®

Theor. Comput. Fluid Dyn. Check for
https://doi.org/10.1007/s00162-024-00702-4 updates

ORIGINAL ARTICLE

Bikash Mahato - Saurabh Saxena - Neda Yaghoobian

Aerodynamic force modifications of a spherical particle with
varying temperature: a study of an idealized firebrand

Received: 10 November 2023 / Accepted: 5 May 2024
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2024

Abstract Fully resolved direct numerical simulations are used to quantify the effect of evolving heat, due to
idealized smoldering processes, on the aerodynamic forces of a spherical particle, representing an idealized
fixed-shape firebrand particle. Firebrand particles are small glowing particles that are generated in fires and can
be transferred long distances by the wind and create new spot fires. Understanding the transport of firebrands is
of great importance in fire science. The simulations are performed at a Reynolds number of 500, relevant for a
wide range of firebrand size and wind velocity combinations. The spatiotemporal variation of temperature over
the surface of the particle is obtained using a detailed surface energy balance analysis. The firebrand particle
is assumed to have the thermal and material properties of pine needles and has a Biot number larger than
unity, which means that the particle undergoes notable internal temperature gradients. The results indicate that
the buoyancy-induced flow around the particle significantly modifies the trailing vortices and produces two
non-interacting tunnel-shaped plumes in the wake of the sphere as the particle’s Richardson number increases.
As a result, the particle’s drag and lift coefficients show large deviations from those of a non-heated particle
and an isothermal particle. The increased surface temperatures result in an increase in the drag force while
inducing a negative lift. The significant variations seen in the aerodynamic forces as a function of the particle’s
instantaneous temperature indicate that the influence of the transient thermal conditions of firebrands should
be considered in the prediction of the particles’ trajectory and landing spots.

Keywords Buoyancy effect - Crossflow mixed convection - DNS - Instantaneous temperature - Particle
trajectory - Smoldering particle - Vortex

1 Introduction

Wildfires are natural or man-created problems that are growing in the United States and around the world.
According to the U.S. National Interagency Coordination Center [33], 72,000 wildfires are reported on average
each year in the United States, leading to the burning of over 5 million acres of land and resulting in around
4000 deaths annually. The U.S. Forest Service and the Department of Interior reportedly spend over 2 billion
dollars per year to suppress and control wildfires [33]. Wildfire problems become even more serious when the
fire spreads into communities and creates wildland-urban interface (WUI) fires [23-25,53,59]. In wildfires,
fragments of burning materials, known as firebrands (or flying embers) are generated, lofted, and carried by
the wind several meters to kilometers ahead of the main fire-front and create several new spot fires [e.g.,
19,47,48,59]. Post-fire studies indicate that firebrands are responsible for the fastest spread and the majority
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of the ignitions, especially, in WUI areas [e.g., 9,24,27,55,56]. Investigating the different mechanisms in the
transport of firebrand particles is an important step in understanding the spotting phenomenon, which helps in
a better risk assessment and improved mitigation methods.

Like any other projectile, the transport of firebrand particles is controlled by the gravitational and aerody-
namic forces exerted on the particles and depends on the particle attributes and the local wind characteristics.
The transport of firebrands has been investigated in several experimental and computational studies. For exam-
ple, in the early work of Tarifa et al. [50,51], the influence of firebrand shape, size, moisture, and density
on the spotting distance of firebrands was experimentally investigated and the burning time, flight path, and
aerodynamic forces on the firebrand particles for a uniform wind condition was determined. In these studies,
however, a correlation that relates the aerodynamic forces to the firebrand attributes and particularly to the
particle temperature was not provided. Later, Albini [2—4] used the findings of Tarifa et al. [50,51] and investi-
gated the spotting distance of cylindrical-shaped firebrands, under the lofting effect of buoyant plumes, using a
constant drag coefficient. In the work of Tse and Fernandez-Pello [58] the flight paths of hot spherical copper
and aluminum particles were investigated numerically, for which a modified Stoke’s drag coefficient relation
for a non-heated sphere was used to predict the aerodynamic forces on the particles. The work of Tse and
Fernandez-Pello [58] was further extended by Anthenien et al. [5] to investigate the flight path of particles with
spherical, cylindrical, and disk shapes. In this study, for a better prediction of the flight trajectories, Anthenien
et al. [5] applied a drag coefficient relation based on Clift and Gauvin [12] that uses an extended range of
Reynolds numbers (Re). In the work of Bhutia et al. [9], the effect of the background atmospheric boundary
layer turbulence was investigated on the three-dimensional (3D) trajectory of combusting and non-combusting
spherical firebrands using a constant drag coefficient of 0.45 which is assumed to be a good approximation
for a wide range of Re. Pereira et al. [37] investigated the effect of turbulent wind in and over vegetation
and idealized forest fire on the maximum spotting distance of combusting spherical particles, in which the
drag coefficient they considered [43], similar to the other aforementioned studies, was a function of particle
Re only, assuming that the fluid is uniformly at the same temperature. Given that the particle’s instantaneous
temperature may alter the near-surface velocity field, it is expected that the aerodynamic forces on firebrand
particles constantly change as the particle undergoes the smoldering (or burning) process. Previous fundamen-
tal studies (e.g., Oppenheimer et al. [35], Ganguli and Lele [14], Wang et al. [63], and Kurose et al. [21]) have
in fact shown that for a wide range of particle temperature and Re, in variable or non-variable property flows,
the drag coefficient of particles is affected and increases by the particle temperature. Nevertheless, to our best
knowledge, the aerodynamic forces on the firebrand particles in relevant literature are treated independent of
the particle temperature and fundamental studies on spherical particle aerodynamics lack information on the
effect of the unsteady spatiotemporal variations of particle temperature.

This study aims to investigate the effects of evolving temperature of a sphere (representing an idealized
smoldering firebrand) on its instantaneous aerodynamic forces, which define the particle trajectory. The spa-
tiotemporal evolution of firebrand temperature is estimated using energy balance analysis and an idealized
smoldering process for a particular material. The simulated surface temperatures are then used as a spa-
tiotemporally variable thermal boundary condition for a direct numerical simulation (DNS) to predict the flow
behavior over the sphere. Based on the particle maximum film temperature (i.e., the average of the particle max-
imum surface temperature and free-stream temperature), the change in the fluid density is small (Ap/p < 1),
making the use of the Boussinesq approximation valid (e.g., Burmeister [10]). The rest of the paper explains
the details of the study and its findings. The models used in this work and the simulation set-up are presented
in Sect. 2. Results and discussions are provided in Sect. 3, followed by the conclusion in Sect.4.

2 Model description and simulation set-up
2.1 Model description

The simulations were performed using a DNS-based model with a sharp interface immersed boundary method
[30]. The Navier-Stokes and the thermal convection equations (see Appendix A) are discretized using a
finite difference method and a cell-centered, collocated arrangement of velocity, pressure, and temperature.
Face-center velocities are also computed, in addition to the cell-centered ones, to impose the incompressibility
constraint and ensure a strong coupling between the velocity and pressure [64,66]. The equations are integrated
in time using the fraction step method [11,60,66]. A second-order Crank-Nicholson scheme is employed to
discretize the momentum equation and a second-order central difference scheme is used for the spatial deriva-
tives, while the pressure Poisson equation is solved using a bi-conjugate gradient method with stabilization.
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Fig. 1 Validation of the present numerical method for different Re, showing the time-averaged drag coefficient (Cp) comparison
for a non-heated sphere (a), and Nusselt number (Nu) comparison for a uniformly heated sphere (b)

The surface of the immersed boundary is represented by an unstructured mesh with triangular elements. For
this study, transient spatiotemporally variable thermal boundary conditions were implemented by setting each
triangular mesh element of the immersed boundary surface to specified precalculated temperatures that vary
with time (explained later below and in Appendix A).

The accuracy of the DNS-based model has previously been validated for a wide range of complex fluid flow
problems [e.g., 13,30,46,61,67]. Here, the performance of the model was investigated against the correlations
found by Lapple [22], Schiller and Nauman [43], and Terfous et al. [52] and the numerical work of Kurose et
al. [21] for the drag coefficient of a non-heated sphere. In addition, the performance of the model for predicting
the Nusselt number of an isothermal sphere was investigated against the empirical correlations of Clift and
Gauvin [12], Kramers [20], and Yuge [65] and numerical works of Bagchi et al. [6], and Richter and Nikrityuk
[40] for forced convection flows. Kramers [20], and Yuge [65] reported correlations from their experimental
observations, whereas Clift and Gauvin [12] developed a correlation by combining previous experimental
observation data to cover a wide Re range. These validation studies were performed for three Re of 100,
300, and 500 based on the diameter of the sphere, and the results are shown in Fig. 1. Figure la compares
the simulated time-averaged drag coefficients (Cp) for a non-heated sphere and Fig. 1b compares the Nusselt
number (Nu) for a uniformly heated sphere against the correlations from the literature, both showing very good
agreements. Cp and Nu were calculated according to Eqs. (1) and (2), respectively.

1
Co= s (- [resmas+ [nor-eas) M
%pUgoA st S i

D oT
Nu = —/ (—— dS) )
(Ts = Teo) So Js \ Or |,—p

In these equations, A and D are, respectively, the projected area and diameter of the sphere. ex and n are
the x-component unit vector and surface unit normal, respectively, p is the pressure, p is the density of the
air, U is the freestream velocity, Sy is the surface area of the sphere, T is the temperature, with subscripts
s and oo representing the sphere surface and the far-field flow, respectively. T and r are the viscous stress
tensor and radial distance, respectively. In addition to the above validation studies, the model’s performance
in predicting the Nusselt numbers of an isothermal sphere under crossflow mixed-convection conditions was
assessed. In this regard, two cases with Richardson numbers (R, defined later) of 0.0567 and 1.0 at Re = 100
were examined. These Richardson numbers are in the same Ri range as those considered in this study. The
model predicts time averaged Nusselt numbers of 7.08 (Ri = 0.0567) and 7.997 (Ri = 1.0) for these cases.
These findings were compared against experimental data of Yuge [65] and Musong and Feng [31]. Yuge [65]
reported a Nusselt number of 7.02 for Ri = 0.0567, while Musong and Feng [31] reported Nusselt number
values of 6.94 and 7.924 for Ri = 0.0567 and 1.0, respectively. The Nusselt number simulated by the model
agrees within a 2% relative deviation with the literature values for both Ri.
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As mentioned earlier, the thermal boundary condition over the sphere was simulated using surface energy
balance analysis to impose a transient thermal state on the particle’s surface. The surface energy balance
modeling is performed using the Complex-environment Temperature and Moisture Predictor (CeTMP) model
that simulates the spatiotemporally variable temperature and dryness of 3D objects/fuels with complex shapes
and material settings under diurnally variable open-atmosphere environmental conditions. CeTMP considers
all the relevant energy exchange terms in the surface energy budget calculations, i.e., shortwave and longwave
radiations, conduction, and convection heat transfers to calculate surface temperatures in high spatial resolution
across different time scales. Each surface unit (patch) is in instantaneous energy exchange with its local
environment and the surrounding patches/objects. The CeTMP model formulations relevant to the present
work are presented in Appendix A. Complete details of the model and its validation can be found in Saxena
et al. [42]. In this work, CeTMP was used to simulate the spatiotemporally variable surface temperature of a
sphere under the effect of an internal transient smoldering heat source and an external variable velocity field
over the surface of the sphere. The patch-resolved temporally variable surface temperatures obtained from
CeTMP were then employed as the transient thermal boundary conditions for each patch of the sphere in the
DNS simulations. The one-way coupling of the two numerical models (explained in Appendix A) allows for
the investigation of the aerothermodynamic behavior of a spherical particle with an internal transient heat
source, representing an idealized (smoldering) firebrand.

2.2 Simulation set-up

A rectangular computational domain of size 24D (streamwise)x 10D (spanwise)x 10 D (vertical) was con-
sidered for the simulations. This domain size was found through sensitivity analysis and its length is long
enough for flow perturbations to decay far from the sphere. In the spanwise, vertical, and upstream directions,
under no-heat conditions, the flow perturbations created due to the presence of a sphere decay away at a rate
of 1/r3 [8], with r being the radial distance measured from the sphere center, which results in a velocity with
less than 0.1% difference from the free-stream velocity at » > 5D [57]. Our domain sensitivity study using
a heated sphere indicates that the aerodynamic forces are unaffected by the side and upstream boundaries,
when the above criterion is satisfied. In addition, the effective blockage (area) ratio, defined as the ratio of
the sphere’s frontal area and computational domain’s frontal area, is 0.08%, which is < 0.1% and, hence, is
within an acceptable range [1,17]. A total of 248 x 197 x 197 non-uniform grid points were placed inside
the computational domain with a higher grid point density close to the sphere. The minimum grid spacing
near the sphere surface was found based on a grid sensitivity analysis and the boundary layer thickness at the
front stagnation point of the sphere. This thickness was approximated at § = 1.13/+/Re [44], where, § is the
non-dimensional boundary layer thickness based on the sphere diameter. At least ten grid points were placed
within the boundary layer, resulting in a minimum non-dimensional grid spacing of A,,;, = 1.13/(10 x VRe)
near the sphere surface [16]. The considered grid spacing is sufficient to capture the physics of the smallest
eddies as the minimum grid size is smaller than the Kolmogorov length scale of the flow, n = D/Re3/*
[39] = 0.009. A coarser computational grid distribution was used far from the sphere to reduce the compu-
tational cost. The grid stretching factor was considered less than 1.06 to avoid numerical instabilities. The
details of the domain and grid independency analyses are included in Appendix B. No-slip, no-penetration
velocity boundary conditions, and Dirichlet thermal boundary conditions were applied on the surface of the
sphere. Neumann, zero-gradient, velocity boundary condition was considered for the outer boundaries except
for the inlet, which uses a Dirichlet boundary condition of a uniform horizontal flow. Neumann zero-gradient
boundary condition was applied for pressure on the external boundaries. The domain attributes, boundary
conditions, and the position of the sphere in the domain are shown in Fig. 2.

In nature, the firebrand size and the background flow velocity can vary significantly in different fire
scenarios. According to the literature, the size of firebrands can vary from a few millimeters [62] to a few
centimeters [34], while the background wind velocity was observed to range from 3 m/s and less [49] to 12 m/s
[45] in wildfire zones. The Re of the idealized firebrand particle in this study was chosen 500, which covers
a wide range of firebrand size and wind velocity combinations, while allows for manageable computational
expenses.

The Dirichlet thermal boundary condition over the firebrand is a spatiotemporally variable surface tem-
perature found through surface energy balance analysis in CeTMP. For this analysis, we assumed that the
firebrand possesses the material and thermal properties characteristic of pine needles, commonly encountered
as firebrand materials in wildfires. These specifics are outlined in Table 1.
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Table 1 Thermal and material properties of the firebrand based on the properties of Pine needles
Fuel type Density Heat capacity Ignition tem- Conductivity Emissivity Material
(kg m™3) Jg 'k perature (K) (Wm™'K™1 thickness (m)
Pine needles 615.3% 14700 549¢ 0.124 0.8646 0.025

4Rivera et al. [41]

bGrishin [15]

“Mindykowski et al. [28]
dBaranovskiy and Malinin [7]

The firebrand particle surface in CeTMP was divided into equilateral triangular patches and a uniform
material was considered within the particle. The innermost layer of the particle was subjected to internal heat
with a variation following the general trend of the heat release rate in the r2-fire growth model [18]. The ¢2-fire
growth model represents heat release rates of typical burning items versus time, determining the time taken
for a material to reach the maximum heat release rate, the time to start heat release decay, and the end time of
heat release (see Appendix A). Following this trend, the resulting temperature evolution inside the particle’s
internal layer signifies that the material reaches a level-off or smoldering state and remains in this state for
a certain period, following which it decays to an extinguishing point. This temperature profile represents the
internal temporally varying thermal boundary condition for each patch on the surface of the firebrand in the
energy balance analysis. Due to the complexity of detailed combustion models and the absence of simple
smoldering models, the r2-fire growth model [18] was adopted to estimate the temperature variation of an
idealized firebrand.

On the surface of each patch, the heat convection process is dependent on the patch’s local wind velocity
and the patch surface and ambient air temperatures. The McAdams [26,36] convective coefficient correlation
was employed to estimate the convective coefficient at each patch surface as a function of local velocities, for
which the local wind velocities were found from DNS of the flow past a non-heated sphere at Re = 500. The
ambient air temperature was set to the film temperature of 349.15 K (76 °C) based on the maximum surface
temperature of the sphere and a free-stream temperature (7,) of 298.15 K (25 °C). Figure 3 shows temporal
variations of the normalized spatially averaged surface temperature of the sphere. This surface temperature
evolution follows the trend of the internal smoldering heat release that reaches and remains at a maximum
surface temperature for a certain period and then cools down. The normalized maximum local temperature
deviation from the mean temperature on the sphere surface at an instant (s max — Ts,avg/ Too0), Which is a
result of the variation of the flow velocity at the sphere surface, is around 9% throughout the smoldering
process. The normalized instantaneous surface temperature distribution at the maximum temperature instant is
shown in Fig. 4. The instantaneous surface temperature distribution inversely follows the near-surface velocity
distribution (not shown), with the surface in the wake region of the sphere bearing higher temperatures owing
to the lower velocities.

Given the explained setup, the average Biot number of the sphere is in the range of 3.4, which indicates a
considerable variation and sustained gradient of temperature inside the body. The explained model setup pro-
vides a one-way coupled framework between the DNS and energy balance analysis that allows for investigating
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Fig. 4 Instantaneous normalized surface temperature distribution at the maximum temperature. The different panels show the
temperature distributions from various views. The blue arrow indicates the wind direction

the flow features over a sphere that is heated nonuniformly according to the spatial variation of the near-surface
wind profile. Based on the calculated film temperature, the density variation of the flow is small (Ap/p =
0.15), and therefore the use of the Boussinesq approximation is applicable. Also, based on the film temperature,
the viscosity variation within the convection boundary layer is small (Ap /@ = 0.11) and therefore negligible.
In this study, it is assumed that the firebrand conserves its shape as it goes through the smoldering process and
only the effect of the unsteady smoldering heat on the aerodynamic forces was investigated under Re = 500.

3 Results and discussions
3.1 Observation of the wake flow behavior

Characteristics of the flow passing over non-heated spheres under different Re have been investigated previously
[e.g., 16,29,32,38,54,57]. In this section, the instantaneous Q-criterion of the flow over a non-heated sphere at
Re =500 is provided as a reference (Fig. 5). The instantaneous second invariant of the velocity gradient tensor
(Q-criterion) defines vortices as regions where the vorticity magnitude exceeds the magnitude of the rate of
strain. Q-criterion is calculated as Q = % (||S2||2 — ||S||2), where 2 is the vorticity vector and S is the strain
rate tensor. Regions with Q > 0 signify the presence of vortices. Figure 5Sa and b, respectively, show the side
and top views of the instantaneous wake vortex structures. The interlocked hairpin vortices that are advected
downstream and are aligned with the direction of the freestream flow are observed.

Figure 6 shows the distribution of the time-averaged coefficient of pressure (Cp =(p— pso)/ % ,oUgo)
along the vertical (z) and horizontal () cross-sectional planes of the same non-heated sphere. As expected,
although the instantaneous unsteady flow field represents asymmetric patterns behind the sphere (due to
the alternating vortex formations in the sphere wake), the time-averaged pressure coefficient reflects the
axisymmetric nature of the fully developed flow field due to the generation of similar structures at the same
locations.
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Fig. 5 Instantaneous Q-criterion (Q = 0.01) iso-surfaces of the flow behind a non-heated sphere at Re = 500 viewed from the
a side and b top directions
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Fig. 6 Time-averaged pressure coefficient (C) on the surface of a non-heated sphere at Re = 500 along the y- and z-planes.
Inset images show the orientation of the y- and z-planes, and the angle (0) is measured from the front of the sphere

Since, in this study, the temperature of the sphere is temporally variable and at the same time the sphere
is subjected to external flows, the problem may involve both natural and forced convection modes of heat
transfer depending on the particle’s instantaneous temperature. To determine the relative importance of
each mode of heat transfer and to investigate how these modes impact the aerodynamic behavior of the
sphere, the dimensionless Richardson number was used. Richardson number is defined as Ri = Gr/Re’ =
8B (Ts,avg — Ty r) D/U go, where Gr is the Grashof number, g is the gravitational acceleration, f is the thermal
expansion coefficient (= 1/7; 4vg, Where T v, is the spatially averaged surface temperature of the sphere
at an instant), and 7;, is the ambient temperature that is considered the average of the maximum surface
temperature of the sphere and the far-field temperature. Ri <« 1 signifies that the flow is dominated by forced
convection, Ri >> 1 indicates that the flow is natural convection dominated, and with Ri =~ 1, both inertia
and buoyancy forces are equally important, and thus the flow is mixed convection.

In the present simulations of the flow past an idealized firebrand particle, Ri varies following the variations
in the particle smoldering heat input and the sphere surface temperature (as shown with a red solid line in
Fig.7). The Ri value is small initially when the particle surface temperature is close to the ambient temperature
and then it increases until the smoldering heat (and Ri) start decaying at f = tUny, /D = 760.

The inset images in Fig.7 show the side view of the wake vortices Q-criterion behind the sphere as it
goes through the temperature variations. It can be noticed that the flow characteristics develop from forced
convection in the initial stages of the simulation and gradually shifts to the mixed convection regime. The
vertical shifting of the wake vortices in higher Ri is a consequence of continuously increasing sphere surface
temperature and the larger buoyancy effects. A noticeable characteristic of the wake flow is that the interlocking
hairpin vortex structures behind the sphere, which appear under the no-heat condition, gradually vanish and
merge to form two well-defined tunnel-shaped heat plumes behind the sphere (see Fig.8 below) as the Ri
increases. The fully formed tunnel-shaped heat plumes are detected at Ri > 0.7. To emphasize the variations
in the vertical orientation of the trailing vortices at different stages, a dotted vertical reference line is shown at
the top right corner of the insert images for Ri larger than 0.7.

Similar to the variation trend of the Ri, the spatially averaged Nusselt number on the surface of the sphere
varies (not shown) following the same variation trend of the sphere surface temperature and the particle
smoldering heat input, indicating that the convection mode dominates the conduction mode in the fluid as
the sphere temperature increases. The magnitude of the Nusselt number varies between the range of 0-21
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Fig. 7 Temporal variations of the Richardson number (Ri) associated with the flow over an idealized smoldering particle. The
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Fig. 8 Side (a), top (b), and back (d) views of the instantaneous Q-criterion (Q = 0.05) of a mixed-convection flow at Ri = 0.94.
Subplots (¢) and (e), respectively, represent schematics of the flow streamlines from the side and back views

and reaches the maximum value at around / = 760. One can notice that the Nusselt number value is higher
than the time-averaged Nusselt number obtained for an isothermal sphere at the same Re = 500 for forced
convection flows (shown in Fig. 1b). In the case of the smoldering sphere, the transient evolution of the surface
temperature creates a higher fluid-surface temperature gradient because of the lag in temperature evolution
of surface adjacent fluid, which lead to a higher Nusselt number. We have observed that the obtained Nusselt
number for the present mixed convection flow over the smoldering sphere does not follow any existing Nusselt
number correlations as the existing correlations are based on the forced convection flows.

For a closer investigation of the wake plumes, Fig. 8 shows the Q-criterion of the mixed-convection flow at
f = 110 (corresponding to Ri = 0.94) from three different views (side, top, and back of the particle). In this
figure, the two tunnel-shaped heat plumes are clear from the top and back views. These two non-interacting
counter-rotating plumes form as a result of the spiral motions of the fluid particles adjacent to the sphere’s
surface at high Ri as shown in the schematic streamline figures (Fig. 8c, e).
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The fluid particles next to the sphere’s bottom surface heat up and glide upward, due to buoyancy, up to
where the buoyancy and the inertial forces balance each other. As a result, the separation point shifts to the
top half of the sphere (Fig. 8c). At the sphere’s bottom surface, the velocity magnitude of the surface-adjacent
fluid particles increases with the support of buoyancy and is proportional to the sphere’s surface temperature,
resulting in a decrease in pressure (discussed later; Fig. 12).

3.1.1 Surface vorticity

Figure 9 shows the footprint of the x-component of vorticities on the downstream half of the sphere at three
instants of the simulation. Two dominating vortices are formed at f = 60, and the strength of the vortices
gradually increases with time. The increase in the vortex strength is a consequence of the increase in the
surface temperature of the sphere and the larger buoyancy force, which leads to an increase in upward fluid
velocity in the downstream. The strength and center of the vortices remain relatively unchanged after f = 360
as there is no considerable change in the average surface temperature after this time. The persistent symmetry
about the vertical (z-) plane in the vorticity plot is a result of the formation of the tunnel-shaped non-shedding
wake plumes behind the sphere, which leads to non-fluctuating instantaneous drag and lift forces on the heated
sphere (discussed below).

3.2 Drag and lift force analyses and firebrand trajectory

Figure 10a and b, respectively, show the instantaneous drag and lift coefficient variations throughout the
smoldering process of the sphere. In these figures, the averaged drag and lift coefficient values for a non-
heated sphere at Re = 500 are also shown. It is evident that the drag coefficient increases with the increase
in the smoldering heat following the trend of the sphere’s average surface temperature (Fig.4), while the lift
coefficient, Cp, (calculated based on Eq. 3) decreases to negative values. The negative lift force is a result of
the buoyancy force that causes a higher velocity and thus a lower pressure at the lower half of the sphere as
compared to the upper half. The instantaneous pressure coefficient variations along the z-plane of the sphere
(refer to Fig.6) are shown in Fig. 11. The instantaneous pressure coefficient variation over the smoldering
sphere indicates that the pressure at the bottom half of the sphere continuously decreases with the increase in
temperature. However, as opposed to the flow over a non-heated sphere, when Ri > 0.7, this instantaneous
pressure represents symmetry about the vertical plane (not shown) on the downstream due to the presence of
identical tunnel-shaped trailing vortices and the lack of vortex shedding phenomena (as shown in Figs. 8d and

9).
1
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Fig. 11 The instantaneous pressure coefficient profile along the z-plane (refer to Fig. 6) on the surface of the smoldering sphere.
The 90 and 270-degree points are, respectively, the top and bottom-most points of the sphere

The increase of the drag coefficient is also attributed to the buoyancy force as the increase in surface
temperature causes higher upward flow velocities adjacent to the sphere surface at the downstream half of
the sphere, resulting in a pressure drop at this location. The instantaneous pressure coefficient at the suction
location (measured at 180 degrees from the front; Cp ;) quantifies the pressure drop with the increase in
temperature at the downstream and is shown in Fig. 12. The pressure difference between the upstream and
downstream of the sphere increases with the increase in temperature, which ultimately results in an increase
in the drag force on the sphere.

In the following, we investigate how much error occurs if the transient evolution of temperature in the
aerodynamics of a smoldering particle is not considered. For this, the difference in transient aerodynamic
forces of a sphere with evolving surface temperature was compared to the steady state aerodynamic forces
of an isothermal sphere with the same surface temperatures. In this analysis, six discrete temperature points
between the T, and T, where Ty, and T, are, respectively, the maximum average temperature of the
sphere during the smoldering process and the ambient temperature, were considered. Figure 13 shows the drag
and lift coefficients of the smoldering sphere, in solid red symbols, at instances when the average surface
temperature (7' 4,,) of the sphere is equal to each of the six chosen discrete temperatures. Using the same
six discrete surface temperatures, six separate flow simulations over isothermal spheres were performed and
it was allowed the flow to reach a quasi-steady state. The quasi-steady state drag and lift coefficients of the
isothermal spheres are shown in blue in Fig. 13, and the difference in the aerodynamic forces between the two
sets of simulations is shown with shaded areas. It can be seen that the difference between the transient and
quasi-steady state aerodynamic forces is maximum at the flow-developing stage of the simulations when the
surface temperature of the sphere changes rapidly. The undeveloped flow patterns near the sphere surface for
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Fig. 13 Effect of the temporal evolution of smoldering temperature on the a drag and b lift coefficients of a spherical particle

the transient smoldering case cause a dissimilarity in aerodynamic force in comparison with the isothermal
quasi-steady cases. Due to these differences in the aerodynamic forces, the assumption of an isothermal quasi-
steady state for smoldering particles may lead to inaccurate prediction of the particles’ landing location. An
example analysis of a firebrand trajectory is discussed in the next section.

3.2.1 Firebrand trajectory

The trajectory of firebrand particles is a function of the instantaneous drag and lift forces acting on them. Here,
we investigate how the difference in the aerodynamic forces modify particle trajectories when comparing
smoldering, non-heated, and isothermal particles of a fixed spherical shape. The results are also compared
against those found using typical drag coefficient correlations for firebrands based only on the instantaneous
Re following the formula reported in Tse & Fernandez [58] (Eq. 4) and Anthenien et al. [5] (Eq. 5).

2 (14 38e) 2 for Re < 680

Cp =1 Re I 4

=104, for 630 < Re <3 %10 @
24 0.42

Cp = — (1+0.15 Re"687) + , forRe <3 x 10° 5

b Re( ) 1 +4.25 % 10°Re~ 116 - ©)

Itis assumed that the particles are released from a height of 40 m with an initial streamwise velocity of 3.12 m/s
in a still flow, and therefore, only the vertical and horizontal forces are considered. The imbalance in forces
acting on the particle results in particle acceleration, and Newton’s law of motion govern this process according

to:
m‘nw = Fg+FD+FL (6)
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Fig. 14 a Projectile path of idealized firebrands under the influence of different drag and lift forces. b Corresponding lift and
drag coefficient variations for the smoldering sphere

here m, (kg) is the particle mass, V,(m/s) is the particle’s resultant velocity vector, and Fg, Fp, and F, measured
in newton (N), are, respectively, the gravitational, drag, and lift forces acting at the center of the sphere. For the
smoldering particle, the drag and lift forces are based on the instantaneous drag and lift coefficients obtained
above. The drag and lift forces are, respectively, based on Egs. (7) and (8), in which p,;, is the density of the
air and A, is the projected area of the sphere.

Fb = ~Cp puir A, V| Vo 7
2 A\

FLleLPairAp|Vp|2£ (3)
2 A\

Figure 14a compares particle trajectories for the different cases. For all cases, the Re was set to 500 at the
releasing point, and it was let to be found instantaneously based on the particle’s instantaneous velocity.
Figure 14a shows that particle trajectories found using the drag coefficient correlations in Egs. (4) and (5) over-
predict the spotting distance by, respectively, 19% and 10% compared to that found for the smoldering particle.
It can also be seen that the isothermal and non-heated assumptions result in shorter and longer trajectories
compared to the trajectory of the smoldering particle with differences of 13% and 4%, respectively, in the
landing positions. The larger drag and more negative lift found for the isothermal and smoldering spheres
justify their shorter trajectories and spotting distances compared to the other cases.

Figure 14b illustrates the variations in the drag (Cp) and lift (Cp) coefficients of the smoldering particle
with respect to the particle’s vertical position during its flight. While the drag coefficient of the smoldering
particle varies between 0.55 and 0.62 and its lift coefficient varies between to —0.11 during its ~ 3 s flight
time, [Cp, Cr] of the isothermal and non-heated particles are [1.01, —0.379] and [0.55, 0.0], respectively.
This is while the drag coefficients for the Tse & Fernandez [58] and Anthenien et al. [5] cases in the figure are
calculated using Eqgs. (4) and (5), respectively, based on the instantaneous particle velocity Vj, The drag and
lift coefficients for the isothermal sphere were obtained from the simulation of an isothermal sphere whose
surface temperature was equal to the maximum average temperature (75,4, ) of the smoldering sphere.

It should be noted that the extent to which the particle undergoes the full spectrum of the smoldering heat
variation, and consequently, traverses the entirety of the drag coefficient curve during its flight, depends on the
particle flight time, which itself is defined by several factors, including the particle release condition, release
height, and the background wind condition. The comparison performed in Fig. 14 was kept simple (i.e., using
fixed particle release height and velocity with no background wind) to isolate the effect of the particle heating
on the travel distance of the particles.
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4 Conclusions

Using a computational framework that employs a one-way coupling between DNS and energy balance analysis,
this study investigates the role of spatiotemporally variable surface temperatures over a spherical particle of
a large Biot number on its aecrodynamic behavior. The spatiotemporally variable surface temperature of the
particle is a result of an internal transient smoldering heat source and the external variable velocity field over the
surface of the particle. The study is inspired by the lack of information on the effect of transient temperatures
on the aerodynamic forces and transport of particles, for which an important example is firebrand particles that
smolder during their flight path and are the major component of wildfire propagation. While firebrand particles
might go through shape and size changes as they smolder, in this study, it is assumed that the particle conserves
its shape and only the effect of the unsteady smoldering heat on the aerodynamic forces is investigated.

Investigation of the wake flow over the idealized firebrand particle considered in this study revealed a very
different flow behavior compared to that of non-heated particles. A noticeable characteristic of the wake flow is
that, with the increase in particle’s Ri and due to the buoyancy effects, the interlocked hairpin vortex structures
seen behind non-heated spherical particles gradually vanish and merge into two well-defined non-interacting
tunnel-shaped heat plumes. These two counter-rotating plumes form as a result of the spiral motions of the
fluid particles next to the sphere’s surface, and their vortex strength increases with the increase in the buoyancy
force.

The results also indicate that the variations in the particle Ri and Nusselt numbers follow the variations
in the particle smoldering heat input profile (that was unique for this study) and the resulting sphere surface
temperature. Following the variations in the internal heat input profile, the Ri increases from small values until
the flow develops to the mixed convection regime, while the increase in the Nusselt number indicates that the
convection mode gradually dominates the conduction mode in the fluid as the sphere temperature increases. In
addition, the instantaneous drag and lift coefficients are significantly dependent on the variations in the particle
temperature. It is observed that the higher buoyancy-driven flow velocities adjacent to the surface cause a
pressure drop on the downstream and bottom halves of the sphere. As a result, the sphere experiences larger
drag and negative lift during its flight as the surface temperature increases, which results in a shorter flight
compared to a non-smoldering sphere.

The results also show that the assumption of steady state (versus transient) temperatures for a particle with
evolving temperature results in different aerodynamic force predictions. Due to the variations in the particle
surface temperature, the undeveloped flow patterns near the sphere surface cause aerodynamic forces that
are different than those of the developed flows of isothermal quasi-steady cases with the same instantaneous
temperatures. It should be noted that, in the setup considered in this study, while the particle surface temperature
varies spatiotemporally, the variations seen in the modified flow and aerodynamic forces are mainly due to
the temporal (not spatial) variations of the temperature. That is because the instantaneous deviations in the
non-uniform sphere surface temperature from the mean temperature are less than 10%, which is governed by
the variations in the flow velocity and depends on the Re. Given this fact, we anticipate that under the current
setup, a two-way coupling between the DNS and energy balance analysis would have negligible effect on the
results found from the one-way coupling.

The findings of this study emphasize that neglecting the influence of transient thermal (and similarly,
physical) conditions of particles may result in inaccurate particle trajectories and their landing spots as they
affect the instantaneous drag and lift forces of particles. As seen in this study, the variations in the wake flow,
aerodynamic forces, Ri, and Nusselt number strongly depend on the characteristics of the smoldering process
and thus it is expected to be different for particles of different materials with different thermal properties.
However, similar behavior as seen in this study is expected to occur if the smoldering process is predicted
following the general trend of the heat release rate in the ¢#2-fire growth model [18].
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Appendix A: Model details and governing equations
The complex-environment temperature and moisture predictor (CeTMP) model details

The surface energy balance modeling in this work is performed using the CeTMP model [42] that is a coupled
surface energy and moisture balance analysis model for simulating the spatiotemporal variations of tempera-
ture and moisture of complex objects/fuels in complex environments with variable conditions. To enable the
simulations of complex terrains and objects, the model employs non-uniform triangular surface patches, each
of which can consist of diverse material compositions and multiple material layers. The fundamental formula
for the energy equilibrium at a triangular patch i (Eq. 9) includes: (1) net radiative heat exchanges (R¢r,;i (W))
comprising of net shortwave (Rsw ner.; (W)) and net longwave (Rrw ner,i (W)) radiations absorbed over the
patch, (2) convective heat exchanges at the patch surface including sensible (Q i ; (W)) and latent (Q g ; (W))
heat, and (3) conduction of heat (Q¢; (W)) normal to the patch material layers. In the presence of a heat
source, a heat input (Q r; (W)) is also considered.

Ryeri = Q¢G,i +0mn,i + QE,i + OF,; 9

Due to the Stefan—Boltzmann law that governs the longwave radiation, Eq. (9) is a fourth-order equation that
is solved to determine the patch surface temperature (7;) at each time step. Equation (9) is solved using the
Newton—Raphson iteration method until the patch surface temperature varies less than 0.001 K between the
successive iterations. The terms in the energy equilibrium equation are briefly explained below. For more
details, we recommend referring to Saxena et al. [42].

Radiation

The net radiative exchanges occurring at each triangular patch are a combination of absorbed, reflected and/or
emitted shortwave and longwave radiations given by the following equations:

Ruer,i = Rsw ner,i + RLW ner,i (10)
Rsw ner,i = Rsw,i 4 — Rsw,i 1 (11)
Riwneri = Riw,i 4 — Rew,i 1 (12)

where Rsw; | (W) and Rpw,; | (W) are the total downwelling shortwave and longwave radiation received
by the patch, while Rgw_; 1 (W) and Rrw ; 1 (W) are the total upwelling shortwave and longwave radiation
reflected by the patch.

Convective heat transfer

The sensible heat flux occurring between the surface patch and the atmosphere is determined based on the
following equation:

On,i = hi (T; — Tuir) A; (13)
where the convection coefficient (%;) is determined based on the McAdams [26,36] convective coefficient
correlation (i.e., h; = 5.7+ 3.8V, with V; being the velocity magnitude adjacent to the each triangular

surface patch). Among the different methods for calculating the convection coefficient in CeTMP, this method
was chosen for this study since it can be applied to surfaces with any orientation and roughness and also
includes the natural convection part of the total convection coefficient.
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Conductive heat flux

Conduction through the substrate layer of each patch is estimated using a finite difference method (FDM) that
employs the Crank-Nicholson time-stepping scheme according to:

At 1 1
+1 +1 +1
et = (6 ) 5 Gl G| aw

Ty =T
Gy =k
the 3(Azp 1+ Azp)

(15)

here 71 (K), Az, (m), pr(kg m’3), and C; (J kgl K 1) are, respectively, the temperature, thickness, density,
and specific heat capacity of material layer L. G [L—l, L (W m~2) is the conductive heat flux between layers L — 1
and L at timestep ¢, where k1., (W m! K!) is the conductivity between layers L — 1 and L. Temperatures (77,
(K)) of the material layers (L from 1 to the deepest layer) are solved at each time step for each triangular patch.
Then, the patch surface temperature at the next time step (Tl.’ *1) is solved using the energy balance equation
(Eq. 9), where the conduction term for the FDM is given by Eq. (16). The inner extreme of the patch substrate
is bounded by an internal temperature that is imposed/simulated depending on the physics under investigation.
In this study, the internal object temperature varies according to the #2fire growth model, representing the heat
release rates of typical burning items versus time (see below)

(T~t+1 _ Tll)

06, = —kiAi—

16
0.5Az; (16)

In Eq. (16), ky (W m~! K™1), 7! (K), and Az;(m), are, respectively, the conductivity, temperature, and
thickness of the first material layer below the surface, and A; (m?) is the surface area of patch under consider-
ation.

t2-fire growth model
The ¢2 fire growth model for defining the internal heat input is given by the following formulations:

ap(t—1,)> t,<t<u,
OFi = af(tip—1,) to <t <1lg (17)
ot (tong — 1)> td <t < tena

here o ¢ is a fire growth coefficient, oy is a fire decay coefficient, f, is the time to onset of ignition, f;, is the
level-off time, #; marks the time at which decay begins, and #.,,; denotes time when the internal heating process
is terminated. More details about this model can be found in [18].

Governing equations for the DNS model

The governing equations for the fluid flow field are the non-dimensional incompressible Navier—Stokes equa-
tions with the Boussinesq approximation,

Vu=0 (18)
ou 12 .

— 4+ V@) =—-Vp+—V u+Ri® (19)
dt Re

90 +uVe ! V2® (20)
—_ u —

ot RePr

In these equations, u(x, t) is the fluid velocity with x and ¢ representing the location vector and time, p is the
dynamic pressure, ® is the non-dimensional temperature defined as ® = (T — To) / (Tinax — Too) With T, T,
and T, being the instantaneous temperature, free-stream temperature and maximum average temperature of
the sphere during the smoldering process Re = Uy, D/v is the Reynolds number, Pr = v/« is the Prandtl
number, and Ri = gBATD/ Ugo is the Richardson number. v is the kinematic viscosity, D is characteristic
length scale, Uy is the free-stream velocity, « is the thermal diffusivity of the fluid, g is the gravitational
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constant, B is the coefficient of thermal expansion, and AT is the difference between the spatially averaged
surface temperature of the sphere at an instant (7' ,,,) and the free-stream temperature (7).

The one-way coupling between the DNS and CeTMP model was through handling the thermal boundary
condition for the flow phase. In this process, the wind velocity local to each patch was first found from DNS
of the flow past a non-heated sphere at the selected Re (= 500) then provided to the convection heat transfer
coefficient equation (%;) to find convective heat transfer exchanges (Eq. 13) in the energy balance analysis.
The simulated surface temperature of each patch (7;) in CeTMP was then provided to Egs. (19) and (20) as a
boundary condition for each triangular mesh element of the immersed boundary surface at each time step of the
simulation. This process allows for setting a spatiotemporally variable Dirichlet thermal boundary condition
over the sphere.

Appendix B: Domain and grid sensitivity analyses

Table 2 below presents the results of our domain sensitivity analysis conducted using three different domain
sizes (Dom A, Dom B, and Dom C) at Re = 500. To ensure a convergence in this sensitivity analysis, the time-
averaged drag coefficient of the sphere served as the error metric. The percentage change in the drag coefficient
due to variations in the domain size is reported in the last column of the table. The minimum grid spacing
(Amin) near the sphere surface was kept constant for all the three domain sizes. These analyses indicated that
the first increment in the domain size from Dom A to Dom B led to a 2.17% change in the Cp, while the
second increment from Dom B to Dom C resulted in a small change of 0.96% in Cp. It should be noted that,
however, the computational expenses significantly increased with the second domain size increment, leading
to the selection of Dom B for further analysis.

Table 2 Influence of the grid resolution on the drag coefficient

Domain Domain size Grid number Amin Mean Cp % change in Cp
Dom A 20D x 8D x 8D 236 x 189 x 189 0.005 0.5621 —

Dom B 24D x 10D x 10D 248 x 197 x 197 0.005 0.5499 2.17

Dom C 26D x 16D x 16D 254 x 217 x 217 0.005 0.5446 0.96

Table 3 Influence of the domain size on the drag coefficient

Grid Grid number Amin Mean Cp % change in Cp
Grid A 220 x 140 x 140 0.0078 0.5406 —

Grid B 248 x 197 x 197 0.005 0.5499 1.72

Grid C 273 x 251 x 251 0.0031 0.5551 0.95

A grid sensitivity analysis was performed using Dom B to ensure the accuracy of the results. Three different
grid resolutions (Grid A, Grid B, and Grid C) were considered as detailed in Table 3. The considerably small
error in the estimation of the drag coefficient between Grid B and Grid C resolutions indicates that Grid B is
fine enough to accurately capture the flow dynamics of the present problem. Given the large computational
expenses of the finest grid setup (Grid C), Grid B was chosen for the present analysis.
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