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Abstract: In this paper we report a new development on the numerical model for aluminum-steam
combustion. This model is based on diffusion flame of continuum regime and the thermal
equilibrium between the particle and the flow field, which can be used to calculate the aluminum
particle combustion model for two phase calculation conditions. The model prediction is in good
agreement with the experimental data. A new type of vortex combustor was proposed for the
combustion of aluminum and steam, and the mathematical model of the two phase reacting flow
with in this combustor was established. The turbulence effects are modeled using the Reynolds
Stress Model (RSM) with Linear Pressure-Strain approach, and the Eddy-Dissipation model is used
to simulate the gas phase combustion. Aluminum particles are injected into the vortex combustor
and form a swirling flow around the chamber and their trajectories are traced using the Discrete
Phase Model (DPM). The simulation results show that the vortex combustor can achieve high
efficient combustion of aluminum and steam. The influencing factors, such as the eccentric distance
of the inlet of aluminum particles, particle size and steam inlet diameter, etc., are studied. The work
described in this paper represents an attempt to the design of a vortex combustor in order to
increase aluminum combustion efficiency.
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1. Introduction

Aluminum is an important energetic component of many solid propellants, explosives, and
pyrotechnic formulations. In addition, aluminum is used as a new energy materials since
aluminum-water reaction could produce hydrogen and to form aluminum fuel cell[1]. In recent
years, many aspects of the aluminum and water reactions are researched in the aluminum-water
ramjet and aluminum-water power systems such as HAC[2], HAC-SOFC[3,4]. At present, the
aluminum-water mixture is made into a solid grain[5-8] by using the characteristics of the slow
reaction of the aluminum-water at low temperature. For undersea vehicles, the use of external water
and its own carrying aluminum reaction can greatly improve the performance of the power system.
Besides, the water ramjet engine using similar principle of ramjet was researched. Considering the
fact that the aluminum and liquid water reaction is difficult, the water ramjet engine uses fuel rich
propellant, in general, in order to realize water aluminum combustion. However, by doing so, the
aluminum content is reduced, and therefore the engine performance is lowered. Undoubtedly, if
pure Al powder is used, the engine performance will be the highest. Therefore, a concept of vortex
combustor was proposed by T. F. Miller[9,10] and the experimental study was carried out. It is

expected that with this vortex combustor, a high combustion efficiency of aluminum-water can be
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achieved. However, there is no relevant research report on the performance optimization and
calculation of the vortex combustor.

According to the existing research, the combustion law of aluminum particles is basically based
on the combustion experiments[11-17] of single particle and particle group, and the various laws of
particle size and burning time were obtained, such as D'8 and D'5. At the same time, there are many
researchers from the perspective of the mathematical model theory[14,18-22], that when the particle
size of aluminum particles is large, the combustion is controlled by continuum regime, whereas, for
the nano aluminum particles, the combustion is controlled by free-molecular regime, and when the
particle size is between this two, the combustion is controlled by transition regime. In the calculation
of current flow field of aluminum particle, the burning time change law (D» law) of aluminum
particles obtained by experiment is basically adopted, however, this law only reflects the change of
particle burning time with particle size, but cannot accurately describe the particle size change
process with time, so there are some limitations in the calculation results.

According to the previous research, this paper draws on the research ideas of the gas flame
from Salil Mohan[19], the existence of flame on the surface of aluminum particles is assumed. Under
the condition of the thermal equilibrium between the particle and the flow field, a simplified
combustion model of aluminum particles is obtained, which can be used for the calculation of the
two-phase flow of aluminum particles and can describe the particle combustion process completely.
The results for this model are verified. At the same time, the vortex combustor was designed
according to the concept of vortex combustor proposed by T. F. Miller, and the simulation
calculation was carried out. Besides, the aluminum water chamber performance under the condition
of the different aluminum particle size, steam temperature, aluminum water mass ratio and vortex

combustor configuration are obtained.
2. Physical and numerical model

2.1. Numerical setup

Water -

Nitrogen
and Aluminum

Figure 1. Vortex combustor configuration diagram
A vortex combustor configuration which use four circumferential steam inlet and four
circumferential aluminum particles inlet were proposed according to the concept of vortex
combustor from T.F. Miller[9], see Figure 1. In order to ensure that the aluminum particles are fully
heated and ignited, the recessed cavity configuration is provided in the swirl chamber. In order to
facilitate the mesh generation, the model configuration doesn’t use completely tangent inlet
conditions, but take eccentric sprayed into the design. According to the calculation results, particle

velocity equal to 40 m/s approximately, which means centrifugal force is about 2000 times as much
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as gravity, so gravity are not considered. Therefore, to reduce the computational cost, only a quarter

of the combustor was simulated with periodic boundary conditions in this paper.

2.2. Models and boundary conditions

In consideration of the existence of a strong swirl flow field in the vortex combustor, the
turbulence effects were modeled using the Reynolds-Stress Model (RSM) with Linear
Pressure-Strain approach. Meanwhile, Eddy-Dissipation model is used to simulate the gas phase
combustion and the simulations were carried out under steady state conditions.

If there is no special declaration, in all cases, the chamber diameter is equal to 150mm, length is
equal to 50mm, L=65mm, H=30mm, the steam mass flow rate is 4x5g/s [10], steam temperature is
equal to 750K, the aluminum mass flow rate is 4x4g/s, Nitrogen mass flow rate is 4x2g/s, d=10um,
D=6mm, the diameter of the Nitrogen inlet is equal to 3mm.

The wall is set to adiabatic boundary condition, and it is assumed that the particle will be

trapped if it is in the liquid state when collide with the wall.

2.3. Models and boundary conditions

Because that the aluminum particle burning time correlations from experimental (such as the
law of D) only reflects the change of particle burning time with particle size, but cannot accurately
describe the particle size change process with time. So the burning time correlation is not adopted in
here. Taking into account the use of micron aluminum particle in this paper, we adopt the diffusion
control of the continuum regime.

For diffusion-controlled conditions, the particle mass consumption rate are given by[23],

m pD .
— =—=In(1+Y, (1)
Arr r ( O )
Taking into account that the alumina cap will have a certain effect on the combustion of
particles, the relationship between the particle mass change and the effective surface area and the

particle radius can be obtained in the flow field:

= P50 la 1 144y, ) )
r

The diffusivity of gases is given by [23]
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The oxide caps of the aluminum droplets grow as the droplets collide and agglomerate with the
oxide particles. This collision process is driven by the relative velocity between the particle and the
surrounding alumina. The model of alumina deposition is given by[24]:

mey _ 7

=, 11, (4)

Most of the aluminum particle ignition theory [16,17,25,26] is that the particle ignites success
when particle temperature reach to the rupture temperature of the oxide layer and the ignition

temperature[14,27]is obtained by fitting the experimental data under different particle sizes.
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The combustion of aluminum particles can be divided into four stages: the particle heating, the
particle melting, the particle ignited to the alumina cap form, and the particles burning (see Figure
3). Due to the fact that Bi=iD, /k, <0.01, it is assumed that the particle temperature is uniform but time
varying. The heat exchange between the particle and the environment is through convection heat
transfer, radiation heat transfer, chemical reaction heat, latent heat of vaporization and condensation

heat and so on.
A model for 5, was proposed in Melcher [21], as illustrated in Figure 2.

oxide cap

h

/)

Figure 2. Model of oxide deposition on the aluminum particle surface
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Figure 3. Configuration showing an Al particle ignition and combustion procedure
Stage I : particle heating. This stage finished before the melting of aluminum particles, aluminum
surface initial covering a layer of oxide layer. According to the conclusion of the literature, the
thickness of the oxide layer is generally in between 2 to 4 nm[28], and the 4 nm thickness is used in

this paper. Assuming that the heating process is quick, no chemical reactions take place, the heat
exchange of particle includes the convection heat ¢, , radiation heat ¢, and condensation heat

Orora -
mpcp Qconv Qrad + Qcond
dt @)
v,C
. g }}
Qconv = App Pr (Tjg - TP )Nul’
Where € ©)

Qrad 8 k A ( T4) (9)
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Opppa =y ((T,)=1(T,)) (10)

Stage II: from aluminum particles melting to the particle ignition. The phase of aluminum is liquid,

alumina is solid and particle size is unchanged. Assuming that there is no chemical reactions take
place too. 0,,., isthe aluminum heat of phase transformation.

myc, d_tp = .conv + de + Qphase,AI + QC(;nd an
Stage III: from ignition of aluminum particles to alumina melts. At this stage, the expansion of the
liquid aluminum enlarges the particle size, resulting in the oxide layer rupture, and the aluminum
particles start to ignite and burn; The thermal characteristics of this stage show that the exposed
aluminum oxidation reaction with water, resulting in the heat used for heating the aluminum core
and alumina. The oxide layer grows until the fully melting of aluminum oxide, which indicates the

end of this stage. 0

phase, ALO;

is the alumina melting heat. The exposed aluminum particle surface area
S, is equal to the surface area of the aluminum particle surface area s minus the internal surface

area of initial oxidation layer s,

init *

When the temperature reaches the melting point of aluminum
oxide, s, isequal to the greater one between this value and the area from equation(6). In this stage,

when s, <0, the aluminum particle extinguish.

dT . . ) ) )
mpcp L= Qconv + Qrad + Qcamb + Qphuse,AIZQ, + Qcond
dt (12)

" Pinit (13)

Stage IV: alumina melt completely and formed alumina cap on the surface of the particle, and
aluminum particles produce gas phase combustion flame. This stage can be divided into two states.
1. Gas phase flame exist on the particle surface. When the particle temperature is lower than the
boiling point of aluminum, if the reaction heat release is greater than the heat released by the
particles to the surrounding environment, the gas phase flame exists on the surface of the
particle. Suppose that the reaction mass fraction of aluminum that reacts at the particle surface
isa, When the particle temperature reaches the boiling point of aluminum, assuming that
combustion is pure gas phase combustion and & =0. Due to the presence of a flame on the
surface of the particles, the heat exchange between the particles and the surrounding
environment is considered as a heat exchange between the flame and the environment, and in

the calculation, this part of the energy is not taken into account in the calculation of the
temperature change of the particle itself. s, is calculated by equation(6).

m,c, i = anomb + and
dt (14)
2. There is no gas phase flame on the particle surface. If the reaction heat release is lower than the
particles to the surrounding environment, then « =1, which means that only the particle
surface oxidation reaction happens, and not flame exists on particle surface. The heat exchange
between the particle and the environment has to be considered in this situation.

p_ . . .
mpcp d - Zconv + Qrad + Qcomb + Qcond
(15)
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Besides, when the oxidant concentration is 0, and the external environment temperature is
greater than the particle temperature then the particles combustion are controlled by evaporation

mechanism, at this time the particle temperature is maintained at the boiling point.

2.4 Particle motion

The aluminum particles are tracked in a Lagrangian way. The trajectory of aluminum particles
in the flow field is traced by a stochastic trajectory model. Under the plane rectangular Descartes
coordinate system, the influence of the random velocity of the gas phase on motion of particles is not

considered, the governing equations for the particle are

dxp 3
dt r (16)
du
~=F,+F
dt (17)
Fl’ :%iDg (ug _uﬁ)|ug _up|
P 18)

The drag coefficient of particles C,[29] is

24(1+Re” /6)/Re,  for Re, <1000

D
0.424  for Rep >1000
(19)
de|lu, —u ||
0% Tl
Rep = »
¢ (20)
3. Results and discussion
3.1. Aluminum combustion model validation
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Figure 4. Combustion time as a function of particle Figure 5. Particle temperature and mass ratio as a
size for Al particle function of combustion time for Al particle

The calculated results using the aforementioned model as well as some of the earlier results [30]
and correlations are shown in Figure 4. And the large error bars account for the width of the size
distributions for the sieved powders. According to Figure 4, the burning time was slightly larger
than the results of Becktead, between the results of Lynch and bazyn, so that this model can better
response out the combustion variation law of aluminum particles. In addition, the model has good

results for >5 micron particle size. Since the model considered the effect of intial oxidation layer and
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alumina cap, meanwhile, the real aluminum particle surface area was replaced by effective area
when calculate the particle mass change, there has a certain deviation between calculated values and
the experimental values. For particles smaller than 5um, the diffusion control of continuum regime
may not be applicable, thus this model is not useable for it.

Figure 5 shows the change of the temperature and the particle mass ratio of 10 micron
aluminum particles in ambient temperature 2650K, pressure 8.5atm, water mole fraction of 0.5.
According to the calculation results, the change of temperature is consistent with the model. In
Stage I, particle was heated up to the melting point, then aluminum melts completely; In Stagell,
particle was continuously heatedup to the aluminum ignition temperature. In Stagelll, after the
success of ignition, under the condition of reaction heat and ambient heat exchange, particle
temperature quickly climbs to alumina melting point. Due to the release of a large amount of heat,
alumina melts rapidly. In StagelV, with surface reaction and gas phase combustion, particle
temperature arrived at the boiling point, and gas-phase flame was formed ultimately. The value of
o affects the process of the particle temperature change from alumina melts to the final gas phase
flame. The smaller of the «, the smaller of the surface reaction heat, and the slower of the
temperature rise rate. But the temperature rise rate is almost constant after « >0.3. Similarly, after
o more than 0.3, the combustion time remained essentially unchanged. It can be known that when
o is greater than 0.3, it can get a relatively stable particle combustion variation law, so the

following calculation and the previous value verify takes o =0.3.

3.2 Flow field analysis

Figure 6 shows the temperature field distribution. The final temperature is about 3170K, this
value are in agreement with the thermodynamic calculation results (3175K). Figure 6(a), Figure 7
and Figure 8 show that the low temperature area are mainly distributed in the configuration of
peripheral and near of the steam and aluminum particle inlet. However, the high temperature area is
mainly located in inside the cavity structure, which means the region of the cavity is the main
combustion zone (Figure 7). According to the configuration, the steam is approximately tangential to
enter the combustion chamber to form a swirl flow firstly, and then moving from outside to inside,
and finally flows out of the combustion chamber. So steam mainly exists in the cavity region (Figure
8). When the aluminum particles enter into the combustion chamber, also with the airflow for swirl
flow, so that the residence time of aluminum particles in the combustion chamber is longer, and this
facilitates the combustion of aluminum particles. Figure 6(b) shows the high temperature region
tends to burn in the front-end, indicating that most of the aluminum particles tend to rotate in the
front-end of the combustion chamber. Figure 6(c) shows the x=25mm section complete temperature
distribution. According to the ignition temperature of aluminum particles, the ignition temperature
of 10 micron aluminum particles is about 1846K, while the figure shows that the temperature in most
parts of the combustion chamber is greater than 2050K, which is convenient for the ignition of

aluminum particles.
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@ (b)y=0mm (c)x=25mm

Figure 6. Temperature distribution

Figure 7. Hydrogen mass fraction distribution =~ Figure 8. Water mass fraction distribution

Figure 9 and Figure 10 show the distribution of Al particle ignition delay time and burning
time. In this case, aluminum particles average ignition delay time is equal to 2.678ms and average
burning time is equal to 1.726ms, longer than the burning of single aluminum particle combustion,
but most of the particles combustion time is within 2ms, and ignition delay time is less than 3.5ms.
The main reason is that in the combustion chamber, with the burning of aluminum particles, the H20
is gradually consumed and the H20 mass fraction is distributed inhomogeneous, so the burning
time of aluminum particles are distributed differently. Particle residence time in the chamber is
equal to the ignition delay time plus the burning time, which shows that the residence time of most
of the aluminum particles is less than 5.5ms.

The trap ratio 7,, is defined as the percentage of aluminum particle trapped by the

combustion chamber wall before combust completely.

”trap = Ntrap / Ntotal (21)

The combustion efficiency can be calculated as such:

_Am,, M, 'AmH20 _ M, '(mH20,in _mHZO,out)

my, 3M 1,0 My 3M 10,0 "My (22)

According to the statistics of this case, the trapped rate of aluminum particles is about 5.72%,
and the total combustion efficiency is about 97.87%. It can be found that, in a given initial conditions,
aluminum particles have a relatively high combustion efficiency in the configuration of this vortex

combustor.
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Figure 9. Ignition delay time distribution of Al particles Figure 10. Burning time distribution of Al particles

3.3 Effects of eccentric distance of the inlet of aluminum

According to the combustion chamber configurations, when eccentric distance H different,
aluminum particles into combustion chamber location is not the same, may be made of aluminum
particle combustion effect is not the same, so this section of H were taken 70mm, 50mm, 30 mm and
Omm effect on combustion process of aluminum particles research. In order to facilitate the data
analysis, the parameters of the x=25mm cross section and the circumferential 45°line were taken as
the representation.

Table 1. Calculation result parameter distribution
H-0 H-30 H-50 H-70
Pressure/MPa 185 186 185 154
Average burning time/ms  1.626 1.726 1.728 1.416
Trapped efficiency/% 376 572 833 3878
Combustion efficiency/% 96.81 97.87 96.29 70.50
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Figure 11. Temperature distribution Figure 12. Velocity and H20 mass fraction distribution

Table 1 shows that with the increase of H, the combustion efficiency, chamber pressure and
particle burning time increases first and then decreases, however, particle trapped efficiency
increases gradually. On one hand, in the case of the same primary particle size, the gas velocity
increases(see Figure 12) with the increase of H, thus the greater the centrifugal force which may
cause the particles tend to move toward the periphery of the combustion chamber, which causes he
particles to be trapped in the wall, and the combustion efficiency is reduced. On the other hand, with
the increase of H, the particle are closer to the wall when they enter combustion chamber, which

means it could improve the collision probability of particle with wall, and then the combustion
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efficiency decreased. In addition, the particle average burning time are increased first and then
decreased with the increase of H. This is because the combustion efficiency are increased first and
then decreased with the increase of H, and the concentration of steam are decreased first and then
increased(see Figure 12), which leads to the particle burning rate decreased first and then increased,
therefore, the particle average burning time are increased first and then decreased.

Figure 11 shows that, temperature distribution was consistent basically in H-0, H-30 and H-50,
the difference among them is: the highest temperature was decreased with the H increased.
Meanwhile, the temperature was decreased rapidly in H-70. This is because the combustion
efficiency are consistent basically in H-0, H-30 and H-50, and the combustion efficiency only 70.5%
in H-70. From the velocity curve in Figure 12, it can be known that the velocity increases with the

increase of H in most regions.

3.4 Effects of particle sizes

The diameters of the particles d were 5um, 10um, 15um, 18um, 19um and 20um respectively. As
is shown in Figure 13, with the particle size increased, combustion efficiency decreases gradually,
and the reduction rate increases gradually; finally in the particle size 18.5um to 19um appeared a
step, which means when the particle sizes larger than 19um, aluminum particles will not be able to
maintain combustion. That is to say when the particle size is large enough, the combustion efficiency
reaches the critical value, and when the combustion efficiency is lower than the value, the aluminum
particles will not be able to sustain combustion under this configuration. According to the burning
time curve, the burning time increases with the increase of particle size; The variation of burning
time with particle size was obtained by curve fitting: =1.46948+22709£*.4>*”" . According to the
configuration of the combustion chamber, the aluminum particles enter into the combustion
chamber at an angle to rotate with the gas flow, similar to the principle of the cyclone separator, the
particles with gas from outside to inside rotates and finally exhausted from the combustion
chamber. When the particle size is smaller, the aluminum particles are easily ignited successfully
because of the high temperature of the combustion chamber, and the majority of the particles are
burned before the collision between the particle and the wall, and the combustion efficiency is high;
When the particle size is large, the particle ignition delay time increased. Under the influence of
centrifugal force and resistance factors, successful ignition particles are trapped before burning
completely or even most of them were not completed, so that the combustion efficiency decreases,
leading to combustion chamber temperature is further reduced, and ignition delay time continues to
increase, the combustion efficiency continues to decline, ultimately makes the aluminum particles

cannot be ignited, aluminum particles will not be able to maintain combustion.
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Figure 13. Distribution of combustion efficiency, ignition delay time , burning time and trapped
efficiency under the different particle sizes

3.5 Effects of steam inlet diameter

This section takes different steam inlet diameter D=4mm, 5mm, 6mm,and 7mm respectively.
Table 2. Calculation result parameter distribution
D4 D-5 D-6 D-7
Pressure/MPa 1.57 1.76 1.86 1.88
Average burning time/ms 1.369 1.679 1.726 1.895
Trapped efficiency/% 3823 1054 572 3.196
Combustion efficiency/% 71.62 95.55 97.87 98.84

According to the results of Table 2, with the increase of D, the combustion chamber pressure,
burning time and combustion efficiency are increased, however, the trapped efficiency is decreased.
It can be known that the larger inlet steam diameter can improve the combustion efficiency of
aluminum particles. According to Figure 14, with the increase of D, the gas velocity in the chamber is
decreased; Under the condition of the same particle size of aluminum particles, the lower gas
velocity makes the aluminum particles speed is lower, Therefore, in the same displacement
conditions, the larger of D corresponding to a long running time for aluminum particles, then before
the aluminum particles collide or flow out of the combustion chamber, there is sufficient time to
achieve particle combustion. In addition, with the increase of combustion efficiency, the mass
fraction of H20 in the flow field is decreased, and the combustion time of aluminum particles is

shortened according to the law of the combustion of aluminum particles.
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Figure 14. Velocity distribution curve
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4. Conclusions

An aluminum particle combustion model is established based on the diffusion flame of
continuum regime and the thermal equilibrium between the particle and the flow field. This model
can be used in the simulation of the aluminum particle combustion model in two-phase flow. At the
same time, the influence of intial oxidation layer, alumina cap and the alumina deposition on
combustion are considered. The model results are in good agreement with the experimental results.

A vortex combustor is designed and simulated, and the flow field structure parameters under
the configuration condition are obtained. The results show that the configuration can achieve a
relatively high efficiency of combustion.

The influences of different eccentric distance of the inlet of aluminum particles, aluminum
particle size and the steam inlet diameter on the performance of the combustion chamber are
analyzed. With the increase of the eccentric distance of the inlet of aluminum, the combustion
efficiency, chamber pressure and particle burning time are increased first and then decrease,
however, particle trapped efficiency increased gradually. With particle size increased, combustion
efficiency decreases gradually, and the reduction rate increases gradually. When the particle size is
large enough, the combustion efficiency reaches a critical value, and when the combustion efficiency
is lower than the value, the aluminum particles will not be able to sustain combustion. With the
increase of the steam inlet diameter, the pressure of the combustion chamber is increased, the flow
velocity of the combustion chamber is reduced, the average combustion time of the aluminum

particles is increased and the combustion efficiency is increased.

Nomenclature

4, =particle surface area(m?)

C, =the local concentration of oxide

¢, =particle specific heat(J/(kg-K))

¢, =gas specific heat(J/(kg-K))

C, =drag coefficient

d = particle diameter(um)

D = the diameter of the steam inlet(mm)

D, = the diffusivity of oxidizer(m?/s)

7,y =trap ratio

1= combustion efficiency

n, =collision efficiency, 0.25

&, =radiation coefficient

F,=drag force per unit particle mass(N/kg)

F =additional force such as Stefan force(N/kg)
H = the eccentric distance of the aluminum particle inlet(mm)
h =the height of oxide deposition(m)

h(T , ) =alumina enthalpy at 7, (W/kg)
h(T,)=alumina enthalpy at 7, (W/kg)

i = stoichiometric fuel-oxidizer mass ratio
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k, = Boltzmann constant

L = the eccentric distance of the steam inlet(mm)
m=mass consumption rate of particle (kg/s)

m,,, =oxide deposition mass(kg)

Am ,, =aluminum consumption(kg)

m,, = inlet aluminum mass(kg)

M, = Aluminum molecular weight(kg/mole)

Mo - H,0 molecular weight(kg/mole)

Am,, , =the consumption of H:0(kg)
My o= inlet H20 mass(kg)
My o o = Outlet H2O mass(kg)

MW =molecular weight of oxidizer(kg/mole)

N, =Avogadro number

N, =trapped particle number

trap

N,

o = total particle number

p = pressure(Pa)

Pr, =Prandtl number

Q... =convection heat(W)

0., =radiation heat(W)

0.,.. =condensation heat(W)

p =gas density(kg/m3)

r =particle radius(um)

Re, =particle Reynolds number

S ,=aluminum surface area exposed in the environment(m?)
o =molecular diameter(m)

Tp =particle temperature(K)

7;, =gas temperature(K)

u , =particle velocity(m/s)

u, =gas velocity(m/s)

V =the volume of the oxide cap(m?)
v, =kinematic viscosity(Pa-s)

x, =particle location

Y,

.. =the mass fraction of oxidizer
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