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ARTICLE INFO ABSTRACT

Keywords: Iron powder is emerging as a promising carbon-free energy carrier that can be used for a clean iron-based
Iron particle energy cycle. The powder can be combusted with air to generate heat and power. Thereafter, the iron oxide
Metal fuel

powder is collected and regenerated by means of a thermochemical reduction with green H, closing the loop.
During the combustion, the formation of nanoparticles poses challenges in terms of particulate emissions and
material losses. Nanoparticles are difficult to separate from the exhaust gases and are respirable, which is
why a comprehensive understanding of their formation and how to avoid them is necessary. In this study, a
model for nanoparticle formation is introduced, which is based on the condensation of supersaturated iron/iron
oxide vapor to liquid nanoparticles in the boundary layer of the burning iron microparticle. Resolved boundary
layer simulations of single iron microparticles are compared with recent in situ measurements to investigate the
onset of nanoparticle formation and characteristics of the nanoparticle cloud that is formed close to the burning
parent microparticle. Nanoparticle formation and nanoparticle cloud evolution are investigated, considering
combustion and transport processes in the boundary layer. It is shown that the particle temperature is the most
important parameter for nanoparticle formation and a correct prediction of particle temperature evolution is
crucial for nanoparticle prediction. Further analysis identifies convection and thermophoresis as the primary
transport processes for the nanoparticle cloud, while diffusiophoresis is negligible. Additionally, the sensitivity
of nanoparticle formation to the evaporation model and reaction mechanism is evaluated.

Single particle combustion
Iron nanoparticles
Resolved simulation

1. Introduction Nanoparticles are challenging to separate and collect from the
exhaust gases [10], thus the efficiency of the recycling cycle could
be impaired unless tailored capturing methods are developed. Besides,

they also pose a health hazard as they are respirable [11]. Therefore,

Metal fuels are emerging as promising candidates for sustainable
energy carriers due to their carbon-free oxidation, recyclability through

chemical reduction, and high volumetric energy density [1]. Among
other options, micron-sized iron powder has raised great interest since
iron is widely available, cost-effective, and shows potential to retrofit
existing coal infrastructure [2]. A key advantage of the concept of an
iron-based energy cycle is that the powder burns in a heterogeneous
manner according to early literature [3], allowing easy recovery of
the combustion products for regeneration. Nevertheless, experimental
findings revealed that a considerable amount of nanoparticles are
among the combustion products [4-7]. Recent temporally and spa-
tially resolved in situ optical measurements further demonstrate how
nanoparticles are formed in the vicinity of micron-sized parent particles
during combustion [8,9].

* Corresponding author.

comprehensive knowledge of nanoparticle formation is crucial to the
development of effective capturing methods or mitigation strategies.
Simulations of nanoparticle clouds can provide insights into the
underlying physical mechanisms of nanoparticle formation and the
characteristics of nanoparticles. Single particle simulations with a re-
solved boundary layer are an established method to investigate the
combustion of coal and biomass particles [12-17], as well as metal fuels
such as iron [18] and aluminum [19-21]. Thijs et al. [18] conducted
resolved boundary layer simulations to study the nanoparticle release
of iron particles, whereby the parent particle is interface resolved, and
the nanoparticle phase is solved with an Eulerian approach. They inves-
tigated the effect of evaporation heat loss on the maximum temperature
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of the parent particle and analyzed the size distribution of the nanopar-
ticles with a sectional population balance model. Since the formation of
nanoparticles on a molecular level was still subject to great uncertain-
ties, they assumed that nanoparticles consist of solid Fe,O3, which is
formed from an infinitely fast conversion from FeO,(g). FeO,(g) in turn
is formed by oxidation of gaseous iron molecules. In the research field
of nanomaterial synthesis, iron oxide nanoparticles are produced from
H,/0,-flames doped with Fe(CO)s5, where hydrogen plays a crucial role
in the reaction mechanism from Fe(g) to Fe,O5; nanoparticles [22-24].
The mechanisms used for the synthesis of iron nanoparticles are also
applicable to various configurations of iron microparticle combustion,
particularly in environments where hydrogen-containing species are
present in the surrounding atmosphere. In hot flows for example, where
iron particles burn in the post-flame region of CH,/0, flames [5,9],
H,O exist as a post-flame product. For laser-ignited particles in air [8],
H,O is present as a result of air humidity. However, recordings of
nanoparticle clouds in the vicinity of combusting microparticles can
also be found in a drop-tube furnace, where the ambient gas was pre-
sumably free from elemental hydrogen [25]. This observation indicates
that there is at least another, yet insufficiently understood mechanism
of nanoparticle formation that does not involve hydrogen-containing
species.

The assumption of iron nanoparticles consisting of Fe,O5 is sup-
ported by X-ray diffraction measurements of nanoparticles collected at
the exit of combustion devices [25-27]. However, the composition of
the nanoparticles outside of a combustion device might differ from their
composition in the vicinity of a combusting microparticle. Very recent
molecular dynamics simulations by Li et al. [28] revealed that first,
nanoparticles are formed by clustering of iron/iron oxide molecules
due to attraction based on Coulomb forces, and second, the composi-
tion of nanoparticles at temperatures over 2000 K correspond to FeO.
These new findings allow reformulation and further development of the
modeling strategies for the formation of iron nanoparticles.

In our work, a model for nanoparticle formation is presented where
supersaturated Fe(g) and FeO(g) vapor condensate into liquid nan-
odroplets. This is in line with the assumption for the nucleation of
alumina nanodroplets [21]. The iron nanodroplets can further oxidize
to the maximum oxidation state of FeO. In the remainder of this paper,
nanodroplets are referred to as nanoparticles to be consistent with
existing literature. Furthermore, for better readability, references to
particles that are not specified as nanoparticles will imply the parent
particle.

Using this model, the following open scientific questions are formu-
lated:

Q1 Can current evaporation and nanoparticle models be utilized to
capture the nanoparticle formation both qualitatively and quan-
titatively?

Q2 Which characteristics of single particle combustion are the most
influential for nanoparticle formation?

Q3 What are the relevant transport processes to predict the evolu-
tion of nanoparticle clouds in the boundary layer of the parent
microparticle?

Q4 How does the evaporation model affect the nanoparticle forma-
tion?

Q5 How do gas phase reactions affect the nanoparticle formation?

To this end, resolved simulations of single iron microparticles are
conducted and compared with recent experimental measurements by
Li et al. [28]. The paper is structured as follows. In Section 2, the
experimental configuration by Li et al. [28] is briefly summarized. The
numerical method is described in Section 3. In Section 4.1, the general
processes during combustion are characterized. The numerical results
are compared with experimental measurements in Sections 4.2 and 4.3
to address Q1 and Q2. The research questions Q3-Q5 are investigated
in Section 4.4, 4.5, and 4.6.
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Fig. 1. Sketch of the experimental setup with measurement fields of view (FOV) [28].

2. Experimental configuration

The analysis of the present work utilizes experimental results from
single iron particle combustion in hot laminar flows reported by
Li et al. [28]. Previous works on the same combustion device have
focused on the shape of the nanoparticle cloud [9], while recent work
focuses on the parent particle temperature and the onset of nanoparticle
formation [28]. The experimental configuration is briefly summarized
below, with emphasis on the relevant aspects of this study. A detailed
description of the experimental methods can be found in Li et al. [28].

Micron-sized iron particles are issued into a flat flame burner at at-
mospheric pressure. A premixed laminar flat methane flame, that is sta-
bilized above the burner surface, provides a hot oxygen-enriched post-
flame region such that particles are heated up and ignite. Due to ex-
cellent optical access, measurements can be conducted to provide well-
defined boundary conditions and validation results. The measurements
provide

+ gas temperature via laser-induced fluorescence of OH radicals
(prior to iron particle experiments) [29],

» particle temperature via two-color pyrometry [28],

+ gas velocity via particle image velocimetry with inert tracers
(prior to iron particle experiments) [29],

» particle velocity via particle tracking velocimetry with the iron
particle itself as tracker [28],

- initial particle diameter via diffuse-backlight illumination
(DBI) [28],

+ nanoparticle intensity via DBI [28].

A sketch of the experimental setup with the respective fields of view
(FOV) for the different measurements is shown in Fig. 1.

The species mole fractions of the post-flame gas have been deter-
mined from chemical equilibrium calculations using the species mixture
of the GRI3.0 mechanism in Cantera [30]. The values are shown in
Table 5. The measured initial particle diameters are binned into three
groups d, = 40, 50, 60pm + 5Spm. The gas temperature, particle
temperature, and the relative velocity between the particle and the gas
are reported in Fig. 2.

The nanoparticle intensity, which is the attenuation of the back-
ground light, is measured in a 32 x 32px frame centered at the particle
center location, where each pixel corresponds to a length of 5.17 um.
The intensity of each pixel is normalized by the background (i.e. unat-
tenuated light) intensity. The nanoparticle intensity is calculated as
the sum of the intensity of all pixels in the frame, excluding those
occupied by the parent particle. The onset of the nanoparticle formation

is defined as the time point 7., when the sum of the intensity of
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Fig. 2. Particle temperature 7, (solid lines), gas temperature 7, (dashed lines) along
the burner center line, and relative velocity U,, between the particle and the gas for
the particle groups d, =40, 50, 60 pm £ 5 pm.

rel

Fig. 3. Determination of the length of the nanoparticle cloud: The blue line indicates
the boundary of the cloud, the green line is the fitted ellipse to the boundary, and
the yellow lines are the minor and major axes of the ellipse. The red line depicts the
distance between the particle center (red cross) and the farthest end of the major axis,
which is defined as the length of the cloud. Determination of the nanoparticle intensity:
The square depicts the frame, in which the nanoparticle intensity is measured.

all pixels exceeds a critical value of 1. T, is defined as the particle
temperature at 7,,,,. The length of the nanoparticle cloud is measured
by first detecting the cloud boundaries, then fitting an ellipse onto
the shape, and lastly determining the distance between the particle
center and the furthest point of the ellipse. A visual presentation
of the measurement of the nanoparticle intensity and length of the
nanoparticle cloud is shown in Fig. 3. It is worth mentioning that the
nanoparticle intensity does not directly represent a physical quantity
without additional calculations. These calculations, e.g. deriving a
volume fraction from the intensity signal, require further information,
such as the nanoparticle refractive index, a parameter that is not well-
defined in the literature. Therefore, only the shape of the cloud and the
onset of nanoparticle formation, not the intensity itself, are considered
for comparisons with simulations.

3. Numerical configuration
3.1. Computational domain

For the resolved boundary layer simulations, a 2D axisymmetric
domain is considered. A sketch of the computational domain is shown
in Fig. 4a. The gas phase is fully resolved to capture heat and mass
transfer. Similar to state-of-the-art OD iron particle models [31-33],
it is assumed that the heat and oxygen transfer inside the particle
is infinitely fast. Thus, the solid phase is not resolved and instead
represented by a OD particle model, which interfaces with the fluid
domain at the particle boundary. Preliminary mesh studies were per-
formed and a hexahedral mesh containing 19752 cells was found to
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(a) Sketch of the computational domain. d,, is the particle diameter.
Y, T, u, and p are the mass fraction, the temperature, velocity,
and pressure, respectively. The subscript s denotes properties at

the particle surface and the subscript co denotes properties at the
far field.

(b) Grid in the vicinity of the particle

Fig. 4. Computational domain.

be sufficient to capture transport phenomena in the boundary layer.
Fig. 4b shows the grid in the vicinity of the particle. The grid spacing
at the particle surface is 46/d;, = 0.029 in the azimuthal direction and
Ar/d, =6.5x 107 in the radial direction.

3.2. Conservation equations

For the simulations, the open-source code OpenFOAM-v2012 is used
as a basis and extended with iron-specific models. A two-phase solver is
developed for the transport of nanoparticles in the condensed phase and
the transport and reactions of gas molecules in the gas phase. Similar to
other nanoparticle studies e.g. for alumina [21], it is assumed that the
momentum transfer and the heat transfer are infinitely fast such that
the condensed phase and the gas phase share the same convection ve-
locity and temperature. The governing equations for mass, momentum,
species, and enthalpy equations are
dagpy) N oagpgu;) _

ot ox, % 1)
T .
9 () + 9 (acu;) _ 0 (p 2% + d<a°V°v") _ %@ @
ot 0x; ox; \ € ox; ox; Pe
(3(agpgu,~) B(agpgu,-ui) 7] (agrg)
+ p—
ot ox; 0x;
=—a % —a,®.U 3
tox, grew
D
9 (ap, Yy ) + 9 (agpyu;Yy) + J (agng"Vk-i) (d o) @
=q, (0, —®
ot 0x; 0x; g Wk = Fek
d (agpgh) J (agpgu,-h) J(ayq;)
+ +
ot ox; 0x;
dap . . d ( T
=, — + A, + AO  — — ha\p\V.), (5)
g ot g%r.h g%.h 6x,- c%cPcVc

where the subscript g denotes the gas phase, the subscript ¢ denotes
the condensed nanoparticle phase, and the subscript r denotes the gas
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phase reactions. a is the volume fraction, p is the density, u; is the
velocity vector, @, is the mass transfer term between the gas phase and
the condensed phase. D, is the nanoparticle diffusion coefficient, which
is set to zero throughout the paper, meaning that diffusiophoresis is not
included, except for Section 4.4 where the effect of diffusiophoresis is
investigated. p, = 4300kg m™3 is the condensed phase density. VcT, is the
thermophoretic velocity of the nanoparticles, given by [34]:
T Ve OT

Vei =055 3. ©)
with v, as the kinematic viscosity. p denotes the pressure and 7, is the
viscous stress tensor given as

Ty = g (Vu,. + (V)T - %IV : u,.>. @

Y VkD[ and @, are the mass fraction, mixture averaged diffusion
velocity, and net reaction rate of a species k, respectively. 4 denotes
the sensible enthalpy, @, ; denotes the net heat production rate from
gas phase reactions, and @, denotes the heat transfer term between
the gas and the condensed phase. The transfer terms @, @ and a,
are described in Section 3.4.

g; is the heat flux and consists of the convection and the radiation
heat flux:

qi == qi,conv + qi,rad’ (8)

oT
diconv = _}‘gx + Z hkngk Vk[j’ )
i k
ecT*, particle surface
Girad = P P (10)
! 0, elsewhere

where 4, is the thermal conductivity, ¢,, is the heat capacity, and
h; is the sensible enthalpy of a species k, ¢ = 0.7 is the radiative
emissivity [35], o is the Stefan-Boltzmann constant, and Tp is the
particle temperature.

The mixture-averaged diffusion velocity is given by

Vi =Vea= XYV an
J
with
1 97 1 oW
Vig= =Dy —= = Dy— 2=, 12)
Y, ox; W ox;

where D, is the mixture averaged diffusion coefficient and W is the
mean molecular weight.

In the gas phase, the ideal gas law is applied and thermodynamic
properties are calculated based on the NASA database [36].

3.3. Particle model

As mentioned in Section 3.1, the inner particle is assumed homoge-
neous. In this work, a model by Mi et al. [32] is used in the solid phase
and a model by Mich et al. [33] is used in the liquid phase. The models
are briefly summarized in Sections 3.3.1 and 3.3.2. In Section 3.3.3,
the conditions at the particle-gas interface are described, which are in
effect during both the solid and the liquid phases. For further details,
the reader is referred to Refs. [32,33].

3.3.1. Solid phase oxidation
The solid-phase kinetic reaction rates are determined by assuming
a multi-layer structure consisting of Fe(s), FeO(s) and Fe30,4(s):
dm. 4dzxrr; T,
o _ L Pi koo i €XP <—%> ) 13)

dr rp—r; b

where the subscript i refers to the oxides FeO(s) and Fe3;04(s), and
the subscript j refers to the species with the next lower oxidation
grade Fe(s) and FeO(s), respectively. r describes the outer radius of the
respective phase. k,; and T,; are the kinetics parameters, which are
the same as in Mi et al. [32]. The kinetic oxygen consumption rate is
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determined by
dmo,  Wo dmpeo L % drmge,0, 14)
dt Wieo  dt Wee,o, df

with W denoting the molecular weight. The oxygen consumption rate
is limited by the maximum mass flux that occurs when the oxygen
concentration at the particle surface is zero:

Yy,
= Apps DOZ.s T (15)
Yoz,s =0

MO,

where the subscript s refers to the particle surface, and A, is the particle
surface area.

3.3.2. Liquid phase oxidation

In the liquid phase, it is assumed that the liquid phase is in ther-
modynamic equilibrium with the gas phase [33]. The vapor pressure of
0, and Fe(g) is determined by equilibrium calculations performed with
Thermo-Calc [37]. In the liquid burning phase, the partial pressures
of O, and Fe(g) are therefore set at the particle surface. Thus, the
evaporation of Fe(g) is initiated and the O, consumption is controlled
by the surface concentration. The O, consumption mass flux and the
Fe(g) evaporation mass flux is then determined by

- APpst.S (Vke . "i,s) ’ (16)

m; = mtole.s

where j denotes O, and Fe(g). riiy = ritg, + titg, is the total mass flux
at the particle surface and »; ; denotes the surface normal vector at the
particle surface.

The surface concentration of O, is tabulated as a function of the
particle temperature and particle oxidation state. A distinct point exists
at which the O, surface concentration rapidly increases from almost
zero to the bulk concentration. This point is further referred to as the
“oxidation limit”. Before the oxidation limit, Y, ; is close to zero, thus
Eq. (16) in combination with Eq. (12) collapsEs to Eq. (15). At the
oxidation limit, which occurs at an oxidation degree between FeO and
Fe304 [33], Y, ; rapidly increases, such that the O, consumption rate
decreases.

Before that oxidation limit, the surface concentration of Fe(g) is
mostly independent of the particle oxidation state. Therefore, the con-
centration is approximated with

Xge s = 480973 exp(—41695/T,). a7

Note that the above function yields the molar fraction, and needs to
be converted to the mass fraction with Yg,, = Xg, Wg/W to be
used with Eq. (16). The evaporation of species other than Fe(g) is
not considered, since the vapor pressure of other species is at least
one order of magnitude lower than the vapor pressure of Fe(g), as
discussed in Li et al. [28]. After reaching the oxidation limit, the vapor
pressure of the iron species drops to almost zero, hence evaporation is
not considered after this point.

3.3.3. Conditions at the particle-gas interface
The temperature of the particle is determined from the total en-
thalpy calculated as

N
H, = Z mih;(Tp), (18)

where N = {Fe(s), FeO(s), Fe;04(s), Fe,O,()}. The specific enthalpies
are calculated with the NIST database [38]. The change in total en-
thalpy due to the incorporation of oxygen, the heat exchange with the
gas phase, and the heat loss due to evaporation is calculated as

dH,

7 = _Ap (ql}s . n[vs) + m02h02 + mFehFe' (19)

The particle volume is subject to a continuous change due to the
mass change resulting from oxidation and evaporation, and due to
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temperature and oxidation state dependent density change:
N
m:
v, = Z p_’ (20)
i i

A dynamic mesh is used to account for the growth of the particle
diameter. The densities are taken from Refs. [39-42].

The Stefan flow is a convection flux resulting from the production
or removal of species at an interface. It is proportional to the total
mass flux i, over the particle surface. The Stefan flow velocity at the
particle boundary is given as:
w.=n Ty

=n, ot 21
is is Apps

3.4. Nanoparticle formation

The formation mechanism of iron/iron oxide nanoparticles is still
subject of ongoing research. There are only a few in situ measurements
of nanoparticle formation [8,9,28] and until recently, the composi-
tion of nanoparticles has been examined ex situ only. In such ex
situ examinations, the composition of nanoparticles is found to be
predominantly Fe,05 [25-27]. However, there are indications that
the nanoparticles do not necessarily consist of Fe,O; when they are
initially formed. First, according to the Fe/O phase diagram, Fe,O5 is
stable only at temperatures below 1700 K, which has also been pointed
out by other authors [28,33,43,44]. Well established mechanisms for
iron nanoparticle synthesis in hydrogen flames were developed for
temperatures under 1600K [22-24], where Fe,O3 is likely the ini-
tial composition of nanoparticles. In the case of iron microparticle
combustion, it should be considered that in situ measurements [8,
9,28] have shown that nanoparticles are formed close to the parent
particle, where temperatures are well above 2000K during diffusion-
limited combustion. Therefore, mechanisms that were developed for
nanoparticle synthesis [22-24] might not be applicable in this case.

Second, recent molecular dynamics simulations suggest that the
composition of nanoparticles is likely FeO at temperatures around
2000K [28]. Therefore, we hypothesize that nanoparticles initially
consist of (liquid) FeO, which is formed by condensation of gaseous
iron/iron oxide. This hypothesis is shared by Wiinikka et al. [26]
who performed Transmission Electron Microscopy analysis on iron
nanoparticles. Considering modeling approaches for other metal fuels,
this assumption is consistent with the model for alumina nanoparticles
by Finke and Sewerin, who investigated aluminum combustion in a
homogeneous reactor [45] and the gas phase processes in the vicinity
of an oxidizing aluminum particle [21].

For the present model, it is assumed that condensation mostly oc-
curs at the surface of the nanoparticles. Therefore, the collision rate of
gaseous molecules onto the nanoparticles determines the condensation
rate:

kT

e = Zog = ymnene(op + do*y = = (22)
W, X 6

mk:_"’ nk:—kp, ,,C:i’ (23)
Ny kT nd3

where k refers to Fe(g) and FeO(g) since these are the only species
that are stable in both the gas and the liquid phase. y is the sticking
coefficient, m is the mass of one molecule, » is the molecule or particle
number density, ¢ is the molecule diameter, d, is the diameter of the
nanoparticles, kg is the Boltzmann constant, and N, is the Avogadro
number.

Prior to the formation of any nanoparticles, Eq. (22) equals zero
preventing the initiation of nanoparticle formation and further conden-
sation. Therefore, the collision rate of Fe molecules onto each other is
used as the condensation rate below a threshold of a, = 1 x 1073:

. s o |mkgT
O pe = Zpe = ¥2Mp N5 0, . 24)
Mg,
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Table 1
Rate coefficients for the gas phase reactions [46] (units: cm, s, mol, K). k =
AT" exp—E, /(R,T).

Reaction A n E,/R,
Fe(g) + O,—==FeO(g) +O 3.1x 107 0 13200
FeO(g) + O,—==Fe0,(g) + O 1.7 x 10 0 9300

Regardless of how fast condensation occurs, the condensation process
is governed by the supersaturation of iron and iron oxide vapor. There-
fore, it is ensured that the amount of condensed mass does not exceed
the amount of supersaturated vapor. The maximum condensation rate
is

Pg(yk - quv)
< =
- At
where Y, is the mass fraction of Fe(g) and FeO(g) that exist due to
evaporation and gas phase reaction and 4t is the current time step. Y} ,
is the mass fraction that can exist as vapor, which is calculated from
the vapor pressure:

Prev _ 480973 exp(—41695 /T, (26)
)

d)c,k ) (25)

D
OV — 679076 exp(~51570/T,). 27

Note that Eq. (26) is consistent with Eq. (17), which is used to initiate
evaporation of Fe(g) from the parent particle. Therefore, condensation
of Fe(g) occurs when Fe vapor is transported away from the particle,
where the rapidly decreasing temperature leads to a significant drop
of the vapor pressure (compared with the particle surface conditions),
causing supersaturation. Although the present model does not consider
the evaporation of FeO(g) from the parent particle, FeO(g) can be
formed by gas phase reactions, hence the condensation of FeO(g) is
considered. The gas phase reactions are adapted from Giesen et al. [46]
(c.f. Table 1).
The condensation heat release is given by

d)c,h%k = CE)c,khvap,k s (28)

where h,,, , denotes the heat of vaporization.

Oxidation of the nanoparticles is enabled by assuming that the
oxidation rate is the same as the collision rate of O, molecules with
nanoparticles, such that @ o, = Z o,, whereby the maximum oxidation
state is FeO. Note that further oxidation to Fe,O5 is not considered in
this study since the ambient temperature remains above 1700K in the
relevant region of interest (cf. Fig. 2), a temperature range for which
Fe,05 is thermodynamically unstable [33,43]. For future works, the
model can be extended to include further oxidation to Fe,Os.

The oxidation heat release is given by

Cbc,h,Oz = d)c,Oz hcomb’ (29)

with A, being the combustion enthalpy.
The total transfer term between the gas and the condensed phase is
given by summing the condensation terms and oxidation terms:

d)c = d)c,Fe + d)c.FeO + d)c,Oz’ (30)

@ p = D¢ pFe T D pFe0 T P 0, - (€19)

The values for the condensation model are given in Table 2. For
all collision rates, we assume a sticking coefficient of y = 0.5. A
preliminary study with sticking coefficients between 0.5 and 1 showed
that the results are insensitive to the sticking coefficients. The diameter
of the nanoparticles is set to d, = 45nm and held constant. This
value has been evaluated from Scanning Electron Microscope (SEM)
images of combusted particles [49]. Preliminary studies showed that
the nanoparticle formation is insensitive to the diameter in Eq. (22)
(variation between 5-60nm). Regardless of that, small nanoparticles
under 10nm can experience diffusiophoresis since their size is in the
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Table 2
Condensation model properties: molecule diameter ¢, nanopar-
ticle diameter 4., nanoparticle mass density p., evaporation
enthalpy h,,,, combustion enthalpy A

comb*

Property Value Reference
e 434 [471
Oreo 43 i\o [471
oo, 3.55A [481
d, 45 nm [49]
e 4300kgm=3 [42]
Py Fe 6.267 x 10T kg™" [38]
Dyap Fe0 5.651 x 106 Jkg™! [38]
heomb 4.844 % 108 Tkg™" [501

32px = 165.59um

cells considered

T ———— __for nanoparticle
—

intensity
dp + 20pm

determination
fparticld)

Fig. 5. Sketch of the domain (gray), where the condensed phase volume fraction is
integrated, to compare with experimental nanoparticle intensity.

range of gas molecules [51], which could have an impact on the
characteristics of the nanoparticle cloud. This is discussed in more
detail in Section 4.4. A model accounting for the evolution of the size
distribution of nanoparticles is out of scope for the present study and
remains a subject for future research.

3.5. Determination of nanoparticle quantities

The experimental determination of nanoparticle formation onset is
based on the nanoparticle intensity. The attenuation of background
light, represented by the nanoparticle intensity, is directly influenced
by the amount of nanoparticles. Therefore, the integrated nanoparticle
volume fraction is used as a similar means to determine the onset of
nanoparticle formation in the simulation. A sketch of the integration
domain is shown in Fig. 5. In the streamline direction, the same frame
length as in the experiment of 32px is applied. Perpendicular to the
streamline direction, the whole height of the domain is used for inte-
gration since the DBI measurement records a line-of-sight integrated
signal. Consistent with the experimental procedure, a gap of d, +20 um
at the parent particle is left out since nanoparticles that are close to,
or above the parent particle cannot be distinguished from the parent
particle. This corresponds to a gap of around 2px on each side of
the parent particle. Additionally, the gap accounts for the growth of
the particle diameter during combustion. A sensitivity analysis showed
that, although the absolute integrated value differs with the size of the
gap, the normalized value and the evolution of the normalized value
do not change.

The experimental definition for the determination of the nanopar-
ticle formation onset is not applicable in the simulation case (cf.
Section 2). Instead, the time of onset 7, is defined as the point of max-
imum curvature in the integrated «, evolution. For the measurement of
the nanoparticle cloud length, the same method is used.

3.6. The Hertz—-Knudsen—Schrage evaporation model

In Section 3.3.2, an evaporation model is introduced that assumes
saturation at the particle surface, and thus, the partial pressure of Fe(g)
at the surface is the same as the vapor pressure. This model has been
used for iron particle simulations [18,33,43] and for earlier aluminum
particle simulations [19,52,53]. However, more recent models for alu-
minum particles used the Hertz—Knudsen relation [54,55] with the
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Schrage correction [56], further referred to as Hertz—Knudsen-Schrage
(HKS) relation, to model evaporation [20,21,45,57]. The HKS relation
considers the net evaporation mass flux to be a balance between
evaporation of molecules from a surface and condensation of molecules
on the same surface, derived from gas kinetic theory:

. 21// VVk pv(Tliq) pi,s
= -— ), (32)
2—y \ 2zR, \ /T]iq VT,

where y is the sticking coefficient between the evaporated/condensed
molecules and the surface, p, is the saturated vapor pressure, Ty, is
the temperature of the liquid phase, p; is the partial pressure of the
evaporated/condensed species at the surface, and 7 is the temperature
of the gas phase at the surface. Applying the HKS relation to the
evaporation of Fe(g), the net evaporation mass flux reads:

211/ WFe

Mgy = —— 4 [ ———— T)— s 33
Mpe 2_V/ ZIZRUTP (PFe,v( p) PFe,s) ( )

with  pres = pYpe s W/ Whes (€2))

where T}, = T, = T, is assumed. p,(T,) is obtained with Eq. (26). The
main difference to the saturation evaporation model in Section 3.3.2
is that the evaporation mass flux is enforced with Eq. (33) and pg, is
computed in the HKS relation. In contrast, in the saturation evaporation
model, ppe = Pr.y(T},) is enforced while the evaporation mass flux is a
solution of Eq. (16).

The sticking coefficient y for Fe(g) molecules with an Fe, O,(1)
surface is unknown. Aluminum particle simulations usually assume
unity sticking coefficient [20,21,57]. In Section 4.5, the two above
described evaporation models are compared, and the sensitivity to the
sticking coefficient is investigated.

3.7. Reaction-driven nanoparticle formation model

Since the nanoparticle formation model in this study is funda-
mentally different from the first study of iron nanoparticles during
the combustion of microparticles by Thijs et al. [18], a qualitative
comparison of both models is drawn in Section 4.6. In the study by
Thijs et al. [18], Fe,05(s) are considered as nanoparticles. They are
formed by infinitely fast conversion from FeO,(g), which in turn is
formed by oxidation of Fe(g) and FeO(g). Thus, the main difference
to the model in the present study is that the formation rate of nanopar-
ticles is limited by the production rate of FeO,(g). Heat release from
the conversion to Fe,03(s) is considered, while condensation heat
release does not exist, which is another difference to this study. The
reaction mechanism that was used in Thijs et al. [18] is adapted from
Nanjaiah et al. [23], and it is given in Table 3. Notably, the first and
second reactions are similar to the reaction mechanism adapted from
Giesen et al. [46] (Table 1), while reaction Fe(g)+ 0, +M = FeO,(g)+
M is only included in the reaction mechanism by Nanjaiah et al. [23].
Giesen et al. [46] experimentally investigated the latter reaction and
concluded that it is only dominant for temperatures under 1650 K, while
reactions Fe(g) + O, = FeO + O and FeO(g) + O, = FeO,(g) + O are
dominant for temperatures above 1650 K. This explains our choice of
the mechanism in Table 1.

However, the temperatures in the boundary layer usually exceed
2500 K, where reaction mechanisms are yet unexplored and uncertain-
ties persist. To this end, the sensitivity of nanoparticle formation to the
reaction mechanism is analyzed in Section 4.6.

3.8. Simulation cases

Twelve boundary layer resolved simulations of oxidizing iron par-
ticles with nanoparticle formation are carried out in this study which
are further discussed in Section 4. Modeling details are listed in Table 4
and the case number will be used throughout the paper to refer to the
specific cases. Other boundary conditions remain consistent for all cases
(c.f Table 5).
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Table 3
Rate coefficients for the gas phase reactions considered in [18], based on [23] (units:
cm, s, mol, K). k = AT" exp—E,/(R,T).

Reaction A n E,/R,
Fe(g) + O,—=="FeO + O 3.1x 108 0 11225
FeO(g) + O,~—==Fe0,(g) + O 3.1x10'° 0.4 8200
Fe(g) + O, + M—=="Fe0,(g) + M 12x10'8 0 554
20+ M=—=0,+M 1.2x 107 -1 0

4. Results and discussion

First, the physical mechanisms during combustion of a single iron
particle are discussed in Section 4.1. In Sections 4.2 and 4.3, the
simulation results are compared with experimental measurements of
the nanoparticle formation onset. The effect of thermophoresis and
diffusiophoresis on the nanoparticle cloud are analyzed in Section 4.4,
using experimental measurements of the nanoparticle cloud. The effect
of the evaporation model is discussed in Section 4.5. Lastly, the sensi-
tivity of nanoparticle formation to reaction mechanisms is evaluated in
Section 4.6.

4.1. Mechanisms during combustion of a single iron microparticle

In this Section, the main physical mechanisms during combustion,
as predicted by the current particle model, are shown for Case 1.
Fig. 6a shows the particle temperature, heat release rate from chemical
conversion, and heat loss due to convection, radiation, and evapora-
tion. Complementary, Fig. 6b shows the oxygen consumption rate, the
evaporation rate, the Stefan flow velocity, and the nanoparticle volume
fraction. During initial oxidation, the heat release is significantly higher
than the heat loss, leading to a thermal runaway. The evaporation
rate is still negligible at this point. At around ¢ = 12ms, the particle
starts to release gaseous Fe. The evaporation mass flux increases further
and even surpasses the oxygen consumption mass flux. Therefore, the
Stefan flow changes its orientation from being directed towards the
particle to pointing outwards. This further enhances the evaporation
and slows down the oxygen consumption. Note that the Stefan flow
does not always change its direction during particle combustion. In this
particular case, high ambient temperatures lead to increased particle
temperatures and cause the evaporation mass flux to exceed the oxygen
mass flux. For cases with low ambient temperatures, e.g. laser-ignited
particles in air [7], or low oxygen concentrations, the evaporation rates
are usually low [18,43] and therefore, the Stefan flow points towards
the particle during the entire combustion phase.

Due to high evaporation rates, the evaporation heat loss is the most
dominant heat transfer term in this case. At around ¢ = 19 ms, there is a
temporary plateau in the temperature, since the heat loss has increased
to the point where it is equal to the heat release. At the stoichiometric
ratio of FeO, where further oxidation to Fe;O, starts, there is a jump
in the sensible enthalpy according to thermodynamic equilibrium cal-
culation. Therefore, the temperature rises again. After a short time, the
particle reaches its oxidation limit and the oxygen consumption rate
together with the heat release rate reduces tremendously. This causes
the particle temperature to decrease since the heat release cannot
compensate for the heat loss. This process is referred to as “reactive
cooling” and has been explained in more detail in Mich et al. [33].
During the reactive cooling, the vapor pressure of Fe is negligible and
thus, any further relevant evaporation does not happen.

The evolution of the normalized integrated nanoparticle volume is
an indicator of the nanoparticle formation, since the volume is only
integrated in a small region around the particle. It does not account for
the entire nanoparticle cloud. The evolution can be categorized into
three phases:
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Fig. 6. Particle temperature 7,, heat transfer rates Q and mass transfer rates /i between
the particle and the gas phase, Stefan flow velocity u,, and normalized integrated
volume fraction of the nanoparticles «. during particle combustion for a particle with
d, =40pm.

t; - Onset of nanoparticle formation: The evaporation of Fe starts. At
the same time, nanoparticles start to form. However, the amount
is still small and they are too close to the surface to be detected.

t, - Formation of nanoparticle cloud: There are enough nanoparticles
to be detected and to form a cloud. The beginning of this phase
is dependent on the experimental detection method [28].

13 - Nanoparticle cloud tear-off: The evaporation and thus nanoparti-
cle formation stops. The nanoparticles that have been formed are
transported away from the particle.

Fig. 7 shows the nanoparticle cloud during the three phases. In
the first phase, only a slight amount of nanoparticles is located in
the vicinity of the particle. In the second phase, a visible cloud has
formed. Since diffusiophoresis is not considered, the nanoparticles are
transported downstream via convection only, which causes the length
of the cloud to grow. It is evident that the length of the cloud is sensitive
to the relative velocity between the particle and the gas phase, and that
the final length is sensitive to the duration of nanoparticle formation.
In the third phase, the nanoparticle formation stops. The nanoparticles
in the vicinity of the parent particle are transported along the radial
direction away from the parent particle due to thermophoresis and
further away in downstream direction due to convection. This aspect
is discussed in more detail in Section 4.4.

Fig. 8 shows a plot of quantities in the boundary layer along a
line from the particle surface in radial direction. The line is depicted
as an arrow in Fig. 7 at + = 20ms, corresponding to the time point
at which the sample data was obtained. During the evolution of the
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Table 4

Chemical Engineering Journal 507 (2025) 160039

The 12 simulation cases considered in this study. “sat.” denotes the evaporation model described in Section 3.3.2, which assumes
vapor saturation at the particle surface, “C” represents the condensation-driven model that is described in Section 3.4 and “R” the

reaction-driven model by Thijs et al. [18].

Case 1 2 3 4 5 6 7 8 9 10 11 12
d, [pm] 40 50 60 40 50 60 40 40 40 40 40 40
T, Eq. (18) Eq. (18) Eq. (18) Fig. 2 Fig. 2 Fig. 2 Fig. 2 Fig. 2 Fig. 2 Fig. 2 Fig. 2 Fig. 2
Thermophoresis yes yes yes yes yes yes no yes yes yes yes yes
Diffusiophoresis no no no no no no no yes no no no no
Evaporation sat. sat. sat. sat. sat. sat. sat. sat. HKS sat. sat. sat.
Reaction mechanism Table 1 Table 1 Table 1 Table 1 Table 1 Table 1 Table 1 Table 1 Table 1 Table 3 Table 1 Table 3
Nanoparticle formation C C C C C C C C C C R R
Table 5
t Boundary conditions applied to all simulation cases.
1 Qe [1 X 10_5] Boundary condition  Value
t=13ms o 1 2 3 45 Xo, 0.2
— Xy, 0.596
Xco, 0.068
Xi,0 0.135
- T, 1750K
T 300K
Uy, exp. profile (see Fig. 2)
t2 Peo 1 atm
t = 14 ms
particle, the absolute values of the quantities shown change but the
characteristics remain the same most of the time. Fig. 8a shows the
condensation rate of Fe and FeO molecules. In combination, they
represent the nanoparticle formation rate. Nanoparticles are formed
t =15ms very close to the surface, most of them within the first 50 pm from the

t=16ms

t = 20ms

t=22ms

Fig. 7. Distribution of the nanoparticle volume fraction during different phases. The
parent particle (d, =40um) is depicted in green.

particle surface. It is obvious that the condensation rate of Fe is around
three times higher than the condensation rate of FeO. Since the heat
of vaporization of Fe and FeO are similar to each other (cf. Table 2),
the heat release due to condensation maintains the proportion, shown
in Fig. 8b. Fig. 8b also shows the heat release due to nanoparticle
oxidation and gas phase reactions. Most of the nanoparticle oxidation
occurs close to the particle surface as well. When the oxidation rate
is zero, which happens at around 50 pm from the particle surface, the
nanoparticles have reached their maximum oxidation state of FeO. The
local minimum in the Fe condensation rate comes from the fact that
oxidation heat release has its maximum here, which shifts the tempera-
ture dependent vapor pressure of Fe. Gas reactions generate a heat sink
due to the endothermic reaction FeO(g) + O, = FeO,(g) + O, which
is dominant in this case. Overall, the total heat is positive. Despite
this, the location with the highest temperature remains at the particle
surface, since the particle temperature keeps rising up until the peak.
Unlike aluminum particle combustion [21], where the gas temperature
exceeds the particle temperature, the condensation heat release in iron
particle combustion is not a dominant effect. Fig. 8a further shows the
convection and thermophoresis velocities. Thermophoresis drives the
nanoparticles from hot regions to cold regions. At this particular time
point, the Stefan flow is also directed away from the particle due to
strong evaporation. Both transport mechanisms drive the nanoparticles
from their formation location away from the parent particle.

4.2. Particle temperature and the onset of nanoparticle formation

In Fig. 9, the computed particle temperature evolution is compared
with the experimental particle temperature for cases 1 to 3. Further-
more, the onset of nanoparticle formation 7,,,, is marked as a vertical
line. The particle temperature at the onset T,,,, is marked on the
temperature curve. The corresponding integrated nanoparticle volume
fraction is shown for each case. In all cases, the peak temperature
shows a good agreement and the cooling slope is accurately predicted.
The numerical heating slope shows deviations from the experimental
measurements in the case with d, = 40 pm. In the cases with d, = 50 pm
and 60 pm, the deviations in the heating slope are more significant and
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Fig. 8. (a) Condensation rates, convection and thermophoresis velocities, (b) heat
sources/sinks, and the gas temperature along a line from the particle surface in radial
direction for a particle with d, = 40 um.

increase with larger diameter. It can be observed that the numerical
T,ano agrees well with the experimental value in all cases. Despite
that, the onset of nanoparticle formation is predicted too early in the
simulations due to the deviations during particle heating. One possible
reason for the deviations is that larger particles could be more affected
by internal transport resistance [58]. This highlights the sensitivity
of the nanoparticle formation on the particle temperature, which is
an answer to Q2, since even a small deviation as in d, = 40pm
can cause a non-negligible deviation in f,,,,. This indicates that, for
the investigation of nanoparticle formation, it is crucial to accurately
predict the complete temperature evolution, rather than just the peak
temperature and the time to peak.

The DBI measurements of the nanoparticle intensity were not ob-
tained for the entire heating phase, hence the termination of nanopar-
ticle formation is not recorded for the shown cases. However, in other
experiments [8,9,59], it was shown that nanoparticle formation termi-
nates at f,.,, which agrees with the simulations. Therefore, it can be
concluded that the termination of nanoparticle formation is correctly
predicted, while the onset requires further consideration.
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4.3. Nanoparticle formation with imposed particle temperature

In order to separate uncertainties associated with the tempera-
ture increase of the particle from nanoparticle formation, the particle
temperature evolution measured in the experiment is imposed on the
particle. Instead of computing the particle temperature from the en-
thalpy balance equation, the experimental particle temperature is set
as a Dirichlet boundary condition during particle heating. By this
approach, the evaporation time scales and conditions in the particle
boundary layer reflect the experiments more accurately. The Stefan
flow, the O, consumption rate and the evaporation rate are still cal-
culated according to the particle model (Eq. (16)), since a qualitatively
correct Stefan flow is still important for the flow characteristics. The
particle mass and density are kept constant during particle heating
since the influence of the particle diameter on the nanoparticle forma-
tion is negligible. During particle cooling, Section 4.2 shows that the
temperature is correctly predicted by the particle model. Therefore, the
temperature is again computed from the enthalpy equation (Eq. (5))
during the cooling phase. The model is initialized with the mass and
density corresponding to the temperature peak computed in the previ-
ous simulation phase. The cases shown in this Section correspond to
cases 4 to 6 in Table 4.

Fig. 10 shows the particle temperature and integrated nanoparticle
volume fraction with the imposed experimental temperature during the
heating phase. It is observed that the onset of nanoparticle formation
is now accurately predicted. The temperature 7,,,, and time #,,,,, at
which nanoparticles are first detected, are only slightly underpredicted
in the simulations. In Fig. 11, T,,,, is depicted in relation to the
diameter. The difference between T,,,, predicted in the simulations
and the experimentally determined T7,,,, is 24K at most, with the
numerical values for d, = 40pm and 60pm being at the lower limit
of the standard deviation. Furthermore, the weakly linear trend re-
lated to the particle diameter is accurately predicted. Therefore, a
first answer can be given to question Q1: The particle temperature,
at which nanoparticles start forming, can be quantitatively captured.
The termination of nanoparticle formation is correctly predicted at the
peak temperature. However, the particle model cannot quantitatively
reproduce the temperature evolution during the particle heating phase.
Without the accurate particle temperature, the onset of nanoparticle
formation can only be predicted qualitatively. Regarding the amount
of formed nanoparticles, the experimental data does not allow to draw
a quantitative comparison. The latter is therefore the subject of future
research.

While the integrated nanoparticle volume in a small region around
the parent particle is an indicator of nanoparticle formation, it is
important for the development of collecting methods to evaluate the
total volume of nanoparticles. Fig. 12 shows the integrated nanoparticle
volume over the entire domain and the formation rate. It can be ob-
served that the formation rate increases with progressing time. This can
be explained by the fact that the vapor pressure solely depends on the
temperature (Eq. (17)), and thus the amount of condensing molecules
depends on the difference between the parent particle temperature and
the bulk gas temperature, whereby the particle temperature steadily
rises but the bulk gas temperature remains constant. The formation
rate is independent of particle diameter. This can be explained by the
fact that there are two counteracting effects on the evaporation rate.
At the same particle temperature, smaller particles release less vapor
due to their smaller surface area. However, the particle heating rate is
proportional to 1/d? [60], which in turn enhances the evaporation rate
for smaller particles. The drop in the formation rate coincides with 7,0,
and the termination of evaporation. However, the formation rate shown
in Fig. 12 remains still slightly above zero for a certain time. This can
be explained by the fact that first, the particle temperature decreases
and thus the temperature in the boundary layer decreases, and second,
the vapor is transported into colder regions. This results in additional
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Fig. 9. Top: Numerical and experimental particle temperature evolution. Bottom: Numerically obtained volume of nanoparticles. Vertical lines depict the onset of nanoparticle
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nanoparticle formation due to condensation farther away from the par-
ent particle. In general, the total volume of nanoparticles increases with
increasing particle diameter, mainly due to a longer particle heating
time. The trend of the total nanoparticle volume is similar to the trend
shown in Cen et al. [59]. The fast-rising trend before termination and
the slow-rising trend after termination of evaporation can also be found
in their measurements. Cen et al. [59] also found that, right before
termination, the total volume shows a linear trend, which corresponds
to a constant formation rate, and argued that the trend should be
significantly larger due to the increase in vapor pressure. Although
a constant formation rate cannot be found in the current study, the
formation rate can be influenced by multiple factors, e.g. the ambient
temperature, the slip velocity, and the oxygen concentration, which in
turn affects the Stefan flow. Thus, a linear trend might also be possible
depending on the operating conditions. Additionally, Cen et al. [59]
observed that the formation rate increases with decreasing ambient
temperature, which might be due to the fact that lower ambient tem-
perature results in lower vapor pressure. Nevertheless, it does not imply
that increasing the ambient temperature would suppress nanoparticle
formation, since the vapor would condense as soon as it enters a

10

colder region of the combustion system. This highlights the difficulty in
comparing numerical results to ex situ measurements. Upon integrating
the evaporation mass flux over time, it is found that the mass loss
with respect to the initial mass amounts to 12%, 8%, and 6% for d, =
40 pm, 50 pm and 60 pm, respectively. Although these values should be
taken with prudence, since the mechanisms during particle heating are
not yet conclusive, they are comparable to those documented in the
literature. Wiinikka et al. [26] reported that nanoparticles constitute
up to 4% of the combustion products of 60 um-sized iron particles
burning in air at 1473 K. Poletaev and Khlebnikova [61] observed 10%-—
20% of nanoparticles among the combustion products of 5pm-sized
iron particles in ambient conditions of X, = 0.2 — 0.4. Estimation of
the nanoparticle volume via in situ light-extinction-measurements by
Cen et al. [59] indicates that 2%-4% of the initial mass is converted
into nanoparticles, with boundary conditions of d, = 20 —40pm, T, =
1400 — 1850K, Xq, =0.21.

The results in this study further indicate that the proportion of mass
loss due to nanoparticles decreases with increasing particle diameter,
which aligns with the trend found in Cen et al. [59].
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4.4. Effect of thermophoresis and diffusiophoresis on the nanoparticle cloud

For nano-sized particles, e.g. soot [62—-64] and alumina nanoparti-
cles [20,21], thermophoretic transport is found to be just as important
as convective transport. Diffusive transport is usually neglected for soot
simulations [62-64]. For alumina nanoparticles, Gallier et al. [20] ap-
plied a size-independent diffusion coefficient on the nanoparticle phase
and found that diffusiophoresis is negligible, while Finke and Sew-
erin [21] found size-dependent diffusive transport to be decisive for the
shape of the nanoparticle cloud. For iron nanoparticles, Thijs et al. [18]
included both thermophoresis and size-dependent diffusiophoresis, but
the influence of these effects was not investigated in detail. The ther-
mophoretic velocity is proportional to the temperature gradient and
thus most likely becomes important in the boundary layer. Regarding
diffusiophoresis, according to the Stokes-Einstein equation with the
Cunningham correction factor [34], only particles with sizes smaller
than around d, = 10nm experience non-negligible diffusiophoresis.
While ex situ investigations suggest that iron nanoparticles have a size
of around dy, = 45nm [49], it is unclear, at which distance to the
parent particle the nanoparticles accumulate to this size. Polydisperse
simulation of iron nanoparticles suggests that nanoparticles that are
smaller than 10nm exist at a distance of < 250 pm from the parent par-
ticle [18]. In general, the data available on the size distribution of iron
nanoparticles during the combustion of iron microparticles are scarce,
which motivates the investigation of the effect of diffusiophoresis.

In this Section, the effect of thermophoresis and diffusiophoresis
is investigated by successively excluding or including them from the
simulation. For the investigation of thermophoresis, Case 4 is compared
to Case 7. For the investigation of diffusiophoresis, Case 4 is compared
to Case 8.

Fig. 13 shows the integrated nanoparticle volume for the reference
case with thermophoresis, and for the case without thermophoresis. Ad-
ditionally, respective times #,,,, are indicated as vertical lines, whereby
the experimental value is shown in red. It is observed that ¢, oc-
curs considerably later in the case without thermophoresis, with a
significant deviation from the experimental value. The peak value is
slightly higher in the case without thermophoresis and the slope differs
throughout the entire time. The differences become apparent in Fig. 14,
where the distribution of the nanoparticle volume fraction is depicted.
At t = 4.1ms, 1,,,, of the reference case is passed, while z,,,, of the
case without thermophoresis is not yet reached. A distinct cloud has
formed in the reference case, but in the case without thermophoresis,
the amount of nanoparticles is much lower. An explanation is found
by evaluating the thermophoresis and the convection velocity, along
with the nanoparticle source in the boundary layer, depicted in Fig. 15.
At t+ = 4.1ms (early nanoparticle formation), the convection velocity
points towards the particle, whereas the thermophoresis velocity points
away from the particle. In the case with thermophoresis, although
the net velocity is negative (towards the particle) in the first 30 pm
around the particle, further away the net velocity is almost zero. At
this distance, the condensation rate is still above zero, which means
that nanoparticles, that are formed in this area, stay in place and
accumulate. In contrast, in the absence of thermophoresis, the net
velocity equals the convection velocity. Therefore, nanoparticles are
pushed towards the particle surface, where they are not detected. In
Fig. 14 at the time when the particle temperature reaches its peak
(pear)> it can be observed that the cloud in the case without ther-
mophoresis is significantly smaller than the reference case. This can
also be explained by the negative net velocity at the boundary layer.
The most obvious difference between the two cases occurs after the
nanoparticle formation stops. In Fig. 15 at t = 9.5 ms, the net velocity
in the case with thermophoresis points away from the particle, which
explains the formation of a halo around the particle after #,, (Fig. 14).
In the case without thermophoresis, the net velocity points towards the
particle due to the negative Stefan flow velocity, which is caused by the
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Fig. 14. Distribution of the nanoparticle volume fraction for a case with thermophoresis and a case without thermophoresis (d, = 40 pm).

O, consumption during reactive cooling. In consequence, the nanopar-
ticles upstream and above the particle are transported in downstream
direction, while the nanoparticles downstream of the particle stay in
the vicinity of the surface for around 2 ms. While the experiment does
not have DBI recordings after 7, for this specific case, there are DBI
recordings from other experiments [9,59], where a halo around the
particle is clearly visible after termination of nanoparticle formation.
Furthermore, the onset of the nanoparticle formation ¢,,,, has a better
agreement with the reference case. These indicate that thermophoresis
is highly relevant for iron nanoparticle dynamics, which is in alignment
with modeling approaches for soot and alumina nanoparticles [20,21,
62-64].

For the investigation on the effect of diffusiophoresis, the diffusion
coefficient in Eq. (3) is set to a constant value of D, = 1x107> m?/s. This
corresponds to particles with around d, = 3nm for gas temperatures
between 1750K and 2800K [34]. Fig. 16 shows the nanoparticle cloud
at .y for the reference case without diffusiophoresis and for the case
with diffusiophoresis. It is obvious that the length of the cloud is sig-
nificantly smaller with the influence of diffusiophoresis. This is due to
the fact that nanoparticles diffuse to regions with lower concentrations
instead of simply being transported downstream. To quantitatively
evaluate the influence, the length and the growth rate of the cloud
are compared in Fig. 17. Additionally, the relative velocity between
the particle and the ambient gas is depicted to show the influence of
convection. It is observed that the experimental growth rate correlates
with the convection velocity in all cases. This is an indicator that the
nanoparticle transport outside of the boundary layer, where Stefan
flow and thermophoresis no longer have an influence, is dominated by
convection. This is supported by the fact that the simulation without
diffusiophoresis has a good agreement with the experiment regarding
the nanoparticle cloud length. The growth rate without diffusiophoresis
is slightly underpredicted, but it lies within the uncertainties of the
relative velocity. In contrast, the case with diffusiophoresis signifi-
cantly underpredicts the growth rate and the length of the nanoparticle
cloud. Overall, it is shown that diffusiophoresis is negligible for most
nanoparticles and that nanoparticles probably accumulate quickly from
the smallest size to sizes above 10nm. This justifies the assumption of
d, = 45nm in Eq. (22).

An answer to Q3 can be given as follows: Thermophoresis is highly
relevant for the evolution of the nanoparticle cloud, while diffusio-
phoresis can be neglected.

4.5. Effect of the evaporation model

In this Section, the evaporation model based on surface saturation
(reference model, Section 3.3.2, Case 4) and the evaporation model
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Fig. 15. Condensation rates, convection, and thermophoresis velocities along a line
from the particle surface in radial direction for a particle with d, = 40 um.

from the HKS relation (Section 3.6, Case 9) are compared. Fig. 18 shows
the evaporation rate and the integrated nanoparticle volume. For the
HKS model, five simulations with sticking coefficients from 0.2 to 1
are conducted. It can be observed that lower sticking coefficients result
in lower evaporation rates with increasing difference for decreasing vy,
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Fig. 16. Distribution of the nanoparticle volume fraction for a case without diffusio-
phoresis and a case with diffusiophoresis (4, = 40 pm).
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Fig. 17. Length and growth rate of the nanoparticle cloud, and the relative velocity
between the particle and the ambient gas. Experimental values from the DBI recordings
are compared with results from two numerical cases, one including diffusiophoresis and
the other excluding it.

due to the non-linearity of the prefactor 2y /(2 — w). The evaporation
rates in the HKS model are in general lower than in the reference
model. It should be mentioned that, if the particle temperature is com-
puted with the enthalpy balance equation (Eq. (5)), lower evaporation
rates would result in lower evaporation heat loss and thus, higher
particle temperature. This in turn would increase the evaporation rate,
such that the difference between the reference model and the HKS
model would reduce. However, with identical temperature evolution,
the HKS model predicts significantly lower evaporation rates. The dif-
ference is even more pronounced regarding the integrated nanoparticle
volume. This is due to the fact that the reference model specifies the
vapor pressure at the particle surface, thus reaching supersaturation as
soon as the molecules are transported to lower temperature regions.
In contrast, the partial pressure of Fe(g) at the surface in the HKS
model approaches but never reaches the vapor pressure. Therefore,
Fe(g) has to be transported further away from the particle to condense
to nanoparticles. It can also be observed that ¢, is slightly shifted to
a later time with decreasing sticking coefficients. Thus, there exists a

sticking coefficient for which the experimental #,,,, can be matched.
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Fig. 18. Evaporation rate and integrated nanoparticle volume for a particle with
d, = 40pm with the reference evaporation model (Section 3.3.2) and the HKS model
(Section 3.6). For the HKS model, five sticking coefficients from y = 0.2 to w =1 are
compared. 1,,,, is depicted for the reference case, the experiment, and for the HKS
model with y =0.2.

Nevertheless, the difference in the integrated nanoparticle volume be-
tween the reference model and the HKS model is much larger than
the difference in r,,,,. Therefore, #,,,, is not an appropriate indicator
in this case. Due to the lack of quantitative experimental data for the
amount of produced nanoparticles, it cannot be determined yet which
model or which sticking coefficient is more accurate. However, this
study shows that different choices for the modeling of evaporation
lead to notably different predictions regarding the amount of formed
nanoparticles, which answers Q4. This should be considered when a
quantitative comparison with experimental data is pursued.

4.6. Sensitivity of nanoparticle formation to reaction mechanisms

In this Section, a qualitative comparison is drawn between the
nanoparticle formation model by Thijs et al. [18], referred to as
“reaction-driven”, and the model introduced in Section 3.4, referred
to as “condensation-driven”. For both models, the simulations are con-
ducted with the reaction mechanism in Table 1 (“Giesen reactions”),
and the reaction mechanism in Table 3 (“Nanjaiah reactions”). The
cases considered are 4, 10, 11, and 12. Fig. 19 shows the integrated
volume fraction and the onset of nanoparticle formation. Between the
reaction-driven model and the condensation-driven model, the onset of
nanoparticle formation differs by around 0.7 ms. The reaction mecha-
nism does not affect the onset significantly. For the maximum value
of the nanoparticle volume, it is observed that there is a minor sen-
sitivity to the reaction mechanism in the condensation-driven model.
In this model, condensation and reaction are competing against each
other and it appears that condensation is the dominant mechanism.
Unlike gas phase reactions that are driven by kinetics, condensation
is governed by vapor pressure, a thermodynamic state variable. In
contrast, the sensitivity in the reaction-driven model to the reaction
mechanism is more pronounced, since the formation rate is directly
determined by the reaction rate. Therefore, caution must be taken when
applying the reaction-driven model, since reaction mechanisms for very
high temperatures are subject to considerable uncertainty. It is worth
mentioning that the reactions by Giesen et al. [46] were developed in a
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hydrogen-free atmosphere, and the ‘“Nanjaiah reactions” were modified
by Thijs et al. [18] to exclude hydrogen. In the current configuration,
which contains hydrogen-species, the original mechanism by Nanja-
iah et al. [23] might be more appropriate. This hypothesis is tested
by employing the original mechanism with results shown in Appendix.
Fig. A.20 in the appendix shows that, despite a change in the peak
value, the major characteristics of the integrated nanoparticle volume
remain unchanged. Thus, the conclusions are invariant, regardless of
whether the original mechanism by Nanjaiah et al. [23] or the modified
one by Thijs et al. [18] is employed.

Question Q5 can be answered as follows: The gas phase reactions do
not affect the onset of nanoparticle formation, but they can affect the
amount of nanoparticles formed. While the condensation-driven model
shows a minor sensitivity to gas phase reactions, the reaction-driven
model shows a considerable sensitivity.

5. Conclusions

In this study, boundary layer resolved simulations of single iron
microparticles are conducted to explore the nanoparticle formation dur-
ing combustion. The developed nanoparticle formation model considers
condensation as the nucleation mechanism. Numerically obtained par-
ticle temperature profiles and characteristics of the nanoparticle cloud
are compared with experimental measurements. The conclusions from
the present study are:

1. The particle temperature is decisive in the prediction of
nanoparticle formation. The utilized particle model reproduces
the peak temperature, but notable deviations still exist in the
temperature profiles between simulation and experiment. Pre-
scribing the measured particle temperature evolution in the
simulation, the onset temperature of nanoparticle formation is
predicted well.

2. The relevant transport processes for the nanoparticle cloud
evolution are convection and thermophoresis. The character-
istics of the predicted nanoparticle cloud show a good agreement
with the experiments. Most nanoparticles are not affected by
diffusiophoresis.

3. The evaporation model has a significant effect on the
amount of produced nanoparticles. An assessment of the
evaporation model requires quantitative measurements of the
amount of nanoparticles, which are not yet available.
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4. The gas phase reactions do not affect the onset of nanopar-
ticle formation, but the amount of formed nanoparticles.
The present nanoparticle formation model considers conden-
sation as the nucleating mechanism and it is compared to a
model that considers a chemical reaction (to Fe,03(s)) as the
nucleating mechanism [18]. Both models predict nanoparticle
volume fractions in a similar order of magnitude. It is also found
that the sensitivity of the nanoparticle formation rate in the
condensation-driven model is almost insensitive to the gas phase
reaction mechanism.

Our study highlights that further reference datasets of nanoparticle
formation are crucially needed. For more extensive quantitative com-
parisons between simulation and experiment, future research could
address (1) in situ measurements of the nanoparticle volume fraction
or their total mass and (2) models to describe the polydispersity of
the formed nanoparticles. Future work should extend the modeling
approach to include the oxidation of FeO nanoparticles to Fe,O5; and
also consider a reaction-driven pathway to nanoparticle formation.
Following the first conclusion of this study, future designs for indus-
trial reactors should aim to find a compromise between energy output
and particle temperature, since decreasing the particle temperature
would mitigate nanoparticle formation. This could be achieved by
either decreasing the ambient temperature or the oxygen concentration.
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Appendix. Reaction mechanism including hydrogen-containing
species

Following the discussion in Section 4.6, Fig. A.20 shows the inte-
grated nanoparticle volume fraction over time from the simulation with
the original mechanism by Nanjaiah et al. [23] including hydrogen-
containing species (“original Nanjaiah reactions”), and the modified
mechanism by Thijs et al. [18] (“Nanjaiah reactions”). The results are
depicted in comparison to the results already shown in Section 4.6. At
the peak, the original Nanjaiah mechanism differs by 11% from the
modified Nanjaiah mechanism. However, the characteristics remain the
same.
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Data will be made available on request.
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