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Abstract

This study investigates the important role of thermophoresis
in flame propagation speed of nano-sized aluminum particles
and water mixtures. To this aim, a one-dimensional steady
state model was developed based on mass and energy conser-
vation equations considering the effect of thermophoresis. In
order to simulate the flame propagation speed of nano-sized
aluminum particles and liquid water mixtures, the flame struc-
ture (the computational domain) was divided into three zones:
liquid water zone, preheat zone and reaction zone. The gov-
erning conservation equations were solved numerically using a
finite-difference method. The predicted results were in reason-
able agreement with literature data for the flame propagation
speed. The modeling results demonstrated that although the
effect of thermophoresis is negligible at micro-scales, it can-
not be ignored for nano-sized particles. Furthermore, as the
particle size decreases and the equivalence ratio and initial
mixture temperature increases, the effect of thermophoresis on
the flame propagation speed becomes more significant.
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1 Introduction

Reaction between aluminum and water takes place in many
explosive and propulsion systems. Aluminum and water have
been suggested as propellants for space propulsion [1] and
underwater propulsion applications [2]. A lot of attention has
been drawn to aluminum-water propellant systems for space
exploration and they have been investigated by scientists and
researchers for a number of years. In addition to high energy-
release rate of aluminum-water mixtures, the propellant com-
bination and their combustion products are non-toxic and envi-
ronmentally friendly [1]. Hence, they have been proposed as
a replacement for hydrazine in satellites and spacecrafts [3].
Furthermore, the low cost and simplicity of aluminum-water
propellants make them suitable as in-situ propellants for lunar
and Mars missions [4].

Nano-sized particles show different physical, chemical, elec-
trical, optical and combustion properties compared to larger
particles of the same material. The surface-to-volume ratio of
nano-sized particles may increase to such an extent that could
change the bulk properties of materials, for example, nano-
sized aluminum particles can increase the propellant burning-
rate as much as 5-10 times compared to regular aluminum par-
ticles. In addition, using nano-sized aluminum particles results
in short burning times and low ignition temperatures [5]. As
the particle size approaches the nano-scale, most of its prop-
erties become size-dependant. Some theoretical models have
been developed to study the effect of aluminum particle size
on ignition temperature [6, 7]. However, the proposed models
were not consistent with experimental results. Diwan et al. [8]
investigated the effect of metal particle size on the velocity of
combustion wave propagation in magnesium-water mixtures
experimentally and analytically. Temperature profile of the
combustion wave and dependence of the front velocity on the
magnesium particle diameter were determined.

Experimental studies have been conducted to characterize the
combustion of aluminum particles at nano- and micro-scales with
water [9-13]. Also, several numerical and analytical models have
been developed to get a better understanding of this process [14-
16]. Sippel et al. [9] studied combustion efficiency of nano-sized
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aluminum particles and ice mixtures. The particle size was 80 nm
and the experiments were performed with equivalence ratios of
1, 0.75 and 0.67. The results demonstrated that the lower the
equivalence ratio, the higher the combustion efficiency. Shme-
lev and Finyakov [10] investigated the combustion of micron-
sized aluminum particles and water under various experimental
conditions. The pressure component in the burning rate law was
determined in nitrogen and argon atmospheres. Risha et al. [17,
18] performed experiments to examine the effect of pressure,
mixture composition and particle size on mass burning rates of
quasi-homogeneous mixtures of nano-aluminum (38~130nm)
and water. It was observed that the burning rate increased as the
particle size decreased. Sung & Shin [19] developed a theoretical
model to study premixed combustion characteristics of nano-alu-
minum and water mixtures. The authors calculated the tempera-
ture and flame speed distribution taking into account the effects of
particle size as well as initial pressure and temperature. Sundaram
et al. [15, 16] established a numerical model to predict the flame
propagation speed and energy-release profile of nano-sized alu-
minum and liquid water mixtures. A direct relationship between
the particle size and flame thickness was found. In contrast, the
flame thickness decreased with increased pressure.

As mentioned before, different models have been developed
to study the combustion of aluminum particles with water.
However, the effect of thermophoresis on combustion of nano-
and micron-sized particles has not been taken into account in
previous models. The aim of the present study is to evaluate the
importance of this effect on combustion behavior of nano-sized
aluminum particles and liquid water mixtures. To this aim, the
flame structure was divided into three zones: liquid water zone,
preheat zone and reaction zone. The governing conservation
equations were solved numerically and some parameters were
modeled as black box. For example the chemical kinetics of
dust combustion determine the burning time of particle which
is a function of oxygen concentration, environmental tempera-
ture, particle diameter and etc. The flame propagation speed
was calculated and the modeling results were validated using
experimental data of Risha et al. [17, 18].

2 Thermal Model
2.1 Thermophoresis

The particle motion induced by thermal gradients is called
thermophoresis. The presence of temperature gradient in the
particulate system imposes thermophoretic force on the par-
ticles, which leads to faster dispersion of particles in hotter
regions than colder regions. As a result of this differential dis-
persion, the particles migrate toward the colder regions of the
flow domain, and consequently they will be accumulated in the
colder regions of the particulate system [20].

In general, the effect of thermophoresis on the motion of
spherical particles is expressed in terms of the steady-state ther-
mophoretic velocity, which can be calculated as follows [21]:

)

Where u is the dynamic viscosity coefficient of the mixture,
p is the density of the mixture, VT is the temperature

gradient, 7,

u

is the unburned mixture temperature, and K,
is the coefficient function of the thermophoretic velocity. The
function K, depends on the properties of the fluid and the
solid particles and Knudsen number, Kn, which is defined as
the ratio of the mean free path of the molecules, A', to the
nanoparticle diameter, d, [20]:

2
Several expressions for function K, have been proposed. The

following expression that has been recommended by Talbot et
al. [22] is used in this study.

A +C,Kn |C,
_ 2Cs‘ )’p

g
1+3C,Kn 1+2%+2CtKn

3
P
2c. (A+CAKn)C,
" 1+3C,Kn 2A+A, +2C A Kn’
In which A is the mixture thermal conductivity, A, is the

thermal conductivity coefficient of the particle, C,, C, and
C, are constant coefficient and their recommended values are
1.17, 1.14 and 2.18 respectively, and C, is the slip correction
factor and is calculated by Eq. (4):

C = 1+Kn(/11 + 4, exp(—%)j,
Kn

Where the following parameters A4, = 1.257, 4, =0.40 and
A, = 0.55 are often used [23].

The nanoparticle mass flux due to thermophoretic effects is
described by Eq. (5):

“

Jor =pPYVr ==pDp——,

u

(5)
Where D, is the thermal diffusion coefficient and is defined as:
— H
Dy =K,~—Y, (6)
p
In which Y; is the nanoparticle mass fraction.
2.2 Conservation equations

The mass conservation equation for the nanoparticles takes
the following form [24]:

oY . .
p( 6;+V~VY5)=—V'JS,T—w» (7
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Where Y represents the nanoparticle mass fraction and V'
is the mixture velocity. Considering that the particle thermal
relaxation time is much smaller than the flow residence time in
the flame zone, @ represents the reaction rate as follows [16]:
A

T

®)

In which for 1, as the burning time of nanoparticles that burn
under kinetically controlled conditions, d** law has been ap-
plied, which is defined by the following equation [15]:

dOA3
E, ’

RT 0.48
Cet - X, -P

T, =

(€))

In which C, = 8.72105, E, = 73.6 kJ/mol, d is the particle
diameter in um, R is the universal gas constant and X,
is the effective oxidizer mole fraction which includes the
concentration of O, , CO, and H,O as follows:

X5 =Cpy +0.6C,,, +0.22C,,, (10)
Substitution of Eq. (5) into Eq. (7) results in:
)4 VT .
S+ V-VY, |=V-| pD,— |-, 11

The energy conservation equation for the mixture is described
by Eq. (12) [24]:

T .
pC|:88t+V‘VT:|:_V'q+hpv'js,T+wQ’ (12)

Where ¢ is the mixture specific heat, 7' is the mixture tem-
perature, ¢ represents the heat flux vector and is calculated by
Eq. (13) [24], h, =
s is the nanoparticle specific heat and Q is the heat release

c,,I is the nanoparticle specific enthalpy,

per unit mass of the fuel.
q:_)"VT-'-hpj.\‘,T’ (13)

Considering that V-h,j ,=h,V:j +j Vh, and Vh,=c, VT,
substitution of Eq. (13) into Eq. (12) results in:
oT . .
pc, E—FV-VT =V-AVT —c, j.+ VT + o,

(14)
Substituting Eq. (5) into Eq. (12), the energy conservation
equation can be written as:

orT vT-VT) .
pcp[at+V-VT}:V%VT+pc”[DTJ+wQ,

nanoparticle mass fraction and temperature distribution in the
fluid domain.

2.3 Model assumptions and solution procedure
In this study, the model has been developed assuming that:
1) Particles are spherical and have the same size.
2) The coordinate system is attached to the propagating flame.
3) The flame is planar.
4) The pressure is constant.
5) Gravitational effects and heat transfer by radiation are

neglected.

To model the flame propagation in a chemically reacting
system consisting of nano-sized aluminum particles and liquid
water, the governing conservation equations are solved for a
one dimensional steady state problem. Therefore, Eq. (11) and
(15) are simplified to:

dy, d | pD,dT Y
u s 7 hi _&’ (16)
dx dx\ T, dx T,
D 2
puc dT:d(lde+p 7Cp.s (de +7PQY’, (17)
Pde  dxe\ dx T, dx T,

To obtain the flame propagation speed, the flame structure
is divided into three zones: liquid water zone, preheat zone,
and reaction zone. The following assumptions are considered
in each zone:

Liquid water zone (—o<x<-¢, T, <T<T):

Where 7T, is the initial temperature of the mixture and 7,
is the water boiling temperature, and in this zone, reaction
between metal and liquid water does not occur.

Preheat zone (—( <x <0, T, < T <T,):
Where ¢ is the preheat zone thickness and 7,

g
tion temperature of the nano-aluminum particles. No reac-

is the igni-

tion occurred in this region.

Reaction zone (0 <x<+oo , T, <T<T,):

Where T,, is adiabatic flame temperature. The combustion
reaction between nano-sized aluminum particles and water
occurs only in this zone.

Figure 1 shows the flame structure of nano-aluminum and
water mixture as mentioned above.

2.3.1 Boundary conditions
The boundary and interfacial conditions applied to solve
Eq. (16) and (17) are as follows:

L, x—>-o: Y =Y 6 T=T, (18)
15) ’
Eq. (11) and (15) form the governing equations of the system
that can be solved simultaneously for Y, and 7 to find the x=-t: Y|, =Y]|, (19)
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x=—(: T=T,
A ZZ_I +(1 —(D)pHZO(,)SLQV =, ;Z_r (20)
x=0: Y| =Y. 21
x=0: T=T, A,,CZO:/I,,,CZW (22)
x=+40: Y =0, d—Tzo (23)
‘ dx

Where Y, represents the unburned particle mass fraction, ®
represents the particle volume fraction, p,,, is the density of
the liquid water, A;, A,, A, are thermal conductivity coef-
ficients of the nanoparticle in liquid water zone, preheat zone
and reaction zone respectively, S, is the laminar flame speed
and Q is the heat of water vaporization.

Liquid water zone Reaction zone

@ Al {Unreacted Particle)
@ Reacting Particle
@ AL0; (Product)

—oo -L 0 +o2

Fig. 1 Schematic of the multi-zone flame structure for the flame front

propagation of the nano-sized aluminum particle and water mixture

2.3.2. Nondimensionalization

To investigate the effect of different parameters on the flame
propagation speed and better analyze the system, the following
dimensionless parameters are introduced:

i _ puSch d

- 24
de L dy @9

[ PuS.iC
ZZ-([%CIIX:

Yo Y, 9= T-T, ’
Y., I,-T,
cp,sYs,u N _ A’TooYs,u 25
14 c, > TT_pDTcp(];g_Tw)ﬂ (25)
pA or,
C =0 > N=—"F""""7">
(PHSL )2 Ty Cp (Tl& - T°°)

In which p, is the density of the unburned nanoparticle.
Substitution of the normalized variables defined in Eq. (24) and
(25) into Eq. (16) and (17) results in the dimensionless mass
and energy conservation equations as follows:

dy _ 1 &0
i Ny ' (26)
4o d%0 do Y
g e e
T

The dimensionless governing equations along with the
dimensionless boundary and interfacial conditions for each
zone are summarized as follows:

Liquid water zone:

dy Ngdy
Y, ,..=1 (29)
2 2
o _d0 v (do 50
dy dy” Nyg\dx
9}(%_@ =0, Qx:—ﬁv =0, 31
Where J, is described by Eq. (32):
l
S
5, = j Pu2iCs gy (32)
0 A
Preheat zone:
dr _ 1 d% .
Vs = s (34)
2 2
4 _d0 v (do .
dy dy  Npy\dy
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01:—6‘, = Gv’ Gl=0 =1 (36)
Reaction zone:
dl — L d20 — C (37)
dy N, dy’
YzzO = Y){zO*’ YZ"‘*'OO =0 (38)
P 2

d£:d€+L a0 LY (39)

dy dy~ Ny\dy

do

0 _,=1, — =0 (40)

g d%(x—>+00)

The preheat zone thickness, / and the flame speed, S, can
be obtained applying the following dimensionless equations:

do (1-®)p, 000  db
= g 2T (41)
dy 1=-8, Py (ng - 7;) dy x==58,
4 _do o
d% x=0" d% 2=0"

2.4 Thermophysical properties of the mixture

In this section, the expressions applied to calculate thermo-
physcial properties of the mixture are described. The density
of the nanoparticles and base fluid are used to calculate the
density of the mixture as below:

p=Pp,+(1-®)p, (43)

Where O is the particle volume fraction and p, and p, rep-
resent the density of nanoparticles and base fluid respectively.

The mixture specific heat is described by Eq. (44) assuming
that the nanoparticles and base fluid are in thermal equilibrium.

c = q)ppcp,s + (1 B (D) PrCps
! p

(44)

There are a lot of parameters influencing the viscosity of
a mixture including nanoparticles [25]. However, an accurate
theoretical formula that can predict the mixture viscosity is not
currently available. The following expression suggested by De
Bruijn [26] is applied in this study.

=1, (1+2.50 +4.69807) (45)

In which 1, is the dynamic viscosity coefficient of the base fluid.

The thermal conductivity of spherical particles, A, randomly
dissipated in a continuous medium has been modelled by Max-
well [27] as below:

A 1-2,/2 1-2,/2
o= =20, | e
A, 24,/ 2, 244, /2,
(46)

Where A, and A, represent the thermal conductivity of the
discrete and continuous phases respectively and ¢4 is the
volume fraction of the discrete phase. This model can only be
applied when the volume fraction of the discrete phase is low.

3 Results and discussion

The governing conservation equations of the system were
solved numerically using a finite difference method. Using
dimensionless parameters, the effect of the particle diameter,
the equivalence ratio, and the initial mixture temperature were
analyzed as well.

Figure 2 shows the effect of thermophoresis on the lami-
nar flame speed for a stoichiometric mixture at various particle
diameters and pressure of 3 MPa in which experimental data
were available for validation. The model predicts that the flame
speed increases taking into account the effect of thermophore-
sis. In addition, the thermophoretic effect decreases as the par-
ticle size increases and it becomes negligible at micro-scales.
Also, the flame propagation speed increases with decreased
particle size which can be attributed to the increase in specific
area of particles and consequently the decrease in particle burn-
ing time. It is also in agreement with literature reports [28].

The experimental data of Risha et al. [17, 18] were used to
validate the model. As shown in Fig. 2, both modeling and exper-
imental results show that the laminar flame speed increases as
the particle size decreases and the predicted results are in reason-
able agreement with the experimental data for the laminar flame
speed. From Figure 2 one can conclude that the results obtained
from this model taking into account the effect of thermophoresis
show better agreement with the experimental data in comparison
with the case without considering the thermophoresis.

40} + .- - . with conzidering the thermophoresiz

Ve without conzidering the thermophoresiz
A

35 v A Experimental data [17, 18]

25

Laminar flame velocity, cm/s
. - (%]
< (5] (=]

o

Particle diameter, m

Fig. 2 The effect of thermophoresis on the laminar flame speed of nano-
aluminum and water mixtures at different particle diameters
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Figure 3 illustrates the variation of the laminar flame speed
with equivalence ratio at a pressure of 3 MPa and initial mix-
ture temperature of 20 °C for 10 nm particles. The modeling
results reveal that the flame speed increases as the equivalence
ratio increases from 0.87 to 1.

22

= = = with conzidering the thermophoresiz
" e without conzidering the thermophoresiz

- = - L=
s ;o o
L]
!
L
i
]
1]
!
L]
i

Laminar flame velocity, cm/s
]

4
0DB6 088 09 092 094 096 098 1

Equivalence ratio

Fig. 3 The effect of thermophoresis on the laminar flame speed of nano-

aluminum and water mixtures at different equivalence ratios

The effect of the initial temperature of the mixture on the flame
propagation speed is demonstrated in Fig. 4. The model indicates
that the initial temperature of the mixture has a direct effect on
the flame speed. As it can be seen in this figure, at higher initial
temperature of the mixture, the effect of thermophoresis on the
flame propagation speed becomes less significant.

220 == with conzidering the thermophoreziz
] — without conzidering the thermophoreziz
5

o TP T -

g ______________
S
S
4 P=3MPa
E 16 d,=10nm
= =]
5 .=
£ 14
§

12

20 40 60 80 100 120 140

Initial mixture temperature, °C

Fig. 4 The effect of thermophoresis on the laminar flame speed of nano-

aluminum and water mixtures at different initial mixture temperatures

The effect of thermophoresis on the temperature profile of
nano-aluminum and water mixtures at a pressure of 3 MPa
and initial mixture temperature of 20 °C for 10 nm particles
is demonstrated in Fig. 5. As it is clear, although the effects of
thermophoresis is negligible in liquid water and preheat zones,
it cannot be ignored in reaction zone and temperature increases
taking into account the effect of thermophoresis. As it can be

seen in this figure, the difference between the values of final
temperature for two states, with and without consideration of
thermophoresis effect, is about 300 K.

2000 T T T T . T .
= = = with considering the thermophoresis
1800 1

without considering the thermophoresis 1
1600

1400

P S
(=2 ")
e e
Qe o

800

Temperature, K

600
400

= | 0 1 2 3
Dimensionless moving coordinate

200 ;

-5 -4 -3 -2

Fig. 5 The effect of thermophoresis on the temperature profile of nano-

aluminum and water mixtures

Figure 6 illustrates the temperature profile of nano-alu-
minum and water mixture with considering the thermophoresis
effect at equivalence ratios of 0.9 and 1 (stoichiometric concen-
tration). The particle diameter, initial mixture temperature and
pressure are 10 nm, 20 °C and 3 MPa, respectively. As it can
be seen in this figure, the effect of equivalence ratio in liquid
water and preheat zones is negligible, but it cannot be ignored
in reaction zone and the final temperature has higher value for
the stoichiometric concentration (¢ =1).

1800

---0=09

—_—p=1 1

1600 -

- - -
-2} £=3 N

o =3 =] S
o o (=] o

Temperature, K

-2}
o
=]

400

-4 =3 =2 =1 0 1 2 3
Dimensionless moving coordinate

200
=5

Fig. 6 Temperature profile of nano-aluminum and water mixtures
combustion for different values of equivalence ratio (¢) with

consideration of the thermophoresis effect

4 Conclusions

The effect of thermophoresis on the flame propagation speed
of the nano-aluminum and water mixtures was studied theo-
retically. A numerical model was developed based on the mass
and energy conservation equations. The laminar flame speed
was calculated as a function of the aluminum particle size, the
equivalence ratio and the initial mixture temperature.
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According to the modeling results, although the effect
of thermophoresis is negligible at micro-scales, it cannot be
ignored for nano-sized particles. The model predicts that the
laminar flame speed increases with decreased particle size and
increased equivalence ratio. Moreover, the laminar flame speed
tends to have higher values as the initial mixture temperature
increases. It should be also noted that the effect of thermo-
phoresis on the laminar flame speed becomes significant with
decreasing the particle size and increasing the equivalence ratio
and the initial temperature of the mixture.

The proposed model was validated using the experimental
data of Risha et al. [17, 18]. Reasonable agreement between
the modeling and experimental results demonstrated that this
model is suitable for quantitative estimation of the thermopho-
retic effect on the flame propagation speed of nano-sized alu-
minum particles and liquid water mixtures.

Nomenclature

ALALA, Constant coefficients
Slip correction factor
Constant coefficients

Cs, C

ms Ct
Specific heat capacity of mixture [J/(kg K)]
Nanoparticle specific heat capacity [J/(kg.K)]

r Thermal diffusion coefficient

Nanoparticle diameter [m]

Nanoparticle specific enthalpy [J/kg]

Nanoparticle mass flux [kg/(m?.s)]

Coefficient function of thermophoretic

velocity

g

Knudsen number
Preheat zone thickness [m]

2\\.
3

Defined dimensionless parameter

Heat release per unit mass of fuel [J/kg]
Heat of water vaporization [J]

Heat flux [J/(m?.s)]

Laminar flame speed [m/s]

ZE NN

=~

Mixture temperature [K]

Time [s]

Cartesian space coordinate [m]
Effective oxidizer mole fraction

:'°><>< Hﬂ

]

Mixture velocity [m/s]
Nanoparticle mass fraction

D~
~

Defined dimensionless parameters
Thermal conductivity [W/(m.K)]
Thermal conductivity coefficients of

S
<

s
~

(/|

Nanoparticle in each zone

Water molecule mean free path [m]
Dynamic viscosity coefficient of
mixture [Pa.s]

S Defined dimensionless parameter

p Density of mixture [kg/m?]

T, Nanoparticle burning time [s]

Y Defined dimensionless parameter

D Particle volume fraction

o, Volume fraction for discrete regime

X Defined dimensionless coordinate

0] Reaction rate [kg/(m3.s)]
Subscripts

) Particle

s Discrete regime

u Unburned

H,0 Liquid water

f Base fluid

g Continuous regime

ig Ignition point

v Vaporization point

Thermophoretic

ad Adiabatic
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