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The combustion of aluminum particle, liquid water, and hydrogen peroxide (H2O2) mixtures is studied the-
oretically for a pressure range of 1–20 MPa and particle sizes between 3 and 70 lm. The oxidizer-to-fuel (O/
F) weight ratio is varied in the range of 1.00–1.67, and four different H2O2 concentrations of 0%, 30%, 60%,
and 90% are considered. A multi-zone flame model is developed to determine the burning behaviors and
combustion-wave structures by solving the energy equation in each zone and enforcing the temperature
and heat-flux continuities at the interfacial boundaries. The entrainment of particles is taken into account.
Key parameters that dictate the burning properties of mixtures are found to be the thermal diffusivity,
flame temperature, particle burning time, ignition temperature, and entrainment index of particles. When
the pressure increases from 1 to 20 MPa, the flame thickness decreases by a factor of two. The ensuing
enhancement of conductive heat flux to the unburned mixture thus increases the burning rate, which
exhibits a pressure dependence of the form rb = apm. The exponent, m, depends on reaction kinetics and con-
vective motion of particles. Transition from diffusion to kinetically-controlled conditions causes the pres-
sure exponent to increase from 0.35 at 70 lm to 1.04 at 3 lm. The addition of hydrogen peroxide has a
positive effect on the burning properties. The burning rate is nearly doubled when the concentration of
hydrogen peroxide increases from 0 to 90%. For the conditions encountered in this study, the following cor-
relation for the burning rate is developed: rb½cm=s� ¼ 4:97ðp½MPa�Þ0:37ðdp½lm�Þ�0:85ðO=FÞ�0:54 exp
ð0:0066CH2O2 Þ:

� 2014 The Combustion Institute. Published by Elsevier Inc. All rights reserved.
1. Introduction

Aluminum–water (Al–H2O) mixtures offer promise for various
applications, including space and underwater propulsion, hydro-
gen generation, and fuel cell technology ([1–3]). The combustion
of nano-aluminum particles in water has been extensively studied
in the recent past ([1,3–6]). The burning rates surpass those of
many energetic materials, such as ammonium dinitramide (ADN)
and hexanitrohexaazaisowurtzitane (CL-20) ([1,7]). At a pressure
of 1 MPa, the burning rate of stoichiometric 38 nm Al–H2O mixture
is 4.5 cm/s, which is nearly twice that of ADN [1]. For a particle size
range of 38–130 nm, the burning rate is inversely proportional to
particle size and has a pressure dependence of the form rb = apm,
with the exponent, m, in the range of 0.27–0.68, depending on
the consistency of the mixture ([1,5]). The low burning-rate pres-
sure exponents are beneficial for rocket motor performance, since
they mitigate combustion instabilities and prevent motor failures
[8]. For an equivalence ratio of 0.71, the specific impulse efficiency
of 80 nm aluminum and ice (ALICE) mixture varies between 27 and
64%, depending on the motor size (1.91–7.62 cm) [4]. The mea-
sured specific impulse is in the range of 56–133 s, significantly
lower than theoretical counterparts. This can be attributed to low
combustion efficiencies (43–69%), caused by low reaction temper-
atures, insufficient residence times, and agglomeration of particles
[4]. The high oxide (Al2O3) content in the particle also contributes
the low adiabatic flame temperatures of ALICE mixtures. For exam-
ple, the oxide layer constitutes �25% of the particle mass when the
particle size reaches 80 nm and the adiabatic flame temperature is
�2850 K at a pressure of 1 MPa [1]. The energy density can be en-
hanced by replacing a portion of nano-aluminum particles with
micron-sized counterparts ([9]), since the active aluminum content
of micron-sized particles is nearly 100%. The burning rates, how-
ever, decrease by a factor of four when the loading density of mi-
cron-sized particles reaches 80% [9]. New methods to promote
the performance of aluminum–water mixtures are necessary.

Hydrogen peroxide (H2O2) has been used as monopropellant
and oxidizer in liquid propellant rocket engines (LPREs) for various
applications including rockets, jet-assisted take off (JATO) aircrafts,
and attitude control system (ACS) engines [10]. Table 1 shows a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2014.03.002&domain=pdf
http://dx.doi.org/10.1016/j.combustflame.2014.03.002
mailto:vigor.yang@aerospace.gatech.edu
http://dx.doi.org/10.1016/j.combustflame.2014.03.002
http://www.sciencedirect.com/science/journal/00102180
http://www.elsevier.com/locate/combustflame


Nomenclature

A pre-exponential constant
C concentration (weight percentage of hydrogen peroxide

in oxidizer)
Cp specific heat
D diffusivity
dp particle diameter
EA activation energy
hfg enthalpy of vaporization
i stoichiometric fuel-oxidizer mass ratio
k velocity-to-thermal diffusivity ratio
kB Boltzmann constant
L flame thickness
MW molecular weight
n entrainment index
NA Avogadro’s number
O/F oxidizer-to-fuel weight ratio
p pressure
Qr heat of reaction
rb burning rate
R gas constant
T temperature
v velocity
x spatial coordinate
Xeff effective oxidizer mole fraction
Y mass fraction

Greek
q density
dv vapor zone thickness
a thermal diffusivity
k thermal conductivity
sb burning time
/ volume fraction
r molecular diameter

Subscript
ad adiabatic
b burn
d diffusion
f flame, fluid
g gas
ign ignition
k kinetic
l liquid
m mixture
O oxidizer
p particle
R reaction zone
u unburned
V vapor zone
v vaporization
L liquid zone
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comparison of the thermophysical properties of hydrogen peroxide
and water. They have similar properties; the heat of formation of
hydrogen peroxide (�187.80 kJ/mol), however, is greater than that
of water (�285.80 kJ/mol). Hydrogen peroxide is thus considerably
more energetic than water. One of the main drawbacks of hydro-
gen peroxide is self-decomposition during storage. It decomposes
to form water vapor and oxygen gas

H2O2 ! H2Oþ 1
2

O2: ð1Þ

This process is enhanced by heat and catalyzed by impurities,
water, and solid particles ([11,12]).

The addition of hydrogen peroxide to aluminum–water mix-
tures enhances the burning rates ([13,14]). Sabourin et al. [13]
packed quasi-homogeneous mixtures of nano-aluminum particles,
liquid water, and hydrogen peroxide in a quartz tube and mea-
sured the burning rates in an argon environment using an optical
pressure vessel. The particle size was 38 nm and the active
aluminum content 54.3%. The equivalence ratio was in the range
of 0.50–1.25 and the concentration of hydrogen peroxide was
varied between 0% and 35%. The concentration is defined as the
weight percentage of hydrogen peroxide in oxidizer. For an
equivalence ratio of 1.0 and pressure of 3.65 MPa, the burning rate
Table 1
Thermophysical properties of hydrogen peroxide and water.

Property Hydrogen peroxide Water

Molecular weight (g/mol) 34.01 18.01
Density (g/cm3) 1.45 1.00
Heat of formation* (kJ/mol) �187.80 �285.80
Melting point (K) 272.72 273.15
Boiling point§ (K) 423.30 373.13
Heat of vaporization§ (kJ/kg) 1386 2260
Specific heat (kJ/kg-K) 2.36 4.18
Thermal conductivity (W/m-K) 0.46 0.58

* 298 K.
§ 1 atm.
increased by a factor of five, when the H2O2 concentration in-
creased from 0 to 32%. Concentrations greater than 35% were not
considered, due to an anomalous burning behavior characterized
by over pressurization and rupture of the quartz tube. Zaseck
et al. [14], similarly, measured the burning rates over a particle size
range of 3–36 lm and H2O2 concentrations up to 90%. The oxi-
dizer-to-fuel weight ratio was varied between 1.00 and 1.67. For
a particle size of 19.86 lm and pressure of 6.9 MPa, the burning
rate increased with increasing H2O2 concentration, from 0.43 cm/
s at 30% to 1.38 cm/s at 90%.

For aluminum–water mixtures, nano-particles must be used to
achieve self-sustained flame propagation [1]. The situation becomes
substantially different when hydrogen peroxide is used instead of
water [14]. The advantages of micron-sized aluminum particles
are the high active aluminum content and low cost. The active alu-
minum content of micron-sized particles is �100%, which is nearly
twice that of 38 nm particles (�54%). As a result, substantial
enhancements in the flame temperature are obtained. For example,
at a pressure of 3.65 MPa, the adiabatic flame temperature increases
from 2500 to 3000 K, when the particle size increases from 38 nm to
1 lm. The cost of nano particles is at least an order of magnitude
greater than micron counterparts [14]. It is worthwhile to mention
that the reactivity of aluminum particles increases marginally when
the particle size decreases below 20 lm [15]. The burning time of
nano-aluminum particles is a weak function of particle size; it de-
creases by a factor of four, when the particle size decreases from
10 lm to 100 nm [15]. For these reasons, micron-sized particles
are attractive for energy-conversion applications ([9,14]).

The obtained enhancements in the burning rate can be attrib-
uted to the high energy density of an Al–H2O2 system,

2Alþ 1:5H2O2 ! Al2O3 þ 1:5H2; ð2Þ

2Alþ 3H2O! Al2O3 þ 3H2: ð3Þ

The heat of Al–H2O2 reaction is �1388 kJ/mol, which is nearly
twice that of Al–H2O counterpart (�813 kJ/mol).



Fig. 1. Effect of pressure on aluminum vaporization temperature and adiabatic
flame temperatures of aluminum, water, and hydrogen peroxide mixtures.
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The mode of combustion can be altered by the addition of
hydrogen peroxide. Figure 1 shows the effect of pressure on the
adiabatic flame temperature of the aluminum–water–hydrogen
peroxide system. The active aluminum content is 100% and the
oxidizer-to-fuel (O/F) weight ratio is 1.0. The calculations were
performed using NASA chemical equilibrium with applications
(CEA) program [16]. At a pressure of 1 MPa, the flame temperature
increases from 3011 to 3967 K, when the concentration of hydro-
gen peroxide increases from 0 to 90%. For H2O2 concentrations
lower than 30%, the flame temperature is lower than the vaporiza-
tion temperature of aluminum over a pressure range of 1–20 MPa.
Heterogeneous reactions are thus expected to occur at the particle
surface. For concentrations of 60% and 90%, homogeneous gas-
phase reactions occur for pressures up to about 4 and 10 MPa,
respectively. Figure 2 shows the effect of hydrogen peroxide on
the sea-level specific impulse (Isp) of aluminum–water mixture
over a pressure range of 1–20 MPa. The active aluminum content
is 100% and the exit pressure is 1 atm. The specific impulse in-
creases by �15 s when the concentration of hydrogen peroxide in-
creases from 0 to 90%. Substitution of hydrogen peroxide for liquid
water is thus beneficial for various propulsion and energy conver-
sion applications.

In our previous work ([9,17,18]), a multi-zone theoretical
framework was established to investigate the burning behaviors
of nano-aluminum and water mixtures. The particle size was var-
ied between 38 and 130 nm and the pressure range of interest was
1–10 MPa. Reasonably good agreement with experimental data
was achieved. Key parameters that dictate the burning rate are
found to be the thermal diffusivity of the mixture, heat of reaction,
ignition temperature, particle burning time, and convective
Fig. 2. Effect of pressure on specific impulse of aluminum–water–hydrogen
peroxide mixtures for an exit pressure of 1 atm.
velocity of particles. The impact of entrainment and agglomeration
of particles was also assessed. The particle size dependence of the
burning rate stemmed from the particle burning time, whereas the
pressure effect was attributed to the burning time and convective
velocity of particles.

In the present study, the burning behaviors and combustion
wave structures of aluminum-particle, water, and hydrogen-per-
oxide mixtures are explored. Emphasis is placed on the effects of
pressure in the range of 1–20 MPa and particle size of 3–70 lm.
Also considered are mixture ratio and concentration of hydrogen
peroxide. Various controlling mechanisms and parameters are
identified and studied systematically.

2. Theoretical framework

The present analysis treats one-dimensional, steady, planar, iso-
baric flame propagation in a quasi homogeneous mixture of alumi-
num particles, liquid water, and hydrogen peroxide. The particles
are assumed to be uniformly sized and their agglomeration is ne-
glected. A single temperature field is used to characterize the ther-
mal behavior of the mixture. Figure 3 shows the physical model
and multi-zone flame structure. The entire region of interest is di-
vided into three different zones to demarcate the regions in which
phase transition and chemical reaction occur. The liquid mixture of
water and hydrogen peroxide undergoes thermodynamic phase
transition at its vaporization front (x = �dv). The particles begin
to react at the ignition point (x = 0). Chemical reactions are ne-
glected in the preheat zone. Mass and energy balances are enforced
for a differential element in each zone. The resulting conservation
equations are solved to obtain the burning rate and temperature
distribution. The formulation is developed based on a coordinate
system attached to the propagating flame.

2.1. Liquid zone (L)

The liquid zone extends from the vaporization front, x = �dv, to
the far field, x = �1. The energy conservation equation is given by
Fig. 3. Physical model and multi-zone flame structure ( Al, s Al2O3).
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ðqAlCp;Al/Al þ qlCp;l/lÞrb
dT
dx
¼ km;L

d2T

dx2 ; ð4Þ

subject to the boundary conditions:

Tx!�1 ¼ Tu; Tx¼�dv ¼ Tv ; ð5Þ

where q is the density, Cp the specific heat, rb the burning rate, T the
temperature, x the space coordinate, and dv the thickness of the va-
por zone. The subscripts l, u, and v refer to the liquid, unburned
state, and vaporization, respectively. An analytical expression for
the temperature profile in the liquid zone is obtained as follows:

T ¼ Tu þ ðTv � TuÞ expfkLðxþ dvÞg; ð6Þ

where kL = rb/am,L is the ratio of the burning rate to the thermal dif-
fusivity of the mixture.

2.2. Vapor zone (V)

The oxidizer vaporizes at the vaporization front, x = �dv, and
rapidly flows through the interstitial space between particles.
The gas velocity can be obtained by considering mass conservation
at the interface

qlrb ¼ qgvg : ð7Þ

Here, v is the velocity and the subscript g denotes gas. The en-
ergy equation can be expressed in the following form

ðqAlCp;Al/Al þ qlCp;g/lÞrb
dT
dx
¼ km;V

d2T

dx2 ; ð8Þ

subject to the interfacial conditions:

x ¼ �dv : km
dT
dx

��
V ¼ km

dT
dx

��
L þ hfg/lqlrb;

x ¼ 0 : T ¼ Tign;

(
ð9Þ

where hfg is the enthalpy of oxidizer vaporization and Tign the igni-
tion temperature of aluminum particles. The thickness of the vapor
zone is obtained by enforcing heat-flux continuity at x = �dv:

dv ¼
1
kV

log 1þ km;V kV ðTign � TvÞ
km;LkLðTv � TuÞ þ hfgql/lrb

� �� �
: ð10Þ

The temperatures at the interfacial boundaries are matched to
provide a closed-form solution to the energy equation:

T ¼ 1
1� e�kV dv

½Tvð1� ekV xÞ � Tignðe�kV dv � ekV xÞ�: ð11Þ

The temperature distribution in the preheat zone depends on the
burning rate and thickness of the vapor zone, which are not known
a priori.

2.3. Reaction zone (R)

Aluminum particles react with the gaseous oxidizer to form alu-
minum oxide and hydrogen gas (see Eqs. (2) and (3)). The energy
equation can be written as

X
i

qiCp;i/iv i
dT
dx
¼ km;R

d2T

dx2 þ
qmQ r

sb
; ð12Þ

which is expressed as

d2T

dx2 � j
dT
dx
¼ � qmQ r

sbkm;R
; ð13Þ

subject to the boundary conditions:

x ¼ 0 : T ¼ Tign; km
dT
dx

��
V
¼ km

dT
dx

��
R
;

x ¼ L : T ¼ Tad;

(
ð14Þ
where j ¼
P

qiCp;i/iv i=km;R is the ratio of the volume-averaged
product of the density, specific heat, and velocity to the thermal
conductivity of the mixture, Qr the gravimetric heat of reaction, sb

the particle burning time, and L the flame thickness. The subscripts
ad and i refer to adiabatic and species i, respectively. The properties
are calculated by averaging their respective values of the reactant
and product species. The fluid velocity increases rapidly due to
vaporization, and particles are transported by the gas flow, a phe-
nomenon known as particle entrainment. Further details on the
particle entrainment phenomenon and its effect on burning proper-
ties can be found in Ref. [18]. The particle velocity, vp, can be ex-
pressed in the following form:

vp ¼ rb
ql

qg

 !n

; ð15Þ

where n is the entrainment index, which varies between zero (no
entrainment) and unity (complete entrainment). The flame thick-
ness is thus given by

L ¼ rbsb
ql

qg

 !n

: ð16Þ

The temperature profile in the reaction zone and heat-flux at
the ignition point are obtained as follows:

T ¼ qmQ rx
km;Rsbj

þTignejxþð1�ejxÞ Tign�
1

ejL�1
Tad�Tign�

qmQ rL
km;Rsbj

� �� �
:

ð17Þ

k
dT
dx

����
R

¼ qmQ r

sbk
þ kk

expðkLÞ � 1
ðTf � TignÞ �

qmQ rL
ksbk

� �
; ð18Þ

The product jL is significantly lower than unity, especially for
pressures representative of those in practical applications [18].
For small values of jL, Eqs. (17) and (18) can be rewritten as

T ¼ Tign þ
x
L
ðTad � TignÞ: ð19Þ

k
dT
dx

����
R

¼ k
rbsb

qg

ql

� �n

ðTad � TignÞ: ð20Þ

The temperature varies linearly with spatial coordinate and the
heat-flux is a constant in the reaction zone. Diwan et al. [19]
packed magnesium–water mixtures in a quartz tube and measured
the temperature profiles and burning rates at a pressure of 1 atm.
The particle size was varied between 75 and 150 lm. In the reac-
tion zone, a near-linear temperature profile was obtained, which
justifies the assumption in the present work. The heat-flux at
x = 0 in the preheat zone is given by

k
dT
dx

����
V

¼ rb 2
qlqp

ql þ qp
CpðTign � TuÞ þ

qlqp

ql þ qp
hfg

" #
: ð21Þ

By matching the two energy fluxes at the ignition point, the fol-
lowing expression for the burning rate is obtained:

rb ¼
k

qmCp

2CpðTad � TignÞ
2CpðTign � TuÞ þ hfg

1
sb

pn

RnTnqn
l

" #1=2

; ð22Þ

where R is the gas constant and T the mean temperature in reaction
zone. Eq. (22) resembles the Mallard-Le Chatelier formula [20] for
the flame speed of a homogenous gas-phase mixture, except for
the additional terms accounting for fluid vaporization and entrain-
ment of particles. The burning rate is most sensitive to changes in
the thermal diffusivity of the mixture, the flame temperature, and
the ignition temperature, burning time, and entrainment index of
particles. The entrainment index is treated as an adjustable
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parameter; its value is chosen in such a way that the model yields
reasonably accurate predictions of the pressure exponent in the
burning-rate law. For diffusion-controlled conditions, it can be de-
duced from Eq. (22) that the entrainment index is approximately
twice the burning-rate pressure exponent.

2.4. Ignition temperature and burning time of aluminum particles

The present analysis requires as input parameters the ignition
temperature and burning time of aluminum particles. Schoenitz
et al. [21] investigated the oxidation of 3.0–4.5 lm aluminum par-
ticles in oxygen-argon-water vapor environment by thermogravi-
metric analysis at heating rates between 1 and 20 K/min. The
oxidation behavior in water vapor was markedly different from
that in oxygen; a stepwise weight change was observed at the
melting point of aluminum (933 K) and the oxidation process
was complete near 1273 K. Gurevich et al. [22], similarly, studied
the ignition of micron-sized aluminum particles in a water vapor
environment using torch and argon arc burners. The measured
ignition temperatures in water vapor were significantly lower than
the melting point of oxide film (2350 K), but were slightly greater
than the melting point of aluminum (933 K). For example, the igni-
tion temperatures of 5–25 lm particles were in the range of 1050–
1300 K [22]. This phenomenon was attributed to the stabilization
of porous c-oxide polymorph [21] and/or formation of a weaker
hydroxide layer on the particle surface [23]. For these reasons,
the ignition temperature is taken as 933 K in the present study.

The burning time is yet another input parameter. Experimental
data on burning time of aluminum particles in a hydrogen peroxide
environment are not available. For diffusion-controlled conditions,
the burning time is given by [24].

sb;d ¼
qpd2

p

8qgD lnð1þ iYO;1Þ
; ð23Þ

where q is the density, D the diffusivity, dp the particle diameter, i
the stoichiometric fuel-oxidizer mass ratio, and Y the mass fraction.
The subscripts p, g, and O refer to particle, gas, and oxidizer, respec-
tively. The diffusivity of gases is given by [25].

D ¼ 2
3

k3
BTNA

p3MW

 !1=2
T

r2p
; ð24Þ

where kB the Boltzmann constant, MW the molecular weight, NA

Avogadro’s number, p the pressure, and r the molecular diameter.
Substituting Eq. (24) into Eq. (23), the following expression for
the burning time is obtained:

sb;d ¼
3r2p3=2qpRud2

p

16MW1=2k3=2
B N1=2

A T1=2 lnð1þ iYO;1Þ
: ð25Þ

The burning time is independent of pressure and inversely pro-
portional to the square root of molecular weight of the gas. Beck-
stead [26] assimilated almost 400 data points for single-particle
burning times in various oxidizer environments from more than
ten different sources. The following particle burning-time correla-
tion was established:

sb;d ¼
c1d1:8

p

T0:2
0 p0:1Xeff

; ð26Þ

where Xeff is the effective oxidizer mole fraction, T0 the initial
temperature in Kelvin, dp the particle diameter in lm, and c1 a con-
stant (=7.35 � 10�6). The pressure exponent of 0.1 in Beckstead’s
correlation is not considered in the present study, for two reasons:
(1) the diffusion time, in theory, is independent of pressure; (2)
experimental data suggest that the burning time is independent
of pressure above 20 atm [27]. The effective oxidizer concentration
is written as

Xeff ¼ XO2 þ 0:6XH2O þ 0:22XCO2 ; ð27Þ

where X is the mole fraction. The burning time of aluminum parti-
cles in water is 66.67% greater than that in oxygen. This can be
attributed to the fact that the burning time is inversely proportional
to the square root of the molecular weight of the gas. Hydrogen per-
oxide decomposes to form water and oxygen, especially due to the
catalytic effect of heat, water, and passivated aluminum particles
(see Eq. (1)). The effective oxidizer mole fraction is thus given by

Xeff ¼ 0:6XH2O þ 0:73XH2O2 : ð28Þ

It can be deduced from Eq. (25) that the burning time of alumi-
num particles in hydrogen peroxide is lower than that in the
decomposition product (H2O/O2 mixture) by �20%. The burning
rate of the mixture thus increases by �10% when the decomposi-
tion process is not considered. The chemical kinetics of Al–H2O2

reaction are also poorly known. For kinetically-controlled condi-
tions, the burning time is given by [15]

sb;k ¼
d0:3

p

pA expð�EA=RTÞXeff
; ð29Þ

where EA (=300 kJ/mol [14]) is the activation energy, p the gas pres-
sure in atm, A the pre-exponential constant, and R the universal gas
constant. Experimental data corroborate the fact that pressure and
temperature of the gas exert a strong effect on the burning time in
the kinetic regime [28]. The pre-exponential constant is treated as
an empirical constant.

2.5. Thermophysical properties

Thermophysical properties are of paramount importance for
predicting the burning behavior. The effective thermal conductiv-
ity of the mixture is calculated using the Maxwell–Eucken–Brugg-
eman (MEB) model ([29,30]), since it offers the most accurate
predictions for all particle loading densities. Maxwell’s theory as-
sumes that the particles are dispersed from each other, while
Bruggeman treats a random arrangement of fluid and particles
[30]. The MEB model unifies the two theories by considering both
dispersed and random distributions of the individual components.
The resulting thermal conductivity of the mixture, km, is given by
([29,30]).

km ¼
Dþ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D2 þ 2kpkf

q
2

;

D ¼ ð2kp � kf Þ/pð1� fp;dÞ þ ð2kf � kpÞ/f

2/f þ 2/pfp;d � 1
2/f

 !
;

ð30Þ

where k is the thermal conductivity and / the volume fraction. The
subscripts m, p, and f refer to mixture, particle, and fluid, respec-
tively. The thermal conductivity is determined iteratively, since
the parameter fp,d is not known a priori. The procedure employed
to calculate the unknown parameter can be found elsewhere
([29,30]). Figure 4 shows the thermal conductivity of the mixture
as a function of particle volume fraction obtained using the MEB
model. The entire domain can be divided into three regimes based
on the particle volume fraction: (1) dilute regime, in which the ther-
mal conductivity is nearly equal to that of the fluid (/p < 0.2); (2)
transition regime, in which significant deviations from fluid’s ther-
mal conductivity are first observed (0.2 6 /p < 0.5); (3) dense re-
gime, in which the thermal conductivity increases sharply toward
the maximum value (/p P 0.5). The transition regime is of concern



Fig. 4. Thermal conductivity of the mixture as a function of particle volume
fraction; Maxwell–Eucken–Bruggeman model.

Table 3
Characteristics of aluminum particles [14].

Powder Particle size (lm) Al content (wt.%)

H-2 3 99.7
H-10 12 99.7
H-15 20 99.7
H-30 36 99.7
H-50 55 99.7
H-60 70 99.7

Fig. 5. Effect of pressure on the temperature distribution for a particle size of 20 lm

2474 D.S. Sundaram, V. Yang / Combustion and Flame 161 (2014) 2469–2478
in the present study, since the volume fraction of particles varies in
the range of 0.23–0.35. The thermophysical properties of aluminum
and oxide are taken from Refs. [31–33], while those of water, hydro-
gen, and hydrogen peroxide are taken from Refs. [34–37]. Table 2
summarizes the property data at a baseline pressure of 3.65 MPa.
All properties are evaluated at an average temperature in each zone.
The fluid properties are weighted based on the concentration of
hydrogen peroxide.
and H2O2 concentration of 90%; O/F = 1.0.
3. Results and discussion

The theoretical framework discussed in Section 2 is employed
to calculate the flame structures and burning rates of aluminum
particle, water, and hydrogen peroxide mixtures. Table 3 shows
the characteristics of aluminum particles considered in the present
study. To facilitate comparison with experimental data [14], parti-
cles with diameters in the range of 3–70 lm are considered. The
active aluminum content of the particles is nearly 100%. The oxi-
dizer-to-fuel weight ratio varies between 1.00 and 1.67 and the
pressure range of interest is 1–20 MPa. Figure 5 shows the effect
of pressure on the temperature distribution for a particle size of
20 lm and H2O2 concentration of 90%. The O/F ratio is unity. The
flame thickness decreases from 0.28 to 0.14 mm, when the pres-
sure increases from 1 to 20 MPa. A closed-form expression for
the flame thickness, L, is given by

L ¼ k
qmCp

2CpðTad � TignÞ
2CpðTign � TuÞ þ hfg

sb
qn

l RnTn

pn

" #1=2

: ð31Þ

The thermophysical properties of the mixture are not strongly
dependent on pressure. For diffusion-controlled conditions, pres-
sure exerts a negligible effect on the burning time. The pressure
dependence of flame thickness is thus mainly due to the entrain-
ment phenomenon, since the particles move at lower velocities
Table 2
Thermophysical properties of different species in three zones at a baseline pressure of 3.6

Species Thermal conductivity, W/m-K Sp

L V R L

Aluminum 239 221 187 0.
Aluminum oxide � � 5.406 �
Water 0.70 0.05 0.17 4.
Hydrogen peroxide 0.50 0.05 0.14 2.
Hydrogen � � 1.08 �

L: liquid zone; V: vapor zone; R: reaction zone.
* Tv;H2O = 519 K; hfg;H2 O = 1737 kJ/kg; Tv;H2O2 = 578 K; hfg;H2 O2

= 1065 kJ/kg; Tign = 933 K, T
at higher pressures. It is apparent that the burning properties are
dependent not only on the physicochemical properties of the mix-
ture but also on the convective motion of the particles.

Figure 6 shows the effect of H2O2 concentration on the temper-
ature distribution for a particle size of 20 lm and pressure of
7 MPa. The O/F ratio is equal to 1.0. The flame thickness is weakly
dependent on H2O2 concentration, increasing from 0.13 mm at 0%
to 0.20 mm at 90%. The particle burning time is modestly affected
by the substitution of hydrogen peroxide for liquid water. Hydro-
gen peroxide decomposes to form water vapor and oxygen gas;
the oxidizing power of water vapor is 60% of that of oxygen. As a
result, the burning time of 20 lm aluminum particles in hydrogen
peroxide is 0.69 ms, which is lower than that in water (0.85 ms).
The adiabatic flame temperature, however, is also a function of
H2O2 concentration. At a pressure of 7 MPa, the flame temperature
increases from 3110 to 4360 K, when H2O2 concentration increases
from 0 to 100%. As a result, a thicker flame is obtained for a mixture
with greater H2O2 concentration.

Figure 7 shows the effect of particle size on the temperature
distribution for H2O2 concentration of 90% and pressure of 7 MPa.
The O/F ratio is equal to 1.67. The burning time is a quadratic func-
tion of particle size, whereas the adiabatic flame temperature is
independent of particle size. The flame thickness is thus greater
for a larger particle.
5 MPa.*

ecific heat, kJ/kg-K Density, kg/m3

V R L V R

959 1.114 1.176 2700
� 1.344 4000

431 2.330 2.580 994 10.8 3.69
618 1.727 2.386 1450 20.4 6.98

� 17.124 � � 0.41

ad = 3907 K at p = 3.65 MPa.



Fig. 6. Effect of H2O2 concentration on the temperature distribution for a particle
size of 20 lm and pressure of 7 MPa; O/F = 1.0.

Fig. 7. Effect of particle size on the temperature distribution for H2O2 concentration
of 90% and pressure of 7 MPa; O/F = 1.67.
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The burning rate exhibits a pressure dependence of the form

rb½cm=s� ¼ aðp½MPa�Þm; ð32Þ

where a is the pre-power factor and m the pressure exponent. Fig-
ure 8 shows the burning rate as a function of pressure for a particle
size of 20 lm and H2O2 concentration of 90%. The O/F ratio varies in
the range of 1.0–1.67. For the sake of consistency, the entrainment
index is taken be equal to 0.6. The predicted burning-rate pressure
exponent of 0.37 is slightly greater than the measured values
Fig. 8. Variation of burning rate with pressure for a particle size of 20 lm and H2O2

concentration of 90%. O/F = 1.00–1.67.
(0.32–0.36). The pressure dependence of the burning rate stems
from the fact that flame thickness decreases with increasing pres-
sure, thereby enhancing the conductive heat flux at the ignition
point. The burning rate is dependent on O/F ratio, decreasing from
a value of 1.45 cm/s at O/F = 1.00 to 1.13 cm/s at O/F = 1.67. This
can be attributed to the fact that the adiabatic flame temperature
is maximum for stoichiometric conditions. For example, at a pres-
sure of 7 MPa and H2O2 concentration of 90%, the flame tempera-
ture decreases from 4360 to 4176 K, when the O/F ratio increases
from 1.00 to 1.67. The discrepancy between the predictions and
experimental data varies in the range of 1–19%, depending on the
pressure and O/F ratio. It is worth mentioning that the experimental
measurements in the figure correspond to those obtained using the
curve fit established by Zaseck et al. [14]. In reality, the burning
rates were measured over a limited pressure range of 7–14 MPa.
The discrepancy can be minimized by consideration of heat losses
to the ambient environment. The impact of finite-rate kinetics on
the burning rate may also be significant, especially at higher O/F ra-
tios. Note that the burning rate is not extremely sensitive to
changes in the flame temperature. This supports the hypothesis that
combustion is controlled by the diffusion process rather than chem-
ical kinetics. For kinetically-controlled conditions, temperature
would exert a much stronger effect on the burning rate, since the
reaction rate bears an exponential dependence on temperature.

Particle size exerts a strong effect on the burning rate in the size
range of 20–70 lm. Figure 9 shows the effect of particle size on the
burning rate for H2O2 concentration of 90% and O/F ratio of 1.67.
The burning rate exhibits a particle size dependence of the form

rb½cm=s� ¼ cðdp½lm�Þ�0:85
; ð33Þ

where c is the pre-power factor. At a pressure of 7 MPa, the burning
rate of 20 lm particles is 1.13 cm/s, which is significantly greater
than that of the 70 lm counterpart (0.39 cm/s). A similar trend is
observed for all pressures considered in the present study. The
strong dependence of burning rate on particle size indicates the
prevalence of diffusion-controlled combustion. The particle size,
on the other hand, would exert a much weaker effect, should chem-
ical kinetics be the rate-limiting process. In Ref. [15], dp

�0.13 law is
established for the flame speed under kinetically-controlled condi-
tions. Note that the burning-rate pressure exponent is independent
of particle size. The model slightly under-predicts the burning rates
of H-30 particles. For example, at a pressure of 1 MPa, the predicted
burning rate of 0.33 cm/s is lower than the experimental value of
0.4 cm/s. Particle size thus seems to exert a slightly weaker effect
on the burning rate. The uncertainty in the measured size depen-
dence of the burning rate is of concern, since only two sets of par-
ticle sizes in the diffusion regime were considered in experiments.
Fig. 9. Effect of particle size on the burning rate for H2O2 concentration of 90% and
O/F ratio of 1.67.



Fig. 11. Effect of pressure on the burning rate for particle sizes of 3 lm and 20 lm
and O/F ratio of 1.0.
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The concentration of hydrogen peroxide in the oxidizer is yet
another parameter that dictates the burning rate. Figure 10 shows
the effect of H2O2 concentration on the burning rate for particle
sizes of 20 and 36 lm and O/F ratio of unity. The burning rate is en-
hanced due to the substitution of hydrogen peroxide for water. At a
pressure of 7 MPa and particle size of 36 lm, the burning rate in-
creases from 0.48 to 0.86 cm/s, when H2O2 concentration increases
from 0 to 90%. The model slightly over-predicts the burning rate of
20 lm particles for a concentration of 60%. For example, at a pres-
sure of 10 MPa, the burning rate is predicted to be 1.36 cm/s, which
is greater than the experimental value of 1.11 cm/s. This can be
attributed to the importance of finite-rate kinetics and differences
in the entrainment index, since the measured pressure exponent
increases with decreasing H2O2 concentration [14]. The reaction
temperature decreases from 4360 to 3110 K, when the H2O2 con-
centration decreases from 100 to 0%. As a result, both diffusion
and kinetics may be rate-limiting for dilute concentrations. Better
agreement with the experimental data is also obtained when the
entrainment index is increased from 0.60 to 0.65. It is worthwhile
to note that the obtained enhancement in the burning rate is pri-
marily caused by changes in the adiabatic reaction temperature
of the mixture. Greater enhancements are expected for smaller
particles, which burn under temperature-sensitive kinetically con-
trolled conditions.

As the particle size decreases below a cut-off value, the combus-
tion mode begins to transition from diffusion to kinetically con-
trolled conditions. Bazyn et al. [38] measured the cut-off particle
size to be 10 lm at pressure of 8.5 MPa. Figure 11 shows the vari-
ation of burning rate with pressure for particle sizes of 3 and
Fig. 10. Effect of H2O2 concentration on the burning rate for particle sizes of 20 and
36 lm and O/F ratio of 1.0.
20 lm and O/F ratio of unity. For 3 lm particles, the burning time
is calculated using Eq. (29) and the pre-exponential constant is
taken be equal to 2.18 � 108. The pressure exponent of 3 lm par-
ticles is 1.04, which is significantly greater than that of the
20 lm counterparts (0.37). The strong pressure dependence of
the burning rate corroborates the fact the combustion of H-2 par-
ticles is controlled by chemical kinetics. Figure 12 shows the burn-
ing rate pressure exponent as a function of particle size for
aluminum–water–hydrogen-peroxide mixtures. It increases from
0.35 to 1.04, when the particle size decreases from 70 to 3 lm.
The results clearly show that the mode of combustion changes
from diffusion to chemical kinetics when the particle size de-
creases below 20 lm.

Figure 13 shows a comparison of the measured and calculated
burning rates with those obtained using the following correlation

rb½cm=s�¼4:97ðp½MPa�Þ0:37ðdp½lm�Þ�0:85ðO=FÞ�0:54 expð0:0066CH2O2 Þ;
ð34Þ

where CH2O2 is the concentration of hydrogen peroxide. Reasonably
good agreement is achieved, which demonstrates the validity of the
correlation for the conditions encountered in the present study.
Note that the correlation is valid only for particle sizes greater than
20 lm. For smaller particles, the effects of finite-rate kinetics may
not be negligible and must be considered in the analysis.

A sensitivity analysis is conducted to determine the influences
of uncertainties in various model parameters on the burning rate
of the mixture. The ignition temperature of aluminum particles
could be greater than the chosen value of 933 K, especially for
larger particles. For example, Gurevich et al. [22] found that the
Fig. 12. Burning rate pressure exponent as a function of particle size for aluminum,
water, and hydrogen peroxide mixtures.



Fig. 13. Measured and calculated burning rates vs. curve-fit values for different
pressures, particle sizes, O/F ratios, and H2O2 concentrations.
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ignition temperatures of 5–25 lm aluminum particles in water
were in the range of 1050–1300 K. The burning rate is modestly af-
fected by changes in the ignition temperature. It decreases from
1.45 to 1.18 cm/s when the ignition temperature increases from
933 to 1300 K. Incomplete combustion of particles and heat losses
to the ambient environment are two other phenomena of concern.
The actual combustion temperature is lower than the theoretical
counterpart when heat losses and incomplete combustion are con-
sidered. For example, the measured flame temperature of magne-
sium–water mixtures (75–150 lm) is 2050 K, significantly lower
than the adiabatic value of 2750 K [19]. The burning rate decreases
with decreasing flame temperature, from 1.45 cm/s at 4360 K to
1.23 cm/s at 3500 K. It is apparent that the effects of uncertainties
in the ignition and combustion temperatures on the burning rate
are comparable. For particles larger than 12 lm, the burning rate
was assumed to be controlled by diffusion process. The effect of fi-
nite-rate kinetics could be significant especially at lower tempera-
tures, since the burning time consists of contributions from both
diffusion and chemical-kinetic processes. Note that the burning
rate of the mixture decreases by �30% when the particle burning
time increases by a factor of two. A similar result is obtained when
the thermal diffusivity of the mixture is halved. The entrainment
index is another important parameter. In the present analysis, it
is treated as an adjustable parameter to improve the model predic-
tion of the burning-rate pressure exponent. A more complete mul-
ti-phase model taking into account momentum transfer with
particles, particle–particle interactions, and wall effects is desired,
so that the entrainment index can be treated as an eigenvalue of
the analysis.
4. Conclusions

A theoretical analysis was performed to study the flame propa-
gation of aluminum particle, liquid water, and hydrogen peroxide
mixtures for particle sizes in the range of 3–70 lm and pressure
of 1–20 MPa. The effect of hydrogen peroxide was studied system-
atically by replacing a portion of liquid water with hydrogen per-
oxide in the mixture in the amount of 0–90%. The entire region
of interest was divided into preheat and reaction zones. The burn-
ing properties were determined by performing energy balance and
enforcing the temperature and heat-flux continuities at the interfa-
cial boundaries. The effective thermal conductivity of the mixture
was calculated using the Maxwell–Eucken–Bruggeman model.
Experimental data on ignition temperature and burning time of
particles were incorporated into the analysis. Analytical expres-
sions for the burning rate and flame thickness were obtained.
The burning characteristics were dictated primarily by the thermal
diffusivity of the mixture, flame temperature, ignition tempera-
ture, particle burning time, and entrainment index of particles.
The burning rate correlated with pressure in the form of apm,
where the exponent increased from 0.35 to 1.04, when particle size
decreased from 70 to 3 lm. This trend was attributed to the tran-
sition of the combustion mode from diffusion to kinetically-con-
trolled conditions. The burning rate was nearly doubled, when
the concentration of hydrogen peroxide was increased from 0 to
90%. For particle sizes greater than 20 lm, a general correlation
for the burning rate of the mixture was obtained, rb½cm=s� ¼ 4:97
ðp½MPa�Þ0:37ðdp½lm�Þ�0:85ðO=FÞ�0:54 expð0:0066CH2O2 Þ. For smaller
particles, the effect of finite rate kinetics alters the influences of
temperature, pressure, and particle size on the mixture burning
rate. Future work must specifically examine the kinetics of Al–
H2O2 reaction and determine its effect on the burning rate of
sub-micron particles. Greater enhancements in the burning rate
are expected with particles in this size range, since they burn un-
der temperature-sensitive kinetically-controlled conditions.
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