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Chemical reactions in porous media play a pivotal role in various biological, environ-
mental, and engineering applications, yet understanding flow-chemistry coupling within
pores remains an outstanding challenge. This article examines a parallel between how
chemical reaction fronts are impacted by (i) turbulence in unconfined flows, and (ii)
hydrodynamic dispersion in porous media flows, even at laminar flow conditions. A
regime diagram is constructed from which hitherto overlooked regime transitions are
identified. The results are expected to improve our understanding of pore-scale coupling,
with implications relevant to a broad range of applications.
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Introduction. Flows of chemically reactive mixtures in porous media are of fundamental impor-
tance to a wide range of engineering systems, as well as biological and environmental applications,
which include clean energy technologies [1], biofuel reactors [2,3], power generation [4], and
filtration combustion [5,6]. These flows are primarily governed by the physical coupling occurring
at the pore scale between hydrodynamic dispersion and chemistry, especially when reaction fronts
propagate fast enough to neglect the interphase heat exchange [7,8].

In porous media flows, momentum exchange governs the dispersion, which itself controls the
transport and mixing of chemical species [9]. With increasing velocity, the flow transitions from
laminar to inertial steady conditions, before evolving into unsteady and turbulent conditions, which
are characterized by the integral velocity fluctuations u; and integral length-scale /. For nonreactive
flows, the Reynolds number is sufficient to describe these flow regimes, where it is defined at the
pore scale as Re, = U,D/v, with D the characteristic pore size, v the kinematic viscosity, and U,
the interstitial flow velocity related to the Darcy velocity Up via U, = Up/e, with ¢ the porosity
[10].

In reactive flows, the chemistry introduces another set of physical parameters critical to the flow
regime: the chemical length scale §. and laminar reaction speed Sy [11-13], with a corresponding
time scale 7. = §./S; and Damkohler number Da = 1; /7. = (S /u;)(1/8). For unconfined turbu-
lence, a transition is known to occur from a regime of weak turbulence-chemistry interaction to a
regime of strong coupling as the Karlovitz number, Ka, exceeds unity [14,15], where Ka is defined
as Ka = 7. /7y, with 7, = [, /U, being the turnover time of the smallest flow scales of size /,, and
velocity U,,.

Despite a detailed understanding of both hydrodynamic dispersion, and turbulence-chemistry
interaction, we still lack a unified theory to describe the regimes of reactive flows through porous
media. As a result, despite the many experimental and computational studies investigating these
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flows, the regimes of flow-chemistry interaction are rarely characterized, and critical transitions are
often overlooked. In particular, while experimental evidence indicates the importance of unsteady
dynamics of reaction fronts [16], their propagation at Reynolds numbers exceeding 900 is still
analyzed under the hypothesis of laminar flow-chemistry interaction [17].

This article addresses this issue by analyzing the fundamental pore-scale interaction between
dispersion and chemistry across a wide range of coupling regimes. Specifically, by combining
theoretical analysis, previously published experimental data, and new numerical simulations, we
show that hydrodynamic dispersion impacts reaction fronts similarly to turbulence in free flows,
even at nominally laminar flow conditions. While this parallel was first hypothesized from a
purely theoretical perspective [18], so far only a few flow conditions were interpreted in light
of turbulent combustion regimes [12]. Here, we explore the underlying coupling over a broad
range of inertial and chemical conditions, with Re, varying from 20 to 2120 and D/§. from
0.67 to 5.3. In particular, the reaction front wrinkles in the Darcy flow regime (Re, < 50) [4,19-
217, and in creeping flows (Re, < 5), the interstitial velocities can be described by Gaussian or
exponential distributions [22]. Our analysis focuses on the inertial flow regimes most relevant to
practical applications (Re, 2 50), where flows feature unsteady vortex shedding, jet impinging, and
intermittent turbulence [5,8,11,13,16,17,23-25]. From extensive parametric variations, we identify
a transition in the flow-chemistry coupling and fundamental scaling laws that hold true across
regimes. Building upon these findings, we propose a regime classification for reactive flows in
porous media that integrates the established regimes of both inertial flows in porous media and
turbulence-chemistry interactions in unconfined flows.

Method. We perform detailed pore-resolved simulations of a reactive mixture flowing within
2D arrays of adiabatic cylinders with diameter D and constant porosity ¢ = 0.7. The focus on 2D
flows enables a comprehensive analysis across multiple physical regimes, whereas 3D simulations
remain limited to a few operating conditions [8,11,17,24,26,27]. Imposing adiabatic wall boundary
conditions isolates the hydrodynamic interaction from the conjugate heat transfer that can lead
to superadiabatic conditions [11], ignition-assisted propagation [13], and thermal quenching and
instabilities [16,17].

Twenty-one numerical calculations of reactive flows are performed by solving the fully com-
pressible reactive Navier-Stokes equations with a mixture of methane and air considering a one-step
reaction CHy + 20, — CO; + 2H,0, which is chosen to represent a general chemical reaction
front. The multispecies transport equations are discretized using an unstructured finite-volume
scheme, with a transport equation accounting for differential diffusion with a mixture-averaged
diffusivity for each species [28]. The Knudsen number is below 0.001, and only continuum
mechanics is considered.

The chemical kinetics are described with a single-step Arrhenius equation with a forward
reaction rate in mol/(m®s) equal to ky = [Xcw,1[Xo,]"/*A exp{—E,/RT}, where [Xcy,] and [Xo,]
are the molar concentrations of CH4 and O,, E, = 20 kcal/mol is the activation energy, and
A =1.1x 10" cm*? mol~!/?2s7! is the pre-exponential factor [29]. The mixture equivalence ratio
is fixed at ¢ = 0.7, which yields S; = 0.23 m/s and §. = 0.6 mm. The reaction zone thickness §, is
evaluated from the thermal zone thickness, defined as the ratio §. = AT /max(dT /dx) of the change
in temperature A7 through the reaction to the maximum temperature gradient across a 1D reaction
front.

The porous media of 8§ cm long is made of randomly placed cylinders. The cylinder array is
located 2.5 cm away from the inlet and outlet of the domain simulated, which is a rectangle of
13 cm x 2 cm. The reaction front is identified by extracting isocontours of a progress variable with
a value of C = 0.85, defined from the mass fraction Yy of fuel as C = 1 — Yy /Yr,, where Yr, is the
unreacted mass fraction of CHy at the inlet [30]. Further details on the simulations are provided in
the Supplemental Material [31] and in previous work [32,33].

Pore-scale coupling processes. The primary impact of the porous media on the flow is to
introduce a no-slip condition at the fluid-solid interface, which results in shear, dispersion, and
heterogeneous distribution of kinetic energy within the pores [22,34]. In 2D, there is no vortex-
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FIG. 1. Instantaneous fields of the reaction progress C = 1 — Y /Yy, defined from the fuel mass fraction
Yp, with Y, the value at the inlet (left). The mixture flows from left to right: (a)—(c) at a fixed pore size
D/é. = 2.7 for different Darcy velocities, (a) Up/S, = 2.5 (Re, = 82), (b) Up/S. = 5.6 (Re, = 183), (c)
Up/SL = 16.4 (Re, = 539); and (d)—(f) at comparable Darcy velocities Up /S, = 2.6 & 0.2 for different pore
sizes, (d) D/8. = 0.67 (Re, = 20), (e) D/5. = 1.33 (Re, = 39), (f) D/é. = 5.3 (Re, = 185). Panel (g) zooms
into disconnected pockets of unreacted gases with C < 0.85 in (c). The porous media starts at x = 0, and only
parts of the simulated domains are shown.

stretching mechanism akin to 3D turbulence, although baroclinic torque and density changes can
also impact the 2D vorticity balance near chemical reaction fronts [29]. But the primary source of 2D
flow vorticity is through creation, and to a lesser extent destruction, at the solid boundary [35]. The
flow vorticity thus injected through the solid corrugates the reaction front, feeds its hydrodynamic
instabilities, and results in its close packing within the pores. Figure 1 presents instantaneous
contours of reaction progress for different inlet velocities and pore diameters, illustrating this
reaction-front packing and the complex flow-chemistry coupling regimes.

Figures 1(a)-1(c) shows that the front corrugation rises with increasing inlet velocity, until
disconnected pockets of unreacted mixtures propagate downstream within the reactive mixture
[Fig. 1(g)]. In contrast, for a fixed inlet velocity [Fig. 1(d)-1(f)], increasing the pore diameter has a
comparatively low impact on the corrugation intensity but leads to the formation of larger eddies,
in agreement with the higher Reynolds number. For cases with comparable Reynolds numbers, the
unsteady flow only wrinkles the reaction front for large pores [D/§. = 5.3 in Fig. 1(f)], whereas
smaller pores result in deep and narrow fingers where strong coupling effects emerge [D/§. = 2.7
in Fig. 1(b)].

To further examine these differences in flow-chemistry coupling across conditions, we evaluate
the chemical reactivity via the global consumption speed S, defined as S, = fQ wr d2/(A L puYru)
[36], where wp is the volumetric rate of fuel mass consumption, A is the cross-sectional area of
the domain, and p,Yr, is the fuel density in the unreacted mixture [13]. The time average of the
consumption speed S, indicates whether the reaction front remains anchored (Up = S,), or whether
it propagates upstream (Up < S.) or downstream (Uj, > S,) of the porous media.

For anchored reaction fronts, the folding of the reaction surface can be directly quantified from
the consumption speed by considering a linear surface density model [15,29]. The fuel consumption
rate is represented as wp = p,Yr S, X, with ¥ the flame surface density. The Lewis number is set
to unity such that the local reaction speed is independent of stretch, a common assumption for lean
methane-air combustion [29,36,37]. Then, by representing the deviation to the surface density model
by a term o, to account for super-linear chemical consumption, the budget of the instantaneous
consumption speed can be written as

Se  [oSLEdQ UC_AJ’i+A;€ o, 0
S. SiAL St AL AL S

where A? is the area of the primary reaction front, and A? is the area of disconnected reaction
pockets.
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FIG. 2. Time-averages of consumption speed S, and reaction front surface A, for the indicated pore
Reynolds number Re, in an irregular cylinder array with D/§. = 2.7. The contributions from the primary

reaction front AT and disconnected regions A‘; are separated. The dashed line indicates the linear increase in

consumption from flamelet corrugation according to S./S; = fo /A1, and above which the additional term
computed as 6./S; = S./S. — Ay /A corresponds to a superlinear chemical consumption.

Figure 2 presents time-averaged budgets of the terms defined in Eq. (1) for the simulations
shown in Figs. 1(a)-1(c) with varying inlet velocities. For low corrugation levels, the chemical
consumption increases nearly linearly with the flame surface, a characteristic of weak coupling:
dispersion wrinkles the reaction zone without affecting its inner structure, and the linear surface
density model is valid, because o,./S; <« 1. This weak coupling regime therefore appears similar to
the free-turbulence regime of corrugated reaction fronts, or wrinkled flamelets [38].

In contrast, at high levels of corrugation, the enhancement in chemical reactivity exceeds the
relative increase in flame area. The corrugation of the primary reaction front then accounts for
only 60 — 70% of the chemical consumption S,/S;, thus deviating from the linear surface density
model. In fact, two unsteady physical processes emerge, resulting in a transition to a regime of
strong dispersion-chemistry coupling.

First, the separation of pockets of unreacted gases downstream of the primary reaction front starts
to contribute significantly to the total flame area, as measured through the disconnected area term

AL;. in Eq. (1). This term increases with increasing inlet velocity, reaching a contribution A_? /AL of

up to 20% of the chemical consumption S./S; for anchored reaction fronts. Similar pockets form in
pulsating laminar flows [39] and in free turbulence [40,41].

Second, the chemical reactivity intermittently increases far beyond what is predicted by the
linear surface density model, especially when reaction pockets separate from the primary reaction
front (Fig. S1 in the Supplemental Material [31]). These spikes in consumption rate are due
to the formation of elongated fingers where the flow-through time becomes comparable to the
characteristic chemical response time (Fig. S2 in the Supplemental Material [31]). The same cusps
emerge in unconfined reactive flows with significant turbulence [30].

These results show that dispersion in porous media influences the chemistry through three
distinct processes: front corrugation, pocket separation, and cusp formation. The stretch of the
reaction front represents a fourth possible coupling process, although it does not impact chemical
consumption here given the unity Lewis number. In unconfined 2D and 3D turbulent flows, the
same four processes also govern turbulence-chemistry interactions [30,40], thus indicating direct
similarities between how free turbulence and hydrodynamic dispersion in porous media impact
chemical reaction fronts. We note one major distinction, however: in the 2D flows simulated,
dispersion altered the chemistry at steady flow conditions with static reaction fronts, as well as at
unsteady laminar flow conditions that resemble unconfined pulsating flows. Our analysis of reaction
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FIG. 3. Spatial mean of the turbulent Reynolds number Re; at the integral scale as a function of pore-
scale Reynolds number Re, for different inlet velocity, cylinder diameter, and array disorder. The dashed lines
indicate the correlation u; = aU,,. For reactive flows, statistics are only acquired upstream of the reaction front.
For the nonreactive flows, the statistics are acquired from the first and last 1.6 cm within the porous media. The
colored symbols correspond to nonreactive flows reported in the literature [42—44].

front curvature and flow strain also suggests differences in the response to stretching. For non-unity
Lewis numbers, the porous media would induce a mean positive stretch from flow strain, such as in
turbulent flows, but a mean negative stretch from curvature (see Figs. S3 and S4 in the Supplemental
Material [31]), unlike the mean zero distribution observed in free turbulence [37,38].

Impact of chemistry on dispersion. Reciprocally, chemical reaction fronts also alter the pore-scale
flow dynamics and inertial regimes. Here, we first identify nominal transition baselines in inert
flow simulations: Darcy flows are observed for Re, < 50, while unsteady flow behavior arises for
Re, > 150 (see Figs. S5 and S6 in the Supplemental Material [31]). Pore-scale turbulence develops
for Re, > 300 [10] and behaves similarly to free isotropic turbulence for Re, > 1300 [10]. Note
that these transition values vary depending upon the porous media 2D or 3D configuration, porosity,
and Reynolds number definition.

In our reactive flow simulations, the transition outside the Darcy regime is unchanged upstream
of the reaction front (Re, = 50), despite a more viscous flow downstream with a ratio of dynamic
viscosity pg/p, = 3.45 [12,29]. But the inherently unstable reaction front triggers an early transi-
tion to unsteady flows at Reynolds numbers below Re, = 100 for anchored reaction fronts, and as
low as Re, = 20 for upstream propagating fronts, well below the nominal Re, = 150 transition. We
refer to this regime as the pulsating reaction regime, since the unsteady reaction front feeds velocity
fluctuations despite remaining anchored on average.

At higher Reynolds numbers, the flow becomes increasingly unsteady. To quantify this in-
crease, we evaluate the integral velocity fluctuations u; = Vk from the turbulence kinetic energy

k = (W)2?/2, where (w')? is the time variance of the flow velocity averaged over the pore space.
For this calculation, the statistics of the velocity field u are acquired upstream (C < 0.02) and
downstream (C > 0.98) of the reaction front for the flow region within the pores. In the reaction
front brush, the statistics are weighted with the duration over which C < 0.02 or C > 0.98.

In unsteady inert flows, the intuitive scaling u; = aU,, with o constant is supported by velocime-
try measurements [42—44]. With « = 0.3, the results shown in Fig. 3 confirm that both literature
measurements and our inert simulations are valid within a factor of two over an entire range of flow
conditions, from Re, = 15 to Re, = 5000. Furthermore, previous 3D simulations indicate that the
same scaling also holds for reactive flow conditions, with u; measured upstream of the reaction front
[8,11]. Here, we evaluate this hypothesis over a wide range of reactive flow conditions. Figure 3
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shows that u; ~ 0.3U, indeed holds across regimes: from laminar pulsating reaction flows with
Re, = 20 to significantly more unsteady flows with Re, = 2120.

These results suggest that the turbulence kinetic energy added to the flow by the unsteady
dynamics of the reaction front compensates for the higher viscosity downstream of the reaction
front. Overall, the pore-scale interactions between dispersion and chemistry remain predominantly
one-way coupled, where the prevailing impact of dispersion onto the pore-scale chemistry resembles
the impact of turbulence in unconfined flows. The flow notably transitions to a strong coupling
regime in which hydrodynamic dispersion significantly alters the reaction front.

A criterion for strong pore-scale coupling. In unconfined turbulent flows, strong turbulence-
chemistry interaction is defined for Ka > 1 [45,46], with cusps forming for Ka > 20 in 3D
[30]. For homogeneous and isotropic 3D turbulence, the Kolmogorov cascade governs the energy
transfer to the viscous scale characterized by time-scale tx, velocity-scale ug, and length-scale
Ix (uglg/v = 1). From the 5/3 rate of the Kolmogorov energy cascade, the Karlovitz number
is commonly evaluated from integral-scale flow properties as Ka = t./tx = (u;/S1)**(8;/1)"/2.
This expression is fundamental to our understanding of turbulence-chemistry interaction, and the
differences among the regimes of corrugated flamelet, thin reaction zone, and broken reaction zone
[45.46].

In porous media flows, turbulence features integral eddies that scale with the pore size [ = D
over wide ranges of Reynolds numbers, as evidenced by the unity Strouhal number characteriz-
ing vortex-shedding in tube bundles [47]. This scaling is due to the no-slip wall condition that
prevents turbulent kinetic energy transport across pores [48—50] and the introduction of velocity
fluctuations at the characteristic pore-length scale through hydrodynamic dispersion. In the limit
of high Reynolds number (Re, > 1300), pore-scale 3D turbulence asymptotically resembles 3D
turbulence in unconfined flows [49,50]. The Ka > 1 criterion for strong coupling is therefore likely
to remain valid. However, in the transitional regime (Re, < 300) the turbulence cascade is not yet
activated, and eddies are as large as the pores. Therefore, from these considerations, we propose that
strong pore-scale coupling in the transitional flow regime is determined by the theoretical criterion
7. > 7, = Il /u;, thatis Da < 1.

In the 2D flows simulated, there is no vortex stretching, and the turbulence times at the viscous
and integral scales remain equal independently of Reynolds numbers. As such, Ka > 1 and Da < 1
are equivalent (see Eq. (S4) in the Supplemental Material [31]). In contrast, there is vortex-stretching
in 3D and, as the Kolmogorov cascade establishes with increasing Reynolds number, 3D turbulence
resembles that of a channel flow with viscous boundary layers [50]. This suggests that the theoretical
3D criterion denoting strong turbulence-chemistry interaction asymptotically converges from Da <
1 to Ka > 1 as turbulence develops.

Regime diagrams of flow-chemistry coupling. We develop the regime diagram shown in Fig. 4 to
simultaneously describe the unsteady flow regimes and the flow-chemistry coupling at the pore scale
using chemical, flow, and pore-length scales. On this diagram, constant values for the pore-scale
Reynolds number Re,, the turbulent Reynolds number Re;, the Damkohler number Da, and the
Karlovitz number Ka correspond to diagonal lines that delineate the flow regimes (see Egs. (S5)—
(S8) in the Supplemental Material [31]).

The flows simulated in this work are indicated in Fig. 4, where Ka = 1/Da given the 2D nature
of the flows considered and the fundamental difference between 2D and 3D turbulence. Even
though there is no vortex stretching in 2D, significant amounts of flow vorticity are injected at
the solid boundaries in the flows simulated. Thus, unlike in unconfined 2D reactive flows for which
chemistry-generated turbulence is the only source of vorticity creation [29], reactive flows in porous
media feature, even in 2D, complex unsteady dynamics characterized by vorticity creation and
destruction. To consider the implications of this work for 3D conditions, a separate Karlovitz line
defined from the 3D Kolmogorov cascade is added in Fig. 4, although future work is required to
validate these implications.

For the 2D flows simulated here, the diagram in Fig. 4 shows that all cases featuring superlinear
chemical consumption fall within the Da < 1.3 region, which is reasonably consistent with the
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FIG. 4. Regime diagram of reactive flows in porous media populated with the flow conditions simulated
in this study and those examined in literature experiments (black dots, see Fig. S7 in the Supplemental
Material [31]). Regions of strong dispersion-chemistry coupling are indicated with brown shadings. The
Reynolds transition values are obtained from nonreactive simulations, and the lines shown are for o = 0.3,
v=1.6x 107 m?/s, S, =23 cm/s, and §, = 0.6 mm. The colored symbols indicate simulations with re-
action fronts propagating upstream (in red, U, < S,), or downstream (in blue, Up > S,). Cases for which
S./S. > 1.15A; /A, are denoted as superlinear. The symbols enclosed in squares correspond to the cases shown
in Fig. 1. The locations of symbols are offset by up to 10% for readability.

proposed criterion. In addition, since strong coupling is activated by unsteady hydrodynamics, we
expect only weak coupling at steady flow conditions. This hypothesis is confirmed by the steady
reactive flow at Re, = 32 and with a linear chemical response, despite a low Damkdohler number
(Da = 0.4). Therefore, the transition between weak and strong regimes of dispersion-chemistry
interaction is delineated by the line Re, ~ 50 marking the transition between steady and unsteady
pulsating reaction flows with anchored fronts, and by the lines of unity Damkohler and Karlovitz
numbers, indicating whether or not the reaction front structure is altered by flow perturbations.
The simulations also support that anchored reaction fronts transition to upstream propagation when
aU,/S. < 1, confirming that the critical anchoring velocity is relatively independent of pore size
[25].

To visualize the regime distribution relevant to practical applications, the flow conditions exam-
ined in 11 experimental studies from the literature are also indicated in Fig. 4, based on the scaling
laws [ = D and u; = aU, (see Fig. S7 in the Supplemental Material [31]). This diagram shows that
practical flow conditions can cover widely different regimes, for instance, for significantly larger
pore sizes [6,16], or high-pressure conditions with chemical length scales changing by a factor of
six [6,11,51]. Yet, most practical applications fall between the laminar steady and transitional flow
regimes near Da =~ 1 and are thus likely to feature a regime transition in the dispersion-chemistry
coupling.

Porosity can also vary widely, from 0.1 in geological flows to 0.9 in reticulated foams, whereas
in this paper it is kept constant at 0.7. A systematic study of the role of porosity and porous media
connectivity is beyond the scope of this paper, but the theory developed can provide some insights
for discussion. First, the interstitial velocity and Reynolds number definition used in the regime
diagram are dependent on porosity. Reducing the porosity at constant Darcy flux thus increases
the interstitial velocity fluctuations, which could trigger a regime transition. Second, the constant
« and the Reynolds transition values from this paper are likely to depend on porosity, such that
alternative Reynolds number definitions may prove more adequate depending on the application
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[21]. Furthermore, at low porosity values, the pore size becomes only a fraction of the solid grain
size. In this case, regime predictions may be more reliable by relating the turbulence-integral length-
scale to the pore size, instead of the characteristic solid size as done in this paper.

Conclusions. This article presents a theoretical framework to understand reactive flows in porous
media. Simulation results indicate that pore-scale dispersion and unsteady hydrodynamics can, even
at laminar pore-scale flow conditions, impact the flow-chemistry interaction to an extent comparable
to unconfined turbulence. A diagram is thus developed to evaluate the pore-scale coupling regimes
from direct parameters of the chemistry, flow, and porous media. In particular, this paper shows that
Da < 1 is a required condition for strong coupling in 2D flows, while in 3D flows, the proposed
theory suggests that only the weaker condition Ka > 1 is necessary. Because the complexity of
reactive flows in porous media stems from the regime-dependent nature of the underlying physical
processes, this regime diagram could become instrumental in our understanding of these flows and
relevant to a broad range of applications.
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