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ARTICLE INFO ABSTRACT

Keywords: Aluminum (Al) powder has been proposed as a promising dense energy carrier to store and transport abundant
Energy carrier renewable power for a future carbon-neutral society. In this work, a detailed model for simulating Al particle
Aluminum(Al) particle combustion cloud combustion with multiple oxidizers in the context of large eddy simulation is developed. The Al particles

Particle cloud
Jet flame
Tunable diode laser absorption spectroscopy

are tracked in the lagrangian framework with various sub-models including phase change, heterogeneous
surface reaction, evaporation and radiation. The model is then employed to simulate turbulent jet flames with
Al particles (d3, = 25 pm) in a hot co-flow. Tunable diode laser absorption spectroscopy (TDLAS) is used to
measure the temperature and H,O distribution. The present model is first validated by comparing the predicted
condensed Al,O; distribution with the measured Mie scattering signals. The results indicate that the simulation
results are in good agreement with the experimental measurements. Further comparisons of the temperature
and H,O profile are then conducted. The numerical simulation predicts weaker mass and heat transport in
the upstream and middle of the flame along the centerline of the burner, compared with the reconstructed
TDLAS results, but the downstream scalar profiles of the jet flame agree well with the measurements. Discrete
characteristics are observed in the simulated instantaneous temperature and condensed Al,O; snapshots, which
are due to the nature of heterogeneous combustion of metal fuel particles under fuel-lean conditions. Finally,
the influence of the oxidizer mole fraction and the initial temperature of the primary jet on the ignition distance
is analyzed. The results demonstrate that the ignition distance can be decreased effectively by increasing the
oxidizer concentration of the hot co-flow or the initial temperature of the Al particles and carrier gas.

1. Introduction The underlying combustion mechanisms of Al particles are of great
significance for the study of its basic mechanisms [9], and the design

For the aim of energy saving and emission reduction, the world of Al powder burners. Starting from the 1950s, significant progress has
needs to reduce its dependence on fossil fuels and increase the use of  been achieved in studies of ignition and combustion of single isolated Al
clean and renewable energy. This requires us to resolve the intermittent particles, Arrhenius-type models [10] for ignition and D" models [11-
nature of renewable energy (such as wind and solar) and the geographic 13] for combustion have been established, respectively. In contrast,
mismatch between its supply and demand [1]. Recently, metal fuels research on the combustion of Al particle clouds gradually emerged in
are found to be promising energy carriers for storing and transporting  the Jate 1990s [14]. Much attention has been paid to the study of flame

abundant power from renewable sources [2,3]. In this application sce-
nario, metal particles can be burned with air or reacted with water to
release their chemical energy at a range of power-generation scales [4],
while the combustion products are mainly solid oxide, which can be
easily captured and then reduced using renewable energy. Among all
potential fuels, such as aluminum [5], iron [6] and boron [7], aluminum
(AD) is particularly popular because of its high specific energy [8],
environmentally benign products and most importantly, Al particles
can be stored for a long time due to its strong corrosion resistance and
transported to any distance like fossil fuels.

speed of Al suspensions on various experimental configurations, in-
cluding Bunsen flames [15], spherically-propagating flames [16], tube
flames[17], and counterflow flames[18]. An increasing number of
numerical simulations [19,20] are carried out on the heterogeneous
combustion of Al particle clouds. Most of the existing simulations used
a simple burning-time-based method to calculate the burning rate of Al
in particle clouds, an approach which requires generalization.

In practical applications, almost all combustors employ turbulent
flows in order to increase the flame burning rates[21]. However,

* Corresponding author.
E-mail addresses: zhangjiarui@nudt.edu.cn (J. Zhang), malikun@nudt.edu.cn (L. Ma).

https://doi.org/10.1016/j.cej.2022.135876
Received 8 January 2022; Received in revised form 26 February 2022; Accepted 15 March 2022

Available online 26 March 2022
1385-8947/© 2022 Elsevier B.V. All rights reserved.


http://www.elsevier.com/locate/cej
http://www.elsevier.com/locate/cej
mailto:zhangjiarui@nudt.edu.cn
mailto:malikun@nudt.edu.cn
https://doi.org/10.1016/j.cej.2022.135876
https://doi.org/10.1016/j.cej.2022.135876
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2022.135876&domain=pdf

J. Zhang et al.

Chemical Engineering Journal 442 (2022) 135876

Nomenclature

Variables

Apett Particle area free of oxide film, m?

A, Pre-exponential factor in the heterogeneous
surface reaction model, m/s or s/m

A, Particle surface area, m>

B Transfer number

C, Drag coefficient

C, Specific heat of particle, J/(kg K)

D Diffusion coefficient, m?/s

d, Particle diameter, m

E, Activation energy of the heterogeneous
surface reaction, J/mol

f Ratio of deposition rate to mass flow rate
around the particle

fAL0, Volumetric fraction of Al,0; smoke

g Gravitational acceleration, m/s>

G Incident radiation, W/m?

h Total enthalpy, J/kg

h, HsRr Heterogeneous surface reaction enthalpy,
J/kg

L — Latent heat of fusion of aluminum, J/kg

kg Thermal conductivity of gas phase, W/(m
K)

Kn Knudsen number

Ky Subgrid scale kinetic energy, m?/s?

L Path length, m

L, latent heat of evaporation, J/kg

m, Particle mass, kg

Ma Mach number

Nu Nusselt number

Pr Prandlt number

p Static pressure, Pa

P, Ambient pressure, Pa

Pr i Saturation pressure of the fuel vapor, Pa

O, Hskr Heat source due to heterogeneous surface
reaction, W

O, inter Heat source due to interphase heat transfer,
w

O, melt Heat source due to solid melting, W

0, rad Heat source due to radiation, W

R Universal gas constant, J/(mol K)

Re, Particle’s Reynolds number

Sg,rad Source term in energy equation due to
radiation, J/(m? s)

S‘h,p Source term due to the energy exchange
with dispersed phase, J/(m? s)

S, Source term in mass equation of gas phase,
kg/(m’* s)

Sui Source term in momentum equation,
kg/(m? s%)

S‘ykmZC Source term in species equation, kg/(m? s)

Syk » Source term due to the mass exchange with
diapered phase, kg/(m? s)

the experimental literature on metal fuels in particle clouds under
turbulent conditions is rather scarce [22,23]. The difficulties of this
type of experiment are due to the fact that Al particles have a high

Sc Schmidt number

T Temperature, K

u; Velocity in the i th direction, m/s
w Molecular weight, kg/mol

W, Wiener term, s~

X Mole fraction

Xeff Effective oxidizer mole fraction

Y Mass fraction

Greek symbols

Thermal diffusivity, m?/s
Dynamic viscosity, kg/(ms)

=< X R

<4

Mass stoichiometric ratio

Emissivity

Absorption coefficient if the gray gas, 1/m
Density, kg/m’

Stefan-Boltzman constant, W/m?/K*
Eulerian phase temperature, K

m
=

@ 9 > =

Wy Source term in species equation due to

homogeneous reaction, kg/(m?> s)

Viscous stress tensor, Pa

¢ Fraction of the aluminum sphere covered by
the oxide cap

Subscripts

Al,O4 Alumina

Al Aluminum

Al O5(1) Condensed alumina

F Fuel

g Gas property

p Particle property

s Particle surface

Abbreviations

HSR Heterogeneous surface reaction

LES Large eddy simulation

TDLAS Tunable diode laser absorption
spectroscopy

ignition temperature [24], and thus a relatively long preheating stage.
As a result, it is difficult for Al/air suspensions to burn self-sustainably
under high-Reynolds-number turbulent conditions. Therefore, a hot co-
flow is needed to achieve a stable Al particle jet flame [23]. On the
other hand, with the development of computational fluid dynamics,
Large Eddy Simulation (LES) has become an attractive tool to study
the underlying physical and chemical processes inside different com-
bustors, and such technology has been widely used in the fields of
gas fuel combustion [25], spray combustion [26] and pulverized coal
combustion [27]. However, LES of the combustion of Al or other metal
particle clouds is seldomly reported, and most existing numerical stud-
ies [28,29] regarding Al particle combustion under turbulent conditions
are for solid rocket engines, which is based on Reynolds-Averaged
Navier Stokes (RANS) approach. Such RANS techniques are useful for
order-of-magnitude estimates, give an indication of the mean flow and
scalar quantities, but cannot capture unsteady physical features such as
flame ignition characteristics [30].

Therefore, the objective of the present study is (1) to extend our
previous study [31] with a single oxidant to multiple ones, (2) to couple
the proposed model to the LES framework and (3) to investigate the
flame structure of Al particle jet flames stabilized in a hot co-flow
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Fig. 1. Schematic diagram of the optical diagnostic system for the aluminum particle jet flame.

supported by a flat flame burner by means of both numerical simulation
and experimental measurement. The present model is first validated
by comparing the predicted condensed Al,O; distribution and the
measured Mie scattering signals. Further validation is then conducted
by comparison of the predicted temperature and H,O profiles with the
experimental results. Moreover, the flame structure and the effects of
oxidizer concentration on the ignition distance are investigated and
discussed in detail.

2. Experimental method

Fig. 1(a) illustrates a schematic diagram of the Al particle jet flame
with our Mie scattering diagnostic system, and it is basically the same
as the one used in our previous study [23]. The Al particles are fluidized
by a particle feeder to form a gas-solid flow, which is then fed into
the post-flame gas supported by a premixed (methane, air and oxygen)
flat-flame burner. The particle feeding rate is pre-calibrated with a
deviation of less than 12% for the studies conditions. Then, the dust
concentration at the particle inlet is calculated as Al particle mass flow
rate divided by fluidizing gas flow rate. A Nd:YAG laser at a wavelength
of 532 nm is used to illuminate the particles and condensed phase
product via Mie scattering. Detailed information on this experimental
setup can be found in Ref. [23].

As a non-invasive measurement technology, Tunable Diode Laser
Absorption Spectroscopy (TDLAS) is a promising approach to quantify
the time-resolved temperature and partial pressure of target gas species.
Fig. 1(b) shows a schematic diagram of the TDLAS diagnostic system
for the Al jet flames, and the same optical setup has been proven to be
able to determine the temperature of the exhaust gas of a hybrid rocket,
which comprises a combination of solid fuel and liquid oxidizer, with
an uncertainty of 2.24% [32,33]. Details of the absorption spectroscopy
theory and the TDLAS system can be found in Refs. [32,33], and only
a brief description is presented here.

Variations in temperature and H,O partial pressure of the Al jet
flames at different heights were determined based on H,O absorp-
tion near 2.5pm. A single distributed feedback (DFB) laser (Nanoplus
GmbH) centered near 2.5 pm was deployed with a stable output power
of 10mW to probe the H,O transitions listed in Table 1, which provides
suitable spectral windows for TDLAS sensing with minimal CO, inter-
ference and good signal-to-noise ratio at harsh conditions. The current

Table 1
Spectroscopic line parameters of H,O transitions.

Transitions Wavelength Frequency Line strength Low-state energy
(nm) (em™) (atm™' cm™2) (em™)

1 2481.69 4029.52 1.10x 107* 2660.94

9 2481.08 4030.50 2.25x 107 4902.61
2480.94 4030.73 2.68 x 1070 4889.49

of the DFB laser was modulated by a ramp signal of 2 kHz provided
by a function generator. The output laser beam was collimated to a
beam waist diameter of approximately 0.5 mm. The transmitted light
was then split into two beams. Part of the laser beam passed through
a narrow-band filter (with a center wavelength of 2.5um and band-
width of 50 nm) and an iris to mitigate the influence of background
radiation. A focusing lens was used to collimate the collected light
to further enhance the transmitted signal. The other part of the laser
beam was directed into a Fabry—Perot interferometer to calibrate the
absolute wavelength. Then, these two laser beams were simultaneously
monitored by photodetectors, and the detector outputs were recorded
by a data processing module at a sampling rate of 2 MHz. All the
diagnostic devices were fixed on a frame, and a stepping motor was
used to drive the measurement system to reciprocate along the y axis
once at each height with a velocity of 1cm/s after the flame was
stabilized. By comparing the two sets of data obtained by reciprocating
scanning in one experiment, it is proved that the flame has good time
stability. Finally, the radial distribution of the gas temperature profile
was obtained from Abel deconvolution.

The size distribution of Al particles used in the experiments with a
Sauter mean diameter (d3,) of 25 pm was measured by a laser diffrac-
tion particle size analyzer, in which 17 particle size bins are obtained,
as shown in Fig. 2. The exact same 17 particle size bins are used for
the numerical simulations where all particles are tracked individually
without particle clustering.
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Fig. 2. Size distribution of Al particle used in the experiments.

3. Numerical modeling
3.1. Governing equations of the gas phase

Based on spatial and Favre-filtering operations, the filtered govern-
ing equations of the gas phase can be written as [34],

% . (ZL;? 5 (€Y
2 (%) O - oy - S, @
0(517!) + aix, (pit;h) = dix, [ﬁ&g_:i _,3(127 —5,71)] +Shpt Seraa  (3)
%"‘%i(“i}):% [_D?’_j:_p<u’yk_uifk>] Yot Sy, @

where S, S,, S, and Sy_, are the source terms from the dispersed
phase, S, .4 and @, are the source terms due to radiation and homo-
geneous reaction, respectively. The sub-grid scale stress tensor in the
filtered momentum equation (Eq. (2)) is modeled by the Smagorinsky
model [35]. The unclosed terms in Egs. (2)—(4) are treated as enhanced
diffusion terms by employing an eddy-viscosity modeling concept with
sub-grid Schmidt and Prandtl numbers both equal to 0.4 [36].

3.2. Governing equations of the dispersed phase

Al particles are treated in a Lagrangian manner following the laws
of motion for dispersed flow and the fundamental processes of heat
and mass exchange with their surroundings. The whole conversion
process of the Al particle is modeled in two stages. In the first stage
(see Fig. 3), namely preheating and heterogeneous reaction stage, the
particle is heated by the hot environment via interphase and radiative
heat transfer followed by melting. Heterogeneous Surface Reaction
(HSR) occurs after liquid Al has been formed and provides further heat
until the oxide layer is completely melted and forms an oxide cap. In
this stage, the product of HSR, i.e., Al,0;, is assumed to be directly
deposited on the particle and remains part of the Lagrangian particle.
In the second stage (see Fig. 4), namely the quasi-steady combustion
stage, after the oxide film is removed, the molten Al is exposed to the
oxidizing gas, and a detached diffusion flame is established around the
particle. In this stage, evaporated Al vapor (ri75;) reacts with CO,, H,O
and O, via homogeneous reactions and part of the final product (sitgep),
i.e., Al,03, is deposited on the particle surface, which increases the size
of the oxide cap. The other part of Al,O; is released to the bulk gas and
exists as fine smoke [20]. The modeling strategy of closing r,, and rirge,,
will be presented in Section 3.2.2.

Chemical Engineering Journal 442 (2022) 135876

3.2.1. Preheating and heterogeneous reaction stage
Considering drag force, gravity and the effect of sub-grid fluctua-
tions, the particle momentum equation under turbulent condition reads

i, —u k
du, = gT "dt+gdt+‘/c0$dw, (5)
P t

3 u
L3 6)
p 4de§ D

where Cj, is the drag coefficient given in Ref. [37], g is the gravitational
acceleration, C; on the third term in the RHS is a model constant
assigned a value of unity [38], k,,, is the subgrid scale kinetic energy of
the gas phase, 7, is the sub-grid time scale for the rate of interaction be-
tween particles and small-scale turbulence [39], dW, is the increment
of the Wiener process.

The evolution of the particle temperature, 7,
written as

dr,

mpcp,p? = Qp,inter + Qp,melt + Qp,HSR + Qp,rad )

in the first stage is

where ¢, , is the specific heat of the particle. O, inters Opmeirs Qp.ri sk and
O, qq are source terms of particle temperature due to interphase heat
transfer, melting, HSR and radiation respectively.

O,imer in Eq. (7) is the interphase heat transfer rate calculated by

Opiner = 7dyky (T, = T,) Nu, ®

where Nu, is the Nusselt number that can be calculated from the
Ranz-Marshall model [40]
1 1

Nu =2+0.6Re} Pr;. )]

p,Ranz

and a modification of Nusselt number [41] is introduced to cover the
transit heat transfer regime, which reads

N Mp,Ranz

1+3.42Nu Ma

,Ranz
p. Re,Pr,

Nu 10)

p,.Kava =

where Ma is the Mach number.

When the particle temperature reaches the melting point of Al or
Al,O5 and the corresponding solid mass fraction of the particle is
greater than zero, the left hand side of Eq. (7) is zero and the melting
rate can be calculated as

. Qp,melt Qp,imer + Qp,HSR + Qp,cvap + Qp,rad
My melt = — n = h an
p,melt p,melt
where £,,,,,, is the latent heat of fusion [42].
Three global HSRs are employed in the present study
Al(I) + 0.750,(g) — 0.5A1,04(s or 1) 12
Al(l) + 1.5H,0(g) — 0.5A1,04(s or 1) + 1.5H,(g) (13)
AI() + 0.75C0O,(g) — 0.5Al,04(s or 1) + 0.75C(s) (14)
with the consumption rates of Al by HSRs with different oxidizers
E,
m;‘,ll,;;R = Ap,effpSYOX,SAr exXp (_ﬁ> s OX = 02’ HZO (15)
P
and
. Al,ox Ea
" sr = A, et Pox s Ay €XP ~xr ) ox=CO, (16)
p

where p; and P, ; are the gas density and the partial pressure of the
oxidizer on the particle surface, respectively. A, is the surface area
of the Al core, the diameter of which is calculated as [20]

6m
3 Al
dp,Al = Tl (17)

and other parameters in Egs. (15) and (16) are listed in Table 2
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Fig. 3. Schematic diagram of preheating and heterogeneous reaction stage.
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H

Table 2

Parameters used in the heterogeneous surface reaction model of aluminum.
Oxidizer A, E,
0, 1.8E+04 (m/s) 8.4E+7 (J/kmol)
H,0 1.4E4-04 (m/s) 8.4E+7 (J/kmol)
Co, 3.9E+02 (s/m) 1.5E+8 (J/kmol)

The HSR model in Egs.(15) and (16) consider a completely
kinetically-controlled reaction rate, which may lead to unrealistically
large mass consumption of Al. Therefore, a simple oxygen diffusion
model is employed in the present study to provide an estimation
of the maximum reaction rate of HSR [43]. As shown in Fig. 5, the
concentration of the oxidizers in the far field and at the particle surface
are Y, ., and Y,  respectively. The diffusion rate of oxidizers from the
bulk gas to the particle surface can be calculated as [43]

, ShpD,,
m,, =A ———

ox P d
p

—Y,es) » o0x=0,,C0pH,0 (18)

( 0x,00

and a maximum diffusion rate of oxygen can be obtained when Y, ; =
0, which is denoted as r, .. Therefore, the modified HSR reaction
rate can be expressed as follows,

m
. . . ox,max
Alox _ o < AlLox

pHSR ) , ox=0,,C0,,H,0 (19)

st,0x
where v, is the mass stoichiometric ratio for different oxidizers.
Finally, the heat release rate due to HSRs can be calculated as
Opusr= 3, (mﬁ’,;;’;kh;fHSR>, ox = 0,,CO,, H,0 (20)
ox

where hl‘f‘H SR is the reaction heat of HSR, which is calculated based on
the enthalpy difference of the products and reactants and dynamically
updated as a function of temperature.

Under the assumption of gray gas with negligible scattering and
gray particles with scattering effect, radiation is considered in both
stages of the aluminum conversion process by solving the radiative
transfer equation (RTE) [44] in the present study. Since the condensed
phase Al,O; is modeled as a continuous Eulerian species, following

YO:E

Ynz,oo

Fig. 5. Schematic diagram of the diffusion of oxidizers from the bulk gas to the particle
surface. The red dashed line presents the case of maximum diffusion rate at a given
oxidizer concentration in the bulk gas.

the modeling strategy of the radiative heat transfer with soot [45] the
continuous mixture absorption coefficient, «,,, is calculated as

Ky = Kg F Kgmoke 21)

where k, is the gas absorption of the post-flame gas resulting from the
flat flame burner, which is calculated using the weighted-sum-of-gray-
gases model with the coefficients suggested by Kangwanpongpan et al.
[46]. The absorption coefficient of the oxide smoke is assumed to be
calculated as

Ksmoke = JA1,05KAL,05 (22)

where f,1,0, is the volumetric fraction of Al,0; smoke, which is
approximated by its mole fraction in the gas. The absorption coefficient
of Al,0; is obtained from

In (1 —£A1203>
Kayoy = 23

where L is the path length [31], and €40, the emissivity of alumina,
which is calculated by polynomial fitting as a function of temperature
using the experimental data from Ref. [47]. The fitting function reads

a
+dT, (24)
¢ +exp (=b (T, — 2700)) ¢
with a = 0.07668, b = 0.01504, ¢ = 0.1131 and d = 4.875E—05.
The radiative heat exchange terms in Egs. (7) and (3) are calculated
as

EALO; =

Opras = 54,0 (01 - T7) (25)

Sg’md =4k,0 (@;1 - T:) (26)

where g, = 0.12 is the particle emissivity [48] and O, is the Eulerian
phase radiation temperature, which is calculated as

o,= ()" @)

40
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where ¢ is the Stefan-Boltzman constant. G is the incident radiation,
which is calculated by the discrete ordinates method [49] in the present
study. It is noted that the same radiation model also applies in the next
quasi-steady combustion stage.

3.2.2. Quasi-steady combustion stage

Once the oxide film has coalesced into a cap, a diffusion flame is
assumed to be established in a very short time, and reactions shift from
the particle surface to the gas phase. Following the modeling strategy in
Ref. [50,51], a conserved scalar approach is employed to solve vapor-
phase combustion, in which a surface sink term, Myops 18 introduced
to account for the deposition of Al,0; on the particle surface. The
boundary conditions for the Al particle surface become as follows:

= mAl - mdep (28)
: - 2 day;
;g =mY, ; —4xripD I (29)
r=r
2 d(c,T) . . )
4”rs ﬂD T + Qp,rad + Qp,dep = mAlLu (30)
r=rg

where L, is the latent heat of evaporation of Al, and QO is the source

term due to Al,O; deposition, which reads

p.dep

OQpdep = MaepAhal 0, (31)

with the enthalpy difference of Al,0; before and after deposition
4hy,0,-

Similar to the classical hydrocarbon droplet analysis [52], the total
mass flow rate in convective environment can be expressed as:

th = nd, \jpDShIn(1 + B) (32)

with transfer number B. In order to determine the transfer number,
three conserved scalars can be derived from the spherically symmetrical
governing equations of the gas phase around the particle, which reads

Y.
Bal—ox =Ya1 — 2 X, ox = 0,,C0,,H,0 (33)
0x 51,0X
Yal0
ﬂAI—AIZO3 =Yy - —= 34
Vst, Al 03
Y QO
Bai-t =¢,T — Z % ox = 0,,C0,,H,0 (35)
o0x st,ox

where Q,, is the combustion heat of Al in different oxidizers. It is
noted that the heat release due to the formation of condensed Al,O4

is included in Q,, for example, the Q, is calculated as
Wo, Waro
=hy +0.75—2hy — 05—
Qo, = ha W, o

hA1203(1) (36)

where £ is the enthalpy which is calculated dynamically based on tem-
perature, W is the molecular weight, Al,0O5(l) indicates the condensed
AL O, (D).

Then the following three transfer numbers can be obtained follow-
ing the classical hydrocarbon droplet analysis [52],

1
YAl,s + Zux <_Yox,oo)

Vst,ox
Al—ox = T II/AI,S , 0x = 0,,C0,,H,0 (37)
—Yars — mﬂw;m
Bai—ano, = - (38)
Ya,— | (1 ! 1
Als [( + Vst,AlyO3 > f + ]
1

Cp (Tco - Ts) - Zox (myox,ooQox)

Bt = : , ox = 0,,C0,,H,0

A+f)L, - Qp.rad=Pp.cond

(39

where fraction f is defined as f = ri,,,/m. It should be noted that
the above transfer numbers are derived based on the assumptions of

Chemical Engineering Journal 442 (2022) 135876
Ya,0,,s = 0 and ¥, ; = 0[50]. Then, taking into account the hindering
effect of the oxide cap on the evaporation of particles, the evaporation
rate is calculated as:

My ovap = Mal = A+ Nz -0 dp,AlpDSh In(1 + B) (40)
and deposition rate:
Wy geop = ttgep = [ (1 = &) dp ipDShIn (1 + B) 41)

where ¢ is the fraction of the aluminum sphere covered by the oxide
cap, the model closure of which is given in our previous study [31].
Thus, the mass equation of dispersed phase in the second stage reads,

(42)

my, = =My, pap +m

14 p.dep

Assuming that the Al droplet rapidly heats up to a steady tempera-
ture, T, an expression relating the surface partial pressure of Al vapor
to the particle temperature is employed to close the model [53]:

34860

e 43
12537 —In (Py,) 1 ()

and the partial pressure of Al vapor, Py, is obtained using Raoult’s
Law. Note that an iterative procedure is required to make sure that all
three transfer numbers, as shown in Egs. (37)-(39), are equal.

Although detailed homogeneous kinetics of Al with O,, H,O and
CO, are available in Ref.[54] containing 22 species and 50 reac-
tions, such detailed chemistry is too expensive to solve in the present
LES framework. Therefore, the following three global reactions are
employed with infinitely fast reaction rate,

Al +0.750, > 0.5A1,0; (44)
Al + 1.5H,0 — 0.5A1,0; + 1.5H, (45)
Al +1.5C0, - 0.5A1,0; + 1.5CO (46)

where H, and CO are further oxidized to H,O and CO,
H, +0.50, - H,0 47)
CO +0.50, — CO, (48)

using the concept of the eddy break up model [55]. This infinitely fast
reaction rate modeling for the Al vapor oxidizing reactions (as shown
in Egs. (44)-(46)) is reasonable for metal fuel combustion, because the
reaction rate of metal-vapor with oxidizer is very fast [56]. Hence, Al
particles can be treated as point sources of heat and mass under the
fuel-lean conditions [20]. Moreover, since Al,O; does not prevail as a
stable gas phase species, an irreversible reaction is used to describe the
transition from gaseous to condensed phase Al,0;, denoted as Al,O5(1).
The condensed Al,0O; from homogeneous reaction exists as a very fine
smoke and attributed to the Eulerian gas phase, and part of Al,O5(1) is
deposited on the particle surface, the mass flow rate of which is given
by Eq. (41).

4. Numerical details

The computational domain features a three-dimensional cylindrical
field with a diameter of 100 mm and a length of 200 mm, as shown in
Fig. 6. The particles are fluidized by an air stream and injected from the
particle inlet with an inner diameter of 2 mm and an outer diameter
of 3 mm. The numerical conditions are shown in Table 3. The post-
flame gas is assumed to be the products of complete combustion of
methane/air/oxygen mixture with an uniform inlet velocity, which is
derived from the gas temperature measured by TDLAS based on the
perfect gas assumption. A separate pipe flow using periodic boundary
condition was simulated in advance, which provides a fully transient
velocity boundary condition for the gas phase of the primary jet in LES.
The particle inlet velocity is assumed to have a magnitude identical
to that of the average gas velocity at the particle inlet, for example,
15.92m/s in Casel in Table 3. The direction of the particle velocity is
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Fig. 6. Computational domain and boundary conditions for the Al particle jet flame
in a hot co-flow.

Table 3
Numerical simulation conditions.
No. Premixed gas Xeoip Carrier gas T, 0 C Re
Air CH, 0, % Air K ° g/m* -
L/min L/min L/min L/min
1 54 7 6 19.82 3 300 22.02 425 2113
2 50 7 10 2454 3 300 22.02 425 2113
3 46 7 14 29.25 3 300 22.02 425 2113
4 42 7 18 3397 3 300 22.02 425 2113
5 50 7 10 2454 6 300 29.06 425 4227
6 50 7 10 2454 3 500 22.02 425 2113
7 50 7 10 2454 3 700 22.02 425 2113
8 50 7 10 2454 6 300 22.02 850 4227

Notes: The effective oxidizer mole fraction is defined by X = Xo, + 0.6Xy,0 +
0.22X¢o, [111.

randomly distributed within an injection angle measured by the Mie
scattering signal, as shown in Fig. 7. The edge of the particle jet is
obtained by finding the boundary that envelops 90% of the particles
on a certain level, and the inject angle 0 is then obtained by fitting
the jet edge. It was found that the injection angle is mainly a function
of the carrier gas flow rate, therefore, it is assumed that the injection
angle remains constant when the carrier gas flow rate is unchanged, as
listed in Table 3. The Reynolds number (Re) at outlet of the primary
jet can be changed adjusting the carrier gas flow rate, as listed in
Table 3. The dust concentration, which is denoted as C in Table 3,
at the particle inlet equals to the mass feeding rate of the Al particle
divided by the carrier gas flow rate. The initial temperatures of the Al
particles and carrier gas are both assumed to be T} as listed in Table 3. A
small co-flow of air (0.61 m/s) is set to represent possible entrainment.
Since the diameter of the domain is much larger than the one of the
primary jet, a slip wall condition is imposed on the lateral boundary
of the computational domain to enhance simulation stability [57,58].
Additionally, zero-gradient boundary conditions are used at the upper
outlet.

Fig. 8 shows the results of the measured gas temperature profile at
the flat-flame burner outlet from TDLAS, and the gas temperature for
the simulations can be treated as uniformly distributed at 2058 K in the
post-gas inlet. Moreover, the post-flame gas temperature is considered
to be constant, when the methane gas flow rate and the total gas flow
rate are unchanged [23,59].
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Fig. 7. Particle injection angle obtained by Mie scattering in Case5 listed in Table 3.
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Fig. 8. Temperature distribution of the gas phase at the flat-flame burner outlet(z =
0) in Case5 listed in Table 3.

The computational domain is initially discretized with
85 x 40 x 200 grid points in the radial, azimuthal and axial directions
respectively, then the grid points are doubled three times in three
cylindrical regions with a decreasing diameter along the axial direction,
resulting in a total mesh size of approximately 2.5 cells. In present
study, a first simulation on a coarse mesh with 72000 cells is run up
for 0.5s of physical time. The initial results were mapped from the
coarse mesh onto the fine mesh to obtain a reasonable initial condition.
The fine simulations are then run for 0.2s, until turbulence is fully
developed. Another 0.1 s of runtime are simulated to collect gas phase
statistics. It is noted that the fraction of the resolved turbulent kinetic
energy is larger than 90% in most regions of the studied flow, which
indicates that reasonable results can be obtained from LES on the
current mesh according to Pope’s criterion [60].

The simulations in the present work are carried out using the
open source CFD library OpenFOAM [61] v1912. The underlying re-
acting two-phase solver is based on our previous work documented
in Ref.[31], which has already been validated for Al particle cloud
combustion in laminar flows. This simulation cost of the Al particle jet
flame is approximately 18 000 CPU hours, in which the time step is set
tol x10™¢s.

5. Results and discussion

The proposed Al combustion model is first validated in a single par-
ticle setup, and the predicted burning times of Al particles with differ-
ent diameters are compared with the correlation from Beckstead [11].
Please see Appendix for more information. Then, in this section,
detailed comparison and analysis on the Al jet flame is performed.

5.1. Comparison with experiments
5.1.1. Al,0; Smoke distribution

Mie scattering technology has been proven to be an effective way to
illustrate the condensed Al,O; distribution in our previous study [23].
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Fig. 9. Comparison of the condensed Al,0O; distribution measured from Mie scattering with predicted values from simulation at different heights for Case5.

It has also been demonstrated that the Mie scattering signal in the
middle and downstream region of the Al jet flame is mostly contributed
by alumina smoke and the contribution from Al particles is negligible.
More details can be found in our previous study [23]. Fig. 9 compares
the measured Mie scattering signals from condensed Al,0; (Ig,,) and
the predicted Al,O3(1) mass fraction (Yy,0,() at different heights of the
flame for Case 5. As can be seen in Fig. 9, both Ig,;, and Yy, are ob-
served to show a double-peak structure at heights of 25, 50 and 75 mm.
This is because Al particles at the edge of the cloud are more fully
mixed with the high-temperature post-flame gas and thus ignite and
burn first, finally producing condensed Al,O; in the process. Moreover,
a non-zero Mie scattering signal is found in the central part of the jet at
the height of 25 mm, this is because a substantial number of particles
are still in the preheating stage and remain in the jet center [23], and
a more detailed discussion is given in Ref. [23]. Moving downstream,
the condensed Yo, is observed to present a more uniform unimodal
distribution at the height of 150 mm, indicating that the particles in the
center of the jet are burning. Generally, the predicted condensed Al,O5
distribution is in good agreement with the experimental observation.

5.1.2. Temperature and H,O concentration

Fig. 10 illustrates the comparison of the predicted gas temperature
and H,0 mass fraction with the corresponding measured values from
TDLAS. It is observed that there is a noticeable gap between the
simulation results and the experimental measurements in the center
part of the upstream and middle of the jet flame(y < 2 mm, z =
40 mm and z = 80 mm). It is indicated that the present simulation
may underestimate the heat and mass transport in the center of the
flame with high turbulence intensity. However, the current TDLAS
optical setup tends to overestimate the temperature of the central
region of the upstream of the jet flame. This is because the fluidizing
gas of the Al jet is air with near-zero concentration of water vapor.

Therefore the absorbance in the central region of the upstream of
the jet is much smaller compared to the hot coflow. As a result, the
measured temperature of the upstream of the flame is overestimated
due to the influence of the surrounding hot coflow. Such bias is mainly
due to the fact that the raw data measured by TDLAS is integrated
along the line-of-sight. Therefore, uncertainties may be introduced
to the obtained scalar profiles of the central part of the jet flame,
especially when the gradient of the scalar is large. Similar findings
were reported in a previous research [27] on piloted coal jet flame,
in which two-color pyrometry presents much higher measured tem-
perature along the centerline of the jet flame than simulations. To
address this issue, Computed Tomography-Tunable Diode Laser Absorp-
tion Spectroscopy (CT-TDLAS) [62] can be used in the future. Moving
downstream, the temperature and H,O concentration become more
uniform in space, and better agreement is achieved between simulation
results and experimental measurements.

5.2. Flame structure analysis

Fig. 11(a) presents instantaneous and temporal mean temperature
fields. Fig. 11(b) compares the predicted condensed Al,O; mass frac-
tion and the Mie scattering image from experiments. It is observed that
the temperature of the post-flame gas remains nearly unchanged down-
stream of the burner outlet until the height is about 25 mm, indicating
that Al particles begin to burn and release heat to the bulk gas at this
height. Due to the nature of heterogeneous combustion of solid fuel
particles [63] under fuel-lean conditions, the instantaneous tempera-
ture and condensed Al,O; distributions present discrete characteristics.
Although the peak temperature of micro flames around burning Al
particles can be more than 3500 K [64,65], the temperature peak in the
instantaneous snapshot is only 2700 K, which decreases to about 2200 K
after time-averaging. This is because the Al jet flame under Case5
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Fig. 10. Comparison of the gas temperature and H,O concentration measured by TDLAS with corresponding predicted values at different heights for Case5.

is very dilute, and the gas temperature calculated in present Euler—
Lagrange simulation represents the average gas temperature inside
one LES cell. In Case 8, the dust concentration at the particle inlet is
doubled compared with Case5, and the peak temperature of the Al
jet flame can be more than 3300K, and the average gas temperature
can reach 3000K, as shown in Fig. 12. Focusing on the condensed
Al,O5 snapshot in Fig. 11(b), Kelvin-Helmholtz vortices are observed
in the Mie scattering image due to nanoscale Al,O; smoke acting as
perfect flow tracer, and similar structures are found in the simulation,
validating the accuracy of the present model.

Fig. 13 shows an instantaneous snapshot of the Al particle distri-
bution, and particles are scaled by diameter and colored by tempera-
ture (left half) and liquid Al mass fraction (right half). It should be noted
that particles are magnified for clarity of presentation, therefore, the
particle size and spatial scale are not comparable. It can be seen that
particles with a smaller diameter have a faster temperature rise and
melt first (at lower height). Then, the liquid Al inside the particles is
consumed by HSR in the preheating stage and further evaporation in
the combustion stage, and Y}, ;i) becomes zero again when particles
are burnt out. Moreover, it is clearly observed that a certain number
of particles with relatively large diameters still contain a substantial
amount of liquid Al when they leave the computational domain, in-
dicating incomplete combustion. Therefore, if such a laboratory-scale
burner for mechanism research is to be applied to an industrial-scale
power system, special attention should be paid to the design of the
metal fuel combustor to improve the combustion efficiency.

5.3. Ignition distance of the Al particle jet flames
Al particles are known to have a relatively high ignition tempera-

ture [19] and thus long preheating stage, which leads to a noticeable
ignition distance of the Al jet flame [23]. Therefore, in order to increase

the power density of the metal fuel combustor, research on reducing
the lift-off height is needed. In this sub-section, the influence of the
effective oxidizer mole fraction and the initial temperature of the
primary jet on the ignition distance is discussed.

In the present study, the ignition distance is defined as the height
at which 10% of the injected particles are ignited (7, > 2327 K). Results
for 11 intermediate time steps are output during the simulation after
turbulence is fully developed, and 11 ignition distances can be obtained
from these time steps based on the definition mentioned above. Fig. 14
shows the average ignition distances under different effective oxidizer
mole fraction conditions with error bar representing the standard de-
viation of the 11 samples. From Case 1 to Case 4, the effective oxidizer
mole fraction is increased from 19.82% to 33.97%, as shown in Table 3,
as a result, the ignition distance grows from 58.32 mm to 61.08 mm.
This phenomenon is straightforward to explain, due to the rise in the
oxidizer concentration, both kinetically- and diffusion-controlled HSR
rates are improved, which leads to earlier ignition of Al particles.

Fig. 15 presents the ignition distances under the same co-flow
condition but with different initial temperatures of the primary jet. As
listed in Table 3, from Case 2, Case 6 to Case 7, the initial temperature
of the primary jet, i.e. the initial temperature of the Al particles and
the carrier gas, is increased from 300K to 700K. As a consequence,
the ignition distance is decreased from 60.06 mm to 51.96 mm, which
indicates that preheating the primary jet can effectively reduce the
ignition distance. Therefore, using the high-temperature exhaust gas to
heat the Al particles and the carrier gas is a feasible way to improve
the power density of the metal fuel combustor.

6. Conclusion

In the present work, a detailed model for simulating Al particle
cloud combustion with multiple oxidizers in the context of large eddy
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Case 8.

simulation is developed, in which the conversion process of Al particles
is divided into (1) preheating and heterogeneous reaction stage and (2)
quasi-steady combustion. The Al particles are treated in a Lagrangian
manner with various sub-models including phase change, heteroge-
neous surface reaction, evaporation and radiation. The model is imple-
mented in OpenFOAM and then employed to simulate Al particle jet
flames stabilized in a hot co-flow supported by a flat flame burner un-
der various operating conditions. Experimental measurements includ-
ing Mie scattering and Tunable diode laser absorption spectroscopy are
performed for the Al particle jet flame, in which the gas phase temper-
ature, H,O concentration as well as the condensed Al,0; distribution
are obtained.

The present model is first validated by comparing the predicted
condensed Al,0; distribution with the measured Mie scattering signals.
The results indicate that the simulation results are in good agreement

10

z(mm) 200
150
Tp Yp, Al()
— 2677 [ 1
l 100
300 ~o

50

-50 0 50
v (mm)

Fig. 13. Al particles scaled by diameter and colored by temperature (left half) and
liquid Al mass fraction (right half) for Case5.
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Fig. 14. Ignition distance versus effective oxidizer mole fraction.
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Fig. 15. Ignition distance versus initial temperature of the primary jet.

with the experimental measurements. Further comparisons of the tem-
perature and H,O profiles cross the flame are then conducted, and
the numerical simulation results show weaker mass and heat transport
in center part of the upstream and middle of the flame, in which
turbulence intensity is high, compared with the reconstructed TDLAS
result. It should be noted that the raw data obtained from TDLAS, which
is integrated along the line-of-sight, may introduce some uncertainties
to the center part of the obtained scalar profile, especially when the gra-
dient of the scalar is large. Further detailed measurements of the flame
are needed to illustrate the distribution of varying physical properties
in the high turbulence region. Moreover, the predicted scalar profiles
of the downstream of the jet flame agree well with the measurements.

Based on the predicted scalar profiles and the measured Mie scat-
tering signals, the flame structure of the Al particle jet flame is ana-
lyzed. The instantaneous temperature and condensed Al,O; distribu-
tions present discrete characteristics, because of the nature of hetero-
geneous combustion of metal fuel particles under fuel-lean conditions.
Although the temperature of flame sheet around a burning Al particle
can be more than 3500K, the peak average gas temperature of the Al
jet flame can peak as low as 2200K under fuel-lean conditions. After
doubling the Al particle mass feeding rate, the peak of the average gas
temperature increases to about 3000 K. In addition, simulation results
indicate that Al particles with large diameter cannot burn completely
in the present burner. Finally, the effect of the oxidizer mole fraction
and the initial temperature of the primary jet on the ignition distance is
discussed according to the simulation results. It is found that increasing
the oxidizer concentration of the hot co-flow or the initial temperature
of the Al particles and carrier gas is an effective way to decrease
the ignition distance and therefore improve the power density of the
combustor.

In future research, improvements can be attempted from the fol-
lowing aspects. Measurements of the Al jet flame using computed
tomography-tunable diode laser absorption spectroscopy is suggested,
which could provided a detailed experiments database. Advanced tur-
bulent combustion model, such as flamelet-based model, can be used to
incorporate detailed chemistry kinetics into the current LES framework
with acceptable computational cost.
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Appendix. Model validation on single particle setup

A.1. Numerical configuration

A single particle setup, in which a single Al particle is heated by
a hot coflow, is employed to evaluate the behavior of the various
aluminum sub-models as well as their interaction in the overall combus-
tion model. The computational domain features a cuboid and it spans
L, =210d,, L, = L, = 130d,. As shown in Fig. A.16, a single aluminum
particle is fixed in the flow field at (55d,,,65d,,, 65d,,). The domain is
discretized into 21 x 13 x 13 cells, which results in a mesh resolution
of 10d,. The initial gas temperature in the domain is set to 2500 K.
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Preheated air flows in from the left boundary with a fixed velocity(U)
of 0.4 m/s and a temperature(7’) of 2500 K. Zero-gradient outflow
conditions are used for all other boundaries.

A.2. Results

In the present model, the burning time is defined as the period of
time from when the particle temperature reaches the melting point
of alumina until 95% of liquid aluminum inside the particle is con-
sumed [66]. As can be seen in Fig. A.17, the predicted burning time
is generally in good agreement with empirical correlations. For smaller
particles, the Beckstead’s correlation underestimates their burn times
because their combustion is no longer purely diffusion-controlled.
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