K when boron particles move to the plasma
region (8 mm from the burner center hole) in this experimental
condition, ignoring the influence of transport (convection and
diffusion) factors. Pure boron diameter 2× 10−4 mm, oxide
layer thickness 1×10−6 mm, experimental and numerical re-
sults are shown in Fig. 8. The diameter of boron particles are
mainly in 2.0 µm and boron purity is 99.99%. The thickness

of oxide layer in the literature is mostly an estimated value
(0.01–0.1 µm); but the thickness of oxide layer directly af-
fects ignition delay time of boron particles, so the selection
of estimated values is very important. The thickness of oxide
layer covering on the surface of boron particles is obtained by
transmission electron microscopy (TEM) in this study, which
is 0.02 µm.

0 2 4 6 8

0

3

6

9

12

 0.1% O
 0.1% O

 0% O (=result of King)
 0% O (=result of King)

Time/ms

O
x
id

e 
la

y
er

 t
h
ic
k
n
es

s/
1
0

-
6
 c
m

1800

2000

2200

2400

2600

T
em

p
er

tu
re

/
K

Fig. 7. (color online) Computational results of this study.
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Fig. 8. (color online) Experimental results of ignition delay time.

As can be seen from Fig. 8, the ignition delay time de-
creases with the discharge power increases. Plasma mainly re-
flects the kinetic effect when the discharge power is less than
40 W. Plasma produces active particles (mainly O radicals),
which can bypass the chain initiation of boron burning, break
the equilibrium of chain termination, strengthen directly the
chain ranch and propagation, and finally increase the reaction
rate. Plasma mainly reflects the thermal effect when the dis-
charge power is greater than 40 W, which will shorten the rela-
tive reduced amplitude of boron ignition delay time. The curve
fitting is obtained by the software of ORIGIN, and polynomial
fitting model functions are used, the fitting equation is

τid =

{
3.252×10−4P2

power−0.028Ppower +1.086,
(
0≤ Ppower ≤ 40 W

)
,

−0.002Ppower +0.599,
(
40 < Ppower ≤ 76 W

)
.

(26)
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Figure 9 shows the numerical results under the same ex-
perimental conditions. The magnitude of plasma shortens ig-
nition delay time is very small, from 1.10 ms to 0.83 ms,
when plasma energy is fully converted to heat (thermal ef-
fect). The magnitude of plasma shortens ignition delay time
is large, from 1.10 ms to 0.41 ms, when plasma energy is fully
used for all electrons to produce active particles (kinetic ef-
fect). Ignition delay time is shortened by 53.8% when the dis-
charge power is 40 W, which gets better consistency with the
experimental result. It is shown that there is a reaction path of
plasma-assisted boron combustion, and the rationality of this
improved boron semi-empirical model is verified.
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Fig. 9. (color online) Computational results of ignition delay time.

When plasma mainly reflects the thermal effect, the fit-
ting equation of ignition delay time with the discharge power
is

τid =−0.004 Ppower+1.088,
(
0≤ Ppower ≤ 76 W

)
. (27)

When plasma mainly reflects the kinetic effect, the fitting
equation of ignition delay time with the discharge power is

τid = −2.64×10−6P3
power +4.82×10−4P2

power

−0.03Ppower +1.095,
(
0≤ Ppower ≤ 76 W

)
. (28)

5. Conclusion and perspectives
Ignition delay time of plasma-assisted boron combus-

tion is analyzed by plane flame test, spectral diagnosis tech-
nique and kinetic simulation. Reaction kinetic mechanism of
plasma-assisted boron combustion is revealed, reaction paths
of plasma-assisted combustion are pointed out, and the prob-
lem of existing semi-empirical boron model cannot be ana-
lyzed from the reaction kinetic mechanism is solved. The main
conclusions are as follows.

The radiation signal intensity ratio (green/red) is strength-
ened and then weakened with the increase of boron flame
height, and the three stages of boron combustion can be char-
acterized; the green signal shows the emission spectrum of ac-
tive particles BO2, the red signal indicates the thermal radia-
tion of boron combustion.

Plasma mainly has the kinetic effect when the discharge
power is less than 40 W, the typical spectral intensity in-
creases with the increase of the discharge power, the peak
is in the 40 W; plasma mainly has the thermal effects when
the discharge power is larger than 40 W, the thermal radia-
tion is enhanced and the intensity of active particles decreases
under this experimental condition. Discharge intensity does
not change the excitation particles of plasma and BO2, but
changes the particle concentration. The spectral intensity of
BO2 (wavelength 602.3 nm, 619.7 nm, 638.0 nm, etc.) in the
discharge power of 40 W is higher than that in the discharge
power of more than 40 W, which indicates that plasma has a
reaction path that assisting boron combustion.

The numerical result based on plasma kinetic effect gets
better consistency with the experimental result at the discharge
power of 40 W. Ignition delay time of boron is shortened by
53.8%, which indicates that plasma-assisted boron combustion
has a reaction kinetic path, and the combustion-supporting of
kinetic effect is stronger than thermal effect obviously.
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