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Abstract

Two-dimensional simulations of detonation interaction with gravity-driven
diffuse interfaces, separating reactive mixtures and inert gas, were performed
using the CLEM-LES methodology. The dynamics of the interactions were
characterized and detonation failure and re-initiation mechanisms were de-
scribed. Triple point transmission seems to be a characteristic feature of
these configurations, and is responsible for both, quenching and re-ignition,
within the diffuse interface. Results show that regions where the interface
is thicker yield lower critical cell size gradients and vice versa. The average
critical gradient found for the cases considered is 0.54, higher than the value
of 0.1 reported in literature. The extension of the limit appears to be a direct
consequence of the cellular dynamics within the diffuse interface.
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CLEM-LES, numerical simulation

1. Introduction

Studying detonation-interface interactions is relevant to industrial safety
where upon accidental leaks/releases, layers of reactive and inert gases may
form due to differences in molecular weight of the gases and/or insufficient
mixing. The highly non-uniform conditions generated within the combustible
cloud, as well as along its boundaries impose limitations on detonation prop-
agation. Particularly, the presence of a diffusion layer at the edge of the
cloud has been reported to increase the height of reactive layer required for
successful propagation [1].

While detonation propagation limits in uniform mixtures has been studied
extensively, non-uniform mixtures have received less attention [2]. This is
mainly due to the experimental challenges associated with defining critical
conditions for the latter. The characterization of the layer thickness at the
interface where strong variations in equivalence ratio and dilution exist, as
well as the specification of a unique cell width, A, is not straightforward.

Gaseous detonations exhibit a characteristic cellular structure, which ef-
fectively describes the motion and collisions of transverse waves passing along
the wave front forming triple points. Traditionally, detonations have been
characterized as having either a regular or an irreqular structure. Regular
detonations have very structured patterns with cell widths that can be un-
ambiguously determined. Irregular detonations on the other hand, exhibit
stochastic-looking structures where various length scales are present [3-5]. A

is directly correlated to the reactivity of the mixture where smaller \ values



are associated to faster reaction rates. As a result, A increases drastically
for mixture compositions away from stoichiometry or with high dilution lev-
els [6].

Detonation-interface interactions can be classified by comparing A with
the interface thickness, 0. A sharp interface occurs when \ > § whereas
a diffuse interface occurs when A\ < § or A ~ §. Here, we are interested
in numerically investigating the latter configuration in which the interface
is generated by the opening of a sliding valve separating reactive from inert
mixture. Small differences in molecular weights between the mixtures and
buoyancy, result in a gravity current that forms a reactive layer whose re-
activity gradually changes with height. The gradients in concentration lie
perpendicular to the direction of detonation propagation, except at the head
of the gravity current where gradients are parallel to the wave propagation.

Studies of detonation propagation into fuel concentration gradients aligned
with the wave direction are numerous [7-11]; for gradients that lie perpen-
dicular to it research is rather sparse [12-15]. Moreover, most, if not all,
published numerical work to date is concerned with oversimplified scenarios
in which only a few detonation cells are resolved, and has not been validated
by nor compared with published larger-scale experiments.

In this manuscript we numerically examine the dynamics of detonation-
diffuse interface interactions (following experiments in which industrially rel-
evant scales are considered [14]), investigate failure/re-initiation mechanisms
and report critical conditions for quenching within gravity-driven diffuse lay-

ers.



2. Computational methodology

2.1. Governing equations and models

Simulations were conducted using the Compressible Linear Eddy Model
for Large Eddy Simulation (CLEM-LES), a relatively new approach to mod-
elling highly compressible and reactive flows. A detailed account of the
methodology used, including the same mathematical formulation adopted
here, can be found in [16]. Additional details regarding the methods per-
formance and limitations are included in [17]. Here, for completeness, we
provide a brief description. The flow is described by LES-filtered Navier-
Stokes equations for a reactive calorically perfect gas. All state variables
are normalized using the properties of the quiescent reactive mixture. The
turbulent viscosity and dissipation are modeled according to

1/ 2 \32 ) ofsas\ 32
Vt:%(SC@) VEks9s A, e:W(BCR) /A (1)

where A is the minimum grid spacing (equal to the LES filter size), k®%°
is the subgrid kinetic energy, and C, is the Kolmogorov number, a model
parameter that requires calibration. The closure of the filtered reaction rate,
w, is achieved using the CLEM subgrid modeling strategy [16]. The micro-
scale mixing and chemical reaction are handled entirely on the sub-grid,
through a supplementary simulation of a 1D sample of the flow field within
each fully refined LES cell. For details on the system of equations solved on
the sub-grid see [16].

A first order single-step Arrhenius reaction, ¥ — P, is assumed, whose
heat release is (), and net consumption rate of reactants is given by w =

—pAY exp(—FE,/T); E, and A are the activation energy and pre-exponential
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factor, respectively. Only the reactants mass fraction (Y) is transported,

with values of zero corresponding to combustion products and/or inert gas.

2.2. Model calibration

For the single-step chemistry adopted, the model parameters, Q/RT,n =
23.64 and E,/RT,y = 5.47, were tuned to reproduce the correct post-
shock ignition delay times, Ti,q, for a fuel rich ethylene-oxygen mixture
(2.5C9H4+3032) at an initial pressure and temperature of p, = 11 kPa and
T, = 300 K. The ratio of specific heats (7 = 1.126) was determined at the
detonation von-Neumann state (T, = 1975 K) for a shock travelling at the
CJ-condition. Also, the pre-exponential factor (A = 1.33 x 10®s7!), and
diffusion coefficients (v = 2.54 x 10~*m?/s, P. = 0.77, P,, = 1, and Le = 1)
were chosen such that the one-step model reproduced the correct half reac-
tion length (A;/2 = 0.1 mm), as well as the laminar flame speed at post-shock
conditions, for a shock traveling at 50% of the theoretical CJ speed for the
given quiescent mixture (S;, = 6.64 m/s at Mp = 0.5M¢y), see [16, 17] for
details. This post-shock state was selected in order to have a measurable
flame speed prior to auto-ignition of the gas. The reference values for 7,4,
Ay/, and S, were determined with Cantera [18] using a chemical kinetic
mechanism specifically designed for Cy and Cj chemistry [19]. Finally, C,
and A (the LES filter size) required calibration to reproduce the average
experimental cell size corresponding to the fuel mixture considered. The av-
erage cell structure obtained did not change beyond A = A, /2/8, with the
finest grid resolution of A;/,/128 achieved on the CLEM subgrid, and a Cj,
value of 1.5. Figure 1 shows a numerically obtained soot foil for a detonation

propagating into a uniform reactive mixture (no inert-gas interface present)
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Experiment:

Figure 1: Numerical soot foil (left) compared to experiment [20] (right) in 2.5CoH4+305.
Cell sizes: Agim = 2.35 mm; Aeyp = 2 mm. Scale: 1 cm = 1004 /5.

compared to scale with an experimental soot foil extracted from [20]. A mean
cell size of g, = 2.35 mm was found by postprocessing the numerical data
using an autocorrelation procedure [21]; Agn agrees well with the average

reported value of Aexp = 2 mm.

2.83. Domain, initial and boundary conditions

The total domain size of each simulation was 6100 to 8100 half reaction
lengths (A;/2) long (z = 0.61 to 0.81 m) by 1000 A/, high (y = 100 mm).
This was nearly to scale with the experiments in [14, 20, 22|, which had a
test section height of y = 150 mm. The initial conditions were generated in a
separate simulation in which an initially vertical interface separating reactive
mixture (2.5CoH4+305) and inert gas (Ny) was allowed to evolve naturally as
a gravity current for 5 s to characterize its behavior. Accounting for molecu-
lar weight differences and buoyancy were necessary to mimic the sliding valve
configuration used in [20]. To properly resolve the mixing/diffusion layer, a
mixture averaged diffusion model based on computing binary diffusion co-
efficients from kinetic theory of gases was implemented [23]; this solver has
been recently used in a hot surface ignition study performed by one of the

authors [24]. The propagation speed of the head of the gravity current and



the spatial horizontal /vertical growth of the interface throughout the domain
were tracked during the simulation, and found to be in very good agreement
with the values reported in [20] using a resolution of 10 points/Aep (see
Fig. 2). The spatial variation in mixing layer thickness, and their average
values taken at 1 and 2.2 s after the opening of the sliding valve are also
reported in Fig. 2. The gravity current from which the diffuse interface orig-
inates is computed resolving all the relevant scales using no-slip boundary
conditions at the walls, and captures the Kelvin-Helmholtz instabilities that
develop during its evolution as shown by the eventual roll-up of the interface
visible in Fig. 3. Finally, the mass fraction of nitrogen, Yy,, was used to map
the gravity current simulation results to ¥ via Y =1 - Yx,.
Detonation-diffuse interface interactions were investigated using the grav-
ity current fields at two different times (see Fig.3). In each case, a correspond-
ing ZND profile was initialized in the first 100 A,/ with D = 1.1D¢; in order
to overcome startup errors. The subsequent detonation front was permitted
to propagate up to x = 2000A,/, before encountering the interface, such
that its quasi-steady velocity and cellular structure is established. Symmet-
ric boundary conditions were specified on the top and bottom boundaries,
while a no-slip wall boundary was specified at x = —1004A, /5. Note that for
the detonation simulations, buoyancy effects were neglected since the char-
acteristic propagation velocities of detonation waves (uge; ~ 103 m/s) are
four orders of magnitude higher than those of gravity currents at the scale
considered here (ug. ~ 107! m/s). Simulations were run using 250 processors

per case and took approximately 250,000 CPU hours in total.
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Figure 2: Characterization of gravity current for determining initial conditions - Top:
propagation speed of head of gravity current, ug, vs. time. Bottom: interface vertical
thickness, dy, vs. distance normalized by gravity current’s head position, x¢, at the time

considered.
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Figure 3: Initial fields for detonation-diffuse interface interactions. Dark regions represent
reactive fuel-oxidizer mixture (Y = 1); white regions are inert gas and/or detonation

products (Y = 0).



3. Results and Discussion

3.1. Flow structure: experiment vs. simulation

Figure 4 shows a qualitative comparison of the flow structure numerically
predicted with that visualized experimentally [20]. The fields shown are those
for a detonation interacting with the gravity current in Fig. 3b. The main
features of this wave complex are: (i) a curved detonation front; (ii) a trans-
mitted oblique shock wave (TS); and (iii) a trailing turbulent mixing zone
(TMZ). Note that due to confinement a Mach reflection, a transverse and

reflected shock wave are also visible. The simulations offer additional insight

Experiment (Lichermman, 2006):

Simulation:

inert gas

transtiticd
shock wave
o

Turbulent
Mixing Aone

roducts | inert gas .
B pig reactive -

detonation front Has

4500 3y, 5000 5500 6006

Figure 4: Qualitative comparison of experimental [20] and numerical flow structure. Ex-

perimental viewing window: 150 mm diameter; simulation domain height: 100 mm.

by distinctly showing regions within the TMZ where chemical reactions are
active (red areas) caused by the TS processing a layer of decreasing reactiv-

ity. This is in contrast with the flow structure observed in detonation-sharp
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interface interactions where no chemical activity is present in the TMZ be-
cause the TS processes a layer of inert gas only [20]. In the latter case, the
TMZ merely serves as an interface that separates burned from shocked inert
gas. The flow structure for detonation interaction with the gravity current
at t = 1 s is essentially the same except that the TMZ and TS angles are
slightly lower when measured using the standard convention (i.e. counter

clockwise from positive x—axis).

3.2. Owverall dynamics

Numerical soot foils were obtained by tracking the vorticity magnitude
maxima in the computational domain, per cell at each time step. They pro-
vide a time history of the triple point trajectories during detonation trans-
mission through the diffuse interface, and allow to determine regions where
local quenching and re-initiation events occur. The full detonation-diffuse
interface evolution for detonation interaction with the gravity current at
t =1sandt = 2.2 s after the opening of the sliding valve is shown in Fig. 5a
and b, respectively. In both soot foils, triple-point transmission is observed
with an associated increase in cell size. The main physical mechanisms that
contribute to the cell size increase are unsteady expansion waves [25] com-
ing from the diffuse interface, and the decreasing reactivity of the mixture
along the diffuse interface (Y < 1) which physically arises from changes in
equivalence ratio and dilution that take place during the development of the
gravity current itself. The end result of these two processes is a reaction rate
reduction due to expansion induced cooling for the former, and variations in
total energy content for the latter. Bear in mind that the results presented

here with the single-step model used only mimic dilution variations.
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Figure 5: Numerical soot foils showing detonation-diffuse interface interaction with gravity

current at two different times after opening of sliding valve - ¢ = 1 s (top); t = 2.2 s

(bottom). Solid lines are contours of cell size gradient, VA, at 0.1, 0.5 and 1.0.

The soot foil in Fig. 5b shows the most interesting dynamics with three
distinct regions: (i) presence of runaway triple points for 3500 < x/A;/; <
4500 that subsequently decay as they approach the end of the diffuse layer
(y/A1/2 ~ 500); (ii) undisturbed propagation for 4500 < x/A;/, < 5000 anal-
ogous to that seen for detonation propagation under yielding confinement [25]
with no visible cells along the interface thickness (likely quenching), immedi-
ately followed by additional triple point transmission at x/A;/, ~ 5000, and
5500; (iii) re-initiation of the detonation, within the diffuse layer, upon col-
lision of the previously transmitted triple points with new ones at /Ay, ~
6000. These observations, in line with previous work [9, 26|, seem to suggest
that the diffuse interface thickness and its vertical concentration gradient
govern the quenching, successful triple point transmission and re-initiation

of the front within the interface.
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3.8. Critical conditions

Detonation propagation limits for uniform mixtures are typically given as
a function of a characteristic length, ¢, dictated by the configuration consid-
ered, scaled by the detonation cell size, A\. For confined tubes and channels
the critical conditions are £ > \/m and ¢ > A, respectively. For detonation
transmission from tubes/channels to open-space, ¢ is 13\ and 11\ for most
hydrocarbons, and reduces to ¢ = 3\ for high aspect ratio channels; the
latter critical value was also found for detonation propagation in stoichio-
metric hydrogen-oxygen mixtures confined by an inert layer [27], for hydro-
carbons, this value increases to £ ~ 5 — 10\ [28]. For non-uniform mixtures
such as the gravity currents considered here, determining critical conditions
poses additional challenges because the mixture reactivity changes along the
boundaries of the current making it difficult to define a unique value of .
Previous work has shown that strong gradients in reactivity are conducive
to quenching, and that these reactivity gradients can be directly mapped to
detonation cell size gradients [9, 26]. While the critical cell size gradient has
been documented to depend on the mixture thermodynamic properties, and
found to decrease with increasing F,/RT,y, as well as dimensionality [26],
the mean value reported in literature, generally accepted in the safety com-
munity, is VA ~ 0.1 [9]. For the current investigation it is not possible to
compare the critical cell size gradient directly to the experiments in [14, 20]
since such information is not available. Instead, we compare the quenching
criteria found from our simulations with those reported in [9], even though
the experimental setup used is different.

To test the validity of this metric for our case, additional simulations

12



were run for planar detonations using uniform conditions, such as that con-
ducted in Fig. 1, to map the expected increase in cell size, A, as a function
of initial reactant mass fraction, Y (i.e. reactive mixtures diluted with dif-
ferent amounts of inert gas). The results are shown in Fig. 6. The cell size
was measured both manually and automatically (using the autocorrelation
procedure described in [21]), and subsequently fitted using an exponential
function. The mathematical form of the fit was chosen based on the re-
ported experimental dependence of cell size as a function of nitrogen dilution
for ethylene-oxygen mixtures [6]. Finally, the field of cell size gradient can
be computed from the gravity current detonation simulations through the

expression VA = (d\/dY)- VY.

1000 F S 100

100 | 110

[mm]

MA]/Z

autocorrelation O

(MA,jp) =404 exp(-2.7Y)
manual measurement A
Lit‘:berman‘, 2006 ‘ o]

1 : ~ 0.1
0 0.2 0.4 0.6 0.8 1

Y

Figure 6: Detonation cell size vs. reactants mass fraction (Y) obtained by conducting

planar detonation wave simulations in uniform mixtures.

The results presented in Fig. 5, were sampled at 250 intervals along the
x/A/, axis. Representative plots of mass fraction and vorticity magnitude
maxima, together with the vertical gradient of cell size and mass fraction are

included in Fig. 7. The vertical dashed-dotted line is a visual aid indicating
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the end of the cellular structure, signaled by a drop in fluctuations in the
|w|max profile. The intersection of this line with the VA curve permits to
uniquely determine the cell size gradient at which quenching occurs. In most
cases, it corresponds to the location where the first decoupling of the shock
and reaction zone is observed in the numerical sootfoil records. Except, when

runaway triple points occur, as discussed in the next section. The samples
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Figure 7: Vorticity, mass fraction, vertical gradient of cell size and mass fraction profiles
at x/Aq /o = 4000 for detonation-diffuse interface interaction with gravity current after 1 s

(top) and 2.2 s (bottom) of sliding valve opening.

taken at x/A;, = 4000 for both detonation-diffuse interface interactions
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yield critical cell size gradients for quenching, (VA)u, of 0.52 and 0.51,
respectively. Fig. 8 summarizes all our results. The average (V)i are 0.63
and 0.44 significantly higher than the VA ~ 0.1 criteria previously proposed,
making it a rather conservative estimate for this type of scenario. Contours
of VA = 0.1, 0.5, and 1.0 are shown in Fig. 5 for reference. Note that
most of the cellular activity, including runaway triple points are enclosed

within VA < 0.5 region for both cases. Finally, the critical cell size gradient,
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Figure 8: Critical cell size gradient, VAcit, vs. normalized distance, x/A;/y, for
detonation-diffuse interface interaction with gravity current after 1 s (A) and 2.2 s (®) of

sliding valve opening.

(VA)erit, 1s plotted against the corresponding vertical interface thickness, d,,
in Fig. 9; 0, was determined at each z-location by measuring the vertical
distance between 0.1 <Y < 0.9. These two quantities seem to be inversely
correlated: thicker reactive layers require smaller cell size gradients, and vice
versa. Surprisingly, VY alone was not found to correlate with detonation

quenching through the diffuse layer.
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Figure 9: Critical cell size gradient, (VA)eris vs. diffusion layer thickness, §, /A /5.

3.4. Quenching/re-initiation mechanisms
The dynamics described in subsection 3.2 warrants a deeper investiga-
tion into the regions where quenching and re-initiation events were observed

within the diffuse interface. In Fig. 10 a close up to partial quenching is
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Figure 10: Instantaneous fields of density gradient and reaction rate overlaid on soot
foil. Close up to partial quenching, z/A;/, € [3600 — 4400]; y/Aq/2 € [200 — 600], for
detonation-diffuse interface interaction with gravity current after ¢ = 2.2 s of sliding valve

opening.

shown. Instantaneous fields of density gradient and reaction rate overlaid on

the soot foil clearly displays triple points detaching from the main detonation
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front, running away through the diffuse interface. As they propagate into a
layer of decreasing reactivity, the leading shock and reaction zone progres-
sively decouple until chemical heat release is no longer capable of sustaining
the front. The triple points and leading shock weaken as a result. In the ab-
sence of triple point reflections from the interface or top wall, the detonation

ultimately quenches within the layer. Triple point transmission seems to be
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Figure 11: Instantaneous fields of density gradient and reaction rate overlaid on soot foils.
Close up to re-initiation, x/A;/; € [5400 — 6200]; y/Aq /5 € [250 — 650], for detonation-

diffuse interface interaction with gravity current after ¢t = 2.2 s of sliding valve opening.

a characteristic feature of detonation propagation through diffuse layers, in
contrast to what is typically observed for detonation interactions with sharp
interfaces (i.e. triple point reflection) [25]. Shock transmission/reflection
phenomena is typically linked to variations in acoustic impedance ratios
across interfaces. Based on our model assumptions, however, this ratio is
unity. The triple point transmission observed is therefore due to having a
layer of finite thickness and decreasing reactivity. The gravity currents con-
sidered here exhibit a variable layer thickness (see Fig. 2). The longer the
time allowed for their development, the higher the likelihood of encountering

thicker regions where transmitted triple points, at different instances during
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the detonation-interface interaction, can coalesce and generate local thermo-
dynamic conditions conducive to detonation re-initiation (i.e. high p and T').
This can occur even if the reactivity within the layer is low. This feature is

displayed in Fig. 11.

3.5. Applicability of the reported (V) e values

In agreement with the previous experimental and numerical work cited
throughout the manuscript, and the references therein, thicker interfaces fa-
vor detonation transmission. The reported (V)i values are not to be taken
as hard limits as they vary as a function of 6, (see Fig. 9). Moreover, for
mildly irregular mixtures, there is significant uncertainty in determining a
fixed cell size, even in the absence of reactivity gradients; these variations
also need being accounted for. The generally accepted critical cell size gra-
dient of (VA)uit ~ 0.1 gives a good estimate of the regions below which
undisturbed detonation propagation takes place (see Fig 5). However, the
importance of the cellular dynamics within the layer, which had been sug-
gested but not explored in [9, 26], seems to be responsible for the higher
critical values found (see section 3.4). Finally, it is important to emphasize
that different descriptions of the chemistry in the numerical modeling may

yield different critical conditions, as was discussed at length in [29].

4. Conclusion

Two-dimensional simulations of detonation interaction with diffuse in-
terfaces were performed using the CLEM-LES methodology. The diffuse

interfaces were generated in a separate simulation that captured the gravity
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currents that develop after the opening of a sliding valve separating reactive
from inert mixture. The flow structure obtained was compared with exper-
imental results performed at industrially relevant scales, and found to be in
very good agreement. This is seldom done in the community and was possible
because of the numerical framework used. The dynamics of the interaction
were characterized and detonation failure and re-initiation mechanisms de-
scribed; triple point transmission seems to be a characteristic feature of these
configurations in contrast to what is typically observed for interaction with
sharp interfaces. Critical cell size gradients for detonation failure were com-
puted along the interface, and compared with a metric available in literature
ie. (VA)ait ~ 0.1. Our results indicate that regions where the interface
is thicker yield lower (VA)qi and vice versa. The average (V)i of both
cases considered is 0.54. Future work will focus on quantifying, in terms of
interface thickness/reactivity gradient, the limit for triple point transmission

vs. reflection.
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