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A B S T R A C T

The ability to accurately predict the structure and dynamics of pool fires using computational simulations is of
great interest in a wide variety of applications, including accidental and wildland fires. However, the presence
of physical processes spanning a broad range of spatial and temporal scales poses a significant challenge for
simulations of such fires, particularly at conditions near the transition between laminar and turbulent flow.
In this study, we examine the transition to turbulence in methane pool fires using high-resolution simulations
with multi-step finite rate chemistry, where adaptive mesh refinement (AMR) is used to directly resolve small-
scale flow phenomena. We perform three simulations of methane pool fires, each with increasing diameter,
corresponding to increasing inlet Reynolds and Richardson numbers. As the diameter increases, the flow
transitions from organized vortex roll-up via the puffing instability to much more chaotic mixing associated
with finger formation along the shear layer and core collapse near the inlet. These effects combine to create
additional mixing close to the inlet, thereby enhancing fuel consumption and causing more rapid acceleration
of the fluid above the pool. We also make comparisons between the transition to turbulence and core collapse
in the present pool fires and in inert helium plumes, which are often used as surrogates for the study of
buoyant reacting flows.

1. Introduction

Accurately predicting and understanding the structure and dynam-
ics of pool fires is of great interest in a wide variety of applications. In
accident scenarios, unplanned releases of liquid fuel can, for example,
produce unexpected self-sustaining flames. Without proper risk miti-
gation, the ensuing flames can damage nearby materials and possibly
promote rapid flame propagation, leading to catastrophic events. In
wildland fires, solid material scattered throughout forests acts as a fuel
source and, in many cases, the resulting fires are similar to liquid pool
fires due to the importance of buoyancy effects in driving both flows.

Many researchers have focused on improving predictive capabilities
for pool fires [1] with a primary emphasis on constructing empirical re-
lationships and validating computational simulations against available
experimental data [2–4]. However, simulations of pool fires are made
challenging by the presence and coupling of various physical processes
spanning wide spatial and temporal scale ranges. These processes in-
clude buoyancy-generated turbulence [5,6], small-to-large scale kinetic
energy transfer [7], heat transfer due to gas-phase combustion [8], and
soot and radiative transport [9].
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In addition to these processes, many pool fires include both laminar
and turbulent regions, leading to potentially large variations in mixing
and HRR. This dual behavior is exemplified by the fact that, even
for laminar conditions, pool fires exhibit large-scale vortex shedding
at a scale equivalent to the pool diameter (i.e., associated with the
puffing instability). At the same time, when the local Reynolds number
becomes sufficiently large, viscous dissipation occurs at increasingly
fine scales [10]. The resulting scale separation poses challenges for
coarse simulations with subgrid-scale (SGS) models of unresolved phe-
nomena, as in Reynolds-averaged Navier–Stokes (RANS) approaches or
large eddy simulations (LES). Many SGS models rely on large Reynolds
number arguments and the net downward cascade of kinetic energy,
neither of which are generally applicable for all pool fire conditions and
regions. As a result, accurate modeling of pool fires typically requires
finely-resolved LES [9,11] to reduce the reliance on SGS models, but
even then, most such models still do not account for known physical
processes in buoyancy-driven flows, such as up-scale energy transfer [7,
10]. Limitations of the LES approach have been demonstrated from the
MaCFP workshop where the best modeling approaches have difficulty
matching second-order statistics against experimental data [1,12].
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In this study, we simulate methane pool fires using adaptive mesh
refinement (AMR) to directly resolve small-scale flow features. By tak-
ing this approach, we can avoid using SGS models, which are known to
perform poorly during the laminar-to-turbulent transition that typically
occurs at the inlet [6]. The computational savings and fine resolu-
tions enabled by the use of AMR further allow us to more accurately
represent chemical processes by directly solving finite-rate chemical
kinetics equations, as opposed to using flamelet, progress variable, or
eddy dissipation concept approaches [9]. Although AMR has been used
extensively in other turbulent combustion problems (e.g., statistically
stationary one-dimensional flames [13] and laboratory-scale slot burn-
ers [14]), it is still quite new to simulations of plumes [10,15] and
fires [16]. Moreover, due to the AMR, the present study is the one of
the first to perform numerical simulations of turbulent pool fires with
detailed chemistry [17].

Here we perform simulations of three different methane pool sizes
to understand fire dynamics as the flow transitions from laminar to
turbulent. By simply increasing the pool size, the near-field puffing
instability undergoes a transition to turbulence, which would normally
be difficult to model accurately using traditional modeling approaches.
From the simulations, we examine how first-order statistics and stream-
wise fluxes are affected as mixing is enhanced by the onset of Kelvin–
Helmholtz fingering and core collapse. We then compare the present
simulations with the helium plumes of Meehan et al. [18,19] in an
effort to align the parameters that dictate when inert and reacting
plumes undergo transition to turbulence; this is particularly impor-
tant, for example, since some lower-fidelity modeling approaches could
incorporate this transition in turbulence models for LES [20].

The remaining text is organized as follows. A summary of the
numerical simulations is provided in Section 2. Visualizations and
statistics of the fires are presented in Section 3. In Section 4, we
discuss how to recast the parameters dictating transition to turbulence
in inert helium plumes for application to the present reacting plumes. In
Section 5, we highlight conclusions and important directions for future
work.

2. Numerical simulations

We simulate methane pool fires by solving the three-dimensional
(3D) low-Mach multi-species reactive Navier–Stokes equations using
PeleLMeX [21], an exascale hydrodynamics code built on AMReX,
a software framework for block-structured AMR [22]. PeleLMeX is
a second-order accurate (in space and time) finite volume code. We
took advantage of the highly-scalable infrastructure incorporated into
PeleLMeX to simulate the plumes across 165 nodes using Department
of Defense computing resources. In total, 40–50 million CPU hours were
required to perform the simulations shown herein.

The governing equations and numerical calculations are discussed in
the publicly available code repository [21]. The only difference in the
present simulations, as compared to the public code, is the inclusion of
buoyancy effects here. This results in an additional term, (𝜔 ε 𝜔

ϑ
)𝜀𝜗,

on the right hand side of the momentum equation, where 𝜔 is the
local fluid density, 𝜔

ϑ
is the density of the ambient air, and 𝜀𝜗 is the

gravitational acceleration. Chemical reactions are modeled using DRM-
19, a multi-step mechanism with 20 species and 84 reactions that has
been reduced from the full GRI 1.2 mechanism [23]. The mechanism
has been shown previously [24] to provide a good balance of fidelity
and computational cost.

The pool fires are modeled in cubic computational domains of size
(6𝜛)

3 where 𝜛 is the diameter of the circular pool through which
methane is injected. We consider three different pool diameters: 𝜛 =

6.25 cm, 12.5 cm, and 25.0 cm, which we will refer to as D1, D2,
and D3, respectively. A summary of the simulations is provided in
Table 1. In each simulation, we used an underlying base mesh of 2563
and refined up to three additional levels using AMR up to a height

of 𝜚ϖ𝜛 = 4, where 𝜚 is the vertical coordinate extending perpendic-
ularly upward from the pool. The grid is refined during the AMR
procedure based on cell-to-cell density differences and heat release rate
(HRR). Visualization of the AMR is provided in the first column of
Fig. 1. With AMR, the resulting finest grid resolution was 0.73 mm.
Overall grid cell counts in the simulations ranged from roughly 25
million for the smallest case to 100 million for the largest case. It
is important to note that we consider the resolution of 0.73 mm to
be well-resolved but do not consider this to be equivalent to direct
numerical simulations (DNS). The present simulations do not resolve
all of the scales extending into the dissipation range and full flame
physics, where we would expect resolutions on the order of 0.1 mm
to be necessary [25]. Rather, the present simulations capture large-
scale mean and global quantities necessary to support the conclusions
herein. At the smallest scales, numerical dissipation acts as a form of
effective eddy viscosity [26], relieving the need for an explicit SGS
model. Our previous work [18] indicated a resolution of approximately
2 mm was sufficient for convergence of mean and fluctuating quantities
(e.g., root-mean-square of velocity fluctuations, puffing frequency) for
inert plumes of similar buoyancy characteristics. Additional resolution
was required, however, for convergence of higher-order gradient terms
(e.g., enstrophy budgets). The increase in viscosity due to combustion
for the present simulations is only expected to lower the local Reynolds
number and support the sufficiency of 0.73 mm.

The presence of the flame introduces a new scale compared to
the inert helium plumes that needs to be sufficiently well-resolved in
order to capture the appropriate buoyant production in the pool fire.
The integrated HRR may be regarded as a representative quantity. We
conducted three additional simulations (not shown here) of D1 with
double the height of the computational domain to ensure no methane
was convected out of the domain. The finest resolution of the three sim-
ulations was 1.5 mm, 0.73 mm, and 0.37 mm. The respective average
integrated HRR were calculated as 2.61 kW, 2.99 kW, and 3.04 kW,
indicating the flame is well-resolved using the present 0.73 mm of
resolution. Furthermore, we performed corresponding simulations of
one-dimensional counterflow diffusion flames in Cantera and found the
peak HRR spanned 2 – 4 mm, roughly equivalent to 3 – 6 fine grid cells.
Instantaneous flame normal profiles from the present simulations found
a similar number of cells spanned the peak HRR.

In the simulations, methane is injected into quiescent air through a
round inlet at the bottom of the domain at velocity 𝜍

0
= 2 cm/s, and

both the initial methane and air temperatures, 𝜑
0
and 𝜑

ϑ
, respectively,

are set to 300 K. The inlet is modeled as a Dirichlet boundary condition
with pure methane transitioned to pure air at the inlet edge according
to a hyperbolic tangent profile [18]. A Dirichlet boundary condition
is preferred here over a convective/diffusive boundary condition to
better compare with simulations performed by Meehan et al. [18] in
Section 4, but the development of turbulence is expected to be similar
between the different boundary conditions. The ambient pressure is
atmospheric with an imposed hydrostatic pressure gradient as a result
of the gravitational field, with 𝜀𝜚=ε𝜀, where 𝜀=9.81 mϖs

2 is the mag-
nitude of the gravitational acceleration. The remaining five boundary
conditions are modeled as open Neumann boundaries, allowing air to
freely be entrained or combustion products to exit the domain. The
non-dimensional Froude, Richardson, and Reynolds numbers based on
inlet conditions are provided in Table 1 for each of the cases and are
defined, respectively, as Fr

0
= 𝜍

0
ϖ(𝜀𝜛)

1ϖ2, Ri
0
= (1 ε 𝜔

0
ϖ𝜔

ϑ
)𝜀𝜛ϖ𝜍2

0
,

and Re
0
= 𝜔

0
𝜍
0
𝜛ϖ𝛻

0
, where 𝜔

0
and 𝛻

0
are the density and viscosity

of methane. These cases are designed to span a range of turbulence
conditions, from laminar, to transitional, to fully turbulent flow.

To reach a statistically stationary state, we initially injected methane
at 300 K for approximately 0.1 s. We then rapidly increased the methane
temperature at the inlet to 2400 K for 0.2 s to ignite the pool fire,
then dropped the temperature back to 300 K. This procedure allows the
methane and air to mix, ignite, then produce a self-sustaining flame.
After this procedure, we allowed the flame to continue to develop for
2–3 s before beginning data collection for analysis. The total amount
of simulation time analyzed in each case is provided in Table 1.
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Fig. 1. Instantaneous fields of density (𝜔), temperature (𝜑 ), heat release rate (HRR), and magnitude of vorticity (𝜕) (left to right) for D1, D2, and D3 at the ℵϖ𝜛=0 plane. The
first column also shows the locations of finest AMR levels in red and intermediate AMR levels in gray (note that the boxes represent AMR levels and do not show the grid itself,
which is much finer). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1
Physical and simulation parameters for the three methane pool fire simulations performed in the present study.
Simulation Diameter (𝜛) Fr

0
Ri

0
Re

0
Domain size AMR Levels Sim. time Est. CPU

D1 0.0625 m 0.0255 680 71.1 (0.375 m)
3 1 15.0 s 2.5 m h

D2 0.125 m 0.0181 1360 142.2 (0.75 m)
3 2 10.0 s 8.4 m h

D3 0.25 m 0.0128 2721 284.5 (1.5 m)
3 3 7.0 s 35 m h

3. Results

Fig. 1 shows instantaneous fields of 𝜔, 𝜑 , heat release rate (HRR),
and vorticity magnitude, 𝜕=(𝜕𝜗𝜕𝜗)

1ϖ2 where 𝜕𝜗 is the vorticity vector,
for D1, D2, and D3. Qualitatively, these fields show that as the diameter
increases, the flow transitions from laminar to turbulent. The smallest
diameter pool, in case D1, has highly organized spatial structures that
are symmetric about the ℶ axis. For D2, the vortex shedding structure is
still quite organized for 𝜚ϖ𝜛∱ 1 but does not exhibit the same symmetry
as seen in D1. For larger 𝜚ϖ𝜛, the flow becomes more chaotic with
the formation of smaller scale irregular features. Lastly, the fields for
D3 show the effects of air penetrating downward towards the inlet,
where we see increased temperature and HRR at the base of the pool
fire near the inlet. This penetration is associated with core collapse at
the inlet [9] and leads to changes in the puffing behavior of the flow
[19].

3.1. Puffing instability

The puffing instability is a global instability that forms due to rapid
buoyancy-driven acceleration of low density fluid into higher density
fluid, producing large-scale vortical structures [29]. Early experimental
research on axisymmetric reacting pool fires found that there is a strong
correlation between the pool diameter and oscillation frequency, ℷ ,
which can be expressed as ℷ = 0.48 (𝜀ϖ𝜛)

1ϖ2 [27]. This relation was
later written in non-dimensional form as [28]

St = 0.48Frε1
0

, (1)

where St =ℷ𝜛ϖ𝜍
0
is the puffing Strouhal number. An important char-

acteristic of the scaling relationship in Eq. (1) is its robustness through
the transition to turbulence. Moreover, non-dimensional parameters
beyond Fr

0
seem to have either a small or negligible effect on St,

including the Reynolds number [18].
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Fig. 2. Temporal properties of cases D1, D2, and D3 from (a) time series of vertical velocity ℸ𝜚 at 𝜚ϖ𝜛=0.5 along the centerline, (b) power spectral densities of the signals in (a)
normalized by the peak magnitude, and (c) computed St for the present cases compared against the relation in Eq. (1) [27,28].

Fig. 3. Time and azimuthal averages of 𝜑 (left column), log
10
(HRR) (center column),

and 𝜕 (right column) for D1 (top row), D2 (middle row), and D3 (bottom row), where
(⋛) is a time and azimuthal average.

To evaluate St in the present simulations, we extracted a time series
of the vertical velocity (ℸ𝜚) at 𝜚ϖ𝜛 = 0.5 along the centerline (i.e., for
ℶϖ𝜛 = ℵϖ𝜛 = 0); Fig. 2(a) shows segments of the resulting time series
for D1, D2, and D3. Using the full time series, we computed the power
spectral densities shown in Fig. 2(b) and compare the peak frequencies
with the experimental relation from Eq. (1) in Fig. 2(c). Fig. 2(a)
shows very regular puffing cycles for D1 that become more erratic as 𝜛
increases (i.e., in D2 and D3). Overall, Fig. 2(c) shows that the puffing
frequencies computed here agree well with Eq. (1), providing validation
of the AMR approach for the present pool fires.

3.2. Azimuthal averages

The temporal and azimuthal averages of 𝜑 , HRR, and 𝜕 shown in
Fig. 3 reveal further substantial differences between the different pool
fire cases. There is a broadening of the region over which the average
temperature is elevated as the pool diameter increases. Concentrations
of increased temperature are located in the shear layer region along
the fuel-air mixing region. This region can be easily identified for
the entire vertical region shown for D1 and D2; however, D3 only
shows this for a very confined region near the pool surface. This is a
result of the turbulent eddies penetrating into the core of the plume,
often referred to core collapse [9] or Rayleigh–Taylor spikes [18,19].
For inert plumes, this simply corresponds to increased mixing rates

Fig. 4. Temporal averages of (a) methane mass fraction, (b) temperature, (c) vertical
velocity, and (d) heat release rate per unit volume along the centerline (i.e., at
ℶϖ𝜛 = ℵϖ𝜛 = 0) as a function of height above the pool inlet (𝜚ϖ𝜛) for cases D1, D2,
and D3.

downstream. For reacting plumes, core collapse results in increased
mixing of fuel and oxidizer, allowing for increased overall reaction
rates. This consequence can be seen in the average HRR fields in Fig. 3,
where there is increasingly large HRR along the centerline and near the
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inlet as the diameter increases. Spatially-integrated values of HRR over
the entire domain yield values of 2.7 kW, 10.6 kW, and 39.8 kW for
D1, D2, and D3, respectively.

The average vorticity magnitude fields in Fig. 3 highlight two
important features of pool fires. First, when the flow is laminar or
transitional, the maximum vorticity is confined to the shear layer region
at the edge of the pool fire. For the turbulent pool fire (i.e., D3),
however, the maximum vorticity is primarily controlled by small-scale
turbulent fluctuations, which primarily occur along the centerline; this
can also be seen in the fields shown in Fig. 1. Second, there are very
large concentrations of vorticity near the pool surface where there is
rapid flow contraction. With increasing diameter, this region becomes
more confined to the pool surface. When considering pool fires where
the fuel surface is a liquid, there will be very strong coupling between
the gas and liquid phases [8]. Modeling this behavior using a wall-
modeled approach in RANS or LES would likely be very challenging
using standard approaches, particularly in the presence of other factors
like wind [11].

3.3. Centerline profiles

As shown in Section 3.2, a consequence of the increased mixing
along the centerline is that there is an increase in burning near the
base of the pool fire. To emphasize this further, we show the average
temperature, methane mass fraction, vertical velocity, and HRR along
the centerline (i.e., ℶϖ𝜛=ℵϖ𝜛=0) for all three pool diameters in Fig. 4.

As the pool diameter increases, Fig. 4(a) shows that methane is
consumed more quickly as a function of downstream distance. This is a
consequence of the increased pool size leading to more chaotic condi-
tions, resulting in increased mixing and chemical reactions. Similarly,
temperature in Fig. 4(b) increases more rapidly near the base of the
plume. With increased temperatures in the combustion products, there
is a stronger buoyant force that accelerates the fluid upwards, as can be
seen with increases in ℸ𝜚 near the base of the plume. Additionally, while
there is no unified framework to determine flame height from simu-
lations (unlike experiments which typically use intermittency [30]), a
flame height could be estimated from temperature contours [11] or
diminished HRR [31]. Using 𝜑 ϱ 1000 K, the flame height may be
estimated for D3 as 𝜚ϖ𝜛 ϱ 2.6 for D3. This value is substantiated by
the HRR decreasing at this height and is consistent with predictions
using correlations from Heskestad [32].

This observation of increasing centerline vertical velocity with in-
creasing diameter is in contrast to the findings of [19] for inert helium
plumes. In [19], the observation of core collapse resulted in decreased
velocity near the pool surface because this additional mixing increased
the local density and the Rayleigh–Taylor spikes were able to penetrate
downward into the core. For pool fires, mixing from the downward
(air) spikes accelerates heat release, providing negative feedback to the
development of vertical velocity. Therefore, we expect there to be a
transition for a given fuel composition that results in a balance between
the downward momentum of the spikes and the increase in buoyancy
due to reactions.

3.4. Vertical fluxes

Integral models derived from the Navier–Stokes equations are valu-
able in approximating first-order global statistics (e.g., mass entrain-
ment, flame height, etc.) in buoyancy-controlled fires [33]. Typically,
these models are developed by considering a control volume and inte-
grating across the relevant surfaces, forming a system of equations of
significantly lower dimension that can be used to provide reasonable
estimates of flow properties or to enable more efficient parameter space
explorations.

To inform the development of these integral models when consid-
ering the laminar to turbulent transition, we compute the buoyancy
and mass fluxes ∲ and∳, respectively, for the present simulations and

Fig. 5. Computed values of the (a) buoyancy flux ∲ from Eq. (2) and (b) mass flux
∳ from Eq. (3) as functions of vertical distance above the pool inlet (𝜚ϖ𝜛). The fluxes
are normalized by their respective inlet values ∲

0
and ∳

0
, and the mass entrainment

scaling relationship ∳ϖ∳
0
ς 𝜚ϖ𝜛 from Delichatsios [33] is shown in (b).

show them normalized by their inflow values as a function of vertical
direction 𝜚ϖ𝜛 in Fig. 5. These fluxes are defined as

∲(𝜚) = 𝜀 ⨋
ϑ

0

(𝜔
ϑ
ℸ𝜚 ε 𝜔ℸ𝜚)2⊳⊲ d⊲ , (2)

∳(𝜚) = ⨋
ϑ

0

𝜔ℸ𝜚2⊳⊲ d⊲ , (3)

where (⋛) denotes a time and azimuthal average. Fig. 5(a) shows that
although there are significant increases in burning near the inflow,
there is no resulting difference in ∲ϖ∲

0
until approximately 𝜚ϖ𝜛 ϱ 1.

Beyond 𝜚ϖ𝜛ϱ1, ∲ϖ∲
0
for D3 is slightly larger than that of D1 and D2,

but near 𝜚ϖ𝜛ϱ4, ∲ϖ∲
0
is similar in all cases. This difference is almost

entirely due to differences in fuel consumption rates. That is, ∲ begins
to level off for D3 because most of the methane has been burned while
D1 and D2 still have methane present in the flow (as shown in Fig. 4).
Since the total buoyant flux is proportional to the fuel flux, or ∲

0
, the

rate of buoyancy generated is increased by core collapse (observed in
D3) in the region between 𝜚ϖ𝜛 ϱ 1 ε 4. Future work is required to
determine whether radiation and soot in transitional regimes will affect
this result.

The mass fluxes in Fig. 5(b) are also sensitive to the transition to
turbulence. Once the linear scaling relationship develops near 𝜚ϖ𝜛 ϱ

0.1, a consistent discrepancy between the three simulations is observed.
This indicates that the structure of the vortex roll-up near the base of
the plume causes variability in the amount of air entrained, although
the rate of entrainment, d(∳ϖ∳

0
)ϖ d(𝜚ϖ𝜛), is relatively constant

beyond 𝜚ϖ𝜛 ϱ 0.1. An important note is that the discrepancy is not
solely dictated by the presence of core collapse since there is also a
discrepancy between D1 and D2 where core collapse is not observed.

4. Discussion

The results in Section 3 show that as the diameter of the pool
increases, the flow transitions from laminar to turbulent with increas-
ing inlet Reynolds (Re

0
) and Richardson (Ri

0
) numbers. However,

the introduction of chemical reactions adds ambiguity when defining
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appropriate controlling parameters, since the inlet properties are no
longer representative of the source of buoyancy (i.e., hot combustion
products) in pool fires.

As a result, here we seek alternative Richardson and Reynolds num-
ber definitions that are more directly connected to the source of buoy-
ancy in pool fires, but that also allow comparisons with transitional
values of Re

0
and Ri

0
in inert plumes (for example those identified in

Ref. [18]). Being able to consistently predict these transitional values
is extremely important in terms of modeling pool fires because (i)
insufficient resolution of the numerical grid will suppress this vortex
breakdown mechanism [10], (ii) the production mechanisms associated
with kinetic energy and enstrophy can change substantially, and (iii)
low-fidelity modeling may need to account for changes in subgrid
processes [20]. A comparison between inert and reacting plumes to
understand transition to turbulence has not been done before.

Here we propose Reynolds and Richardson numbers with dimen-
sional parameters more pertinent to reacting plumes. First, a natural
substitution of the inlet density (𝜔

0
) would be 𝜔ℷ , the density of hot

products with temperature 𝜑ℷ resulting from an adiabatic, stoichio-
metric reaction. Because the puffing instability is driven by buoyancy,
𝜔ℷ would be the most buoyant local density of the flow. It should
be noted that any reasonable replacement of 𝜔

0
will only modestly

affect Ri, since 𝜔
ϑ
is usually much larger than 𝜔ℷ , making (1 ε 𝜔ℷϖ𝜔ϑ)

nearly always close to unity. Next, we maintain the pool diameter 𝜛
as the relevant length scale since, for both inert and reacting plumes,
the puffing vortices are of comparable size, particularly in the laminar
and transitional regimes, independent of whether the plume is reacting
or not. We replace 𝜍

0
with 𝜍ℷ , the flame speed of the stoichiometric

mixture. This seems most appropriate since in reacting plumes, 𝜍ℷ 0
𝜍
0
and this is the velocity most relevant in the shear layer prior to

the acceleration by buoyancy. Lastly, we continue the use of 𝛻
0
, the

viscosity of the fuel. This can be justified by noting that the primary
reason for the plume to transition to turbulence is due to the presence
of core collapse, and since core collapse occurs just above the inflow,
𝛻
0
should be more appropriate than 𝛻ℷ in defining the most relevant

local fluid viscosity.
From these arguments, we propose two new definitions of Richard-

son and Reynolds numbers that allow transition in the present cases to
be compared directly with inert helium plumes:

Riℷ =

⌋
1 ε

𝜔ℷ
𝜔
ϑ

⌈
𝜀𝜛
𝜍2

ℷ
, (4)

Reℷ =

𝜔ℷ𝜍ℷ𝜛
𝛻
0

. (5)

These formulations yield the values of Riℷ and Reℷ provided in Table 2
for the present cases.

We compare these with the values of the helium plumes from Mee-
han et al. [18]. Based on the analysis in Section 3, D1 was found to be
laminar because there was no core collapse and a single peak was found
in the PSD of puffing frequency. The middle case, D2, is considered
transitional since there is no core collapse but the spectrum was much
broader. Finally, D3 is turbulent since core collapse causes very chaotic
motion at the base of the plume. Comparing the corresponding values
of Riℷ and Reℷ directly to Meehan et al. [18] yields an identical
classification of the plumes. For example, Riℷ = 3.2 for D1, which is
near the lowest value of Ri

0
studied in Meehan et al. [18], but the

value of Reℷ for D1 is below the critical Re
0
value from [18] where the

flow switches from laminar to transitional. Hence, D1 could have been
anticipated to be laminar by computing Riℷ and Reℷ and comparing
directly to the inert helium plumes.

There are a number of important consequences of this result in
terms of SGS modeling. In both RANS and LES, a priori knowledge
of the transition point is necessary to adjust the SGS modeling ap-
proach [34]. The present analysis would minimize the required number
of simulations of reacting plumes to build these empirical correlations,
and instead leverage knowledge of transition in inert plumes. Even a

Table 2
Values of Riℷ and Reℷ from Eqs. (4) and (5), respectively, for
the present cases. The type of flow indicated here is determined
by comparing Riℷ and Reℷ to the values of Ri0 and Re

0
for the

inert plumes of Meehan et al. [18].
Simulation Riℷ Reℷ Type

D1 3.2 335 Laminar
D2 6.4 671 Transitional
D3 12.8 1342 Turbulent

dynamic procedure for LES modeling may need to consider this sup-
plementary information despite zero turbulent viscosity in the laminar
regions [35]. Exploring how SGS modeling is related between reacting
and inert plumes is left as future work.

5. Conclusions and future work

In the present study, we conducted three high-resolution 3D numer-
ical simulations of gaseous methane pool fires with different diameters
to study how the flow dynamics change as the pool fire changes from
laminar to turbulent. To ensure that small-scale structures were well-
resolved, we used adaptive mesh refinement to dynamically refine the
mesh where chemical reactions and strong vortices were present.

Through a detailed analysis of the resulting pool fires, we showed
that the flow was distinctly laminar, transitional, and turbulent for the
smallest, middle, and largest diameter pools, respectively. The analysis
showed that when core collapse is present in the turbulent plume, there
is an increase in vertical velocity just above the pool surface relative
to laminar or transitional puffing instability despite the presence of
downward penetration of ambient air; this is contrary to what was
found for helium plumes [19]. Additionally, transition to turbulence
was found to impact the near-field buoyancy flux and rate of fuel
consumption, and also significantly impacted the entrainment of the
air very close to the pool surface. Finally, we made direct comparisons
of the present reacting plumes to the inert plumes of [18] through the
formulation of relevant non-dimensional numbers to help predict when
pool fires will transition to turbulence.

While the present results were enlightening in terms of better under-
standing the transition to turbulence, significantly more work needs to
be done. In the future, we would like to perform additional simulations
that include more detailed physics and geometric representations of
the pool fires (e.g., radiation, boundary surfaces, etc.). We would also
like to use these simulations for further physical analysis of integral
equations for flux estimates and small-scale quantities to improve
subgrid-scale modeling. Specifically, these simulations could be used to
inspect errors associated with classic subgrid combustion or turbulence
models, such as flamelets [9]. Further physical analysis of the kinetic
energy dynamics may suggest novel SGS models need to incorporate
known features of buoyant flows, such as upscale energy transfer and
anisotropic small scales [6,10].

Novelty and significance statement

This study outlines one of the first set of pool fire simulations
that directly resolve small-scale processes, including finite-rate multi-
step chemistry and resolved, rather than modeled, small-scale turbulent
mixing. This is accomplished through the use of adaptive mesh refine-
ment which allows us to refine localized regions of the flow where
significant chemical reactions and turbulent structures are present.
Based on an analysis of the resulting simulations, we demonstrate how
the transition to turbulence in pool fires affects major statistics such
as centerline profiles, azimuthal averages, and streamwise fluxes. Most
notably, we find that this transition causes significant increases in
mixing near the pool surface, resulting in changes to each of these
statistics. Additionally, we connect the non-dimensional parameters
that dictate the transition to turbulence in the present reacting plumes
and in inert helium plumes.
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