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Abstract

Many investigations of detonation-based combustors have identified reactant mixture inhomogeneity as having a
leading-order impact on wave dynamics and combustion efficiency. To examine this phenomenon in a simplified
context, an array of two- and three-dimensional channel detonation simulations are conducted in the present work.
The reactant mixture consists of stratified fuel and air, wherein the randomly distributed equivalence ratio field fea-
tures a characteristic stratification length scale. Detailed chemical kinetics are implemented in an adaptive mesh
refinement solution framework where the region near the shock front is resolved with O(100) cells per representative
ZND induction length. The results show that in comparison to baseline cases with uniform reactant mixtures, reactant
stratification has a marked impact on the detonation structure. Increasing the stratification length scale increases the
size and irregularity of the detonation cells, yielding larger variations in wave speed. Triple point collisions in fuel-rich
regions lead to local wave speeds above the notional mean CJ speed, but wave passage through inert regions causes
the local wave speed and strength to diminish. Conditional statistics show that increasing the stratification length
scale increases the variance in pressure and temperature in the primary reaction zone, as well as the variance in heat
release over a range of mixture conditions. In addition to the reactant mixture, the impact of the boundary condition
behind the detonation is also investigated. The results show that an inflow boundary condition acts to over-drive the
wave, leading to higher peak pressures, smaller detonation cells, and increased reactant consumption. On the other
hand, cases with a wall behind the wave exhibit weaker waves with lower peak pressures and heat release rates, as
well as greater variance in conditional quantities. Comparisons between complementary two- and three-dimensional
simulations show reasonable qualitative agreement in wave structure, speed, and conditional statistics.
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1. Novelty and Significance Statement

The present work considers two- and three-dimensional simulations of detonations propagating through stratified
reactant mixtures using detailed chemical kinetics with O(100) cells per representative ZND induction length. To the
authors’ knowledge, it is the first study to analyze this type of configuration at this resolution and detail, as well as
the first to compare two- and three-dimensional simulations of this configuration. The results have implications for
the detonation wave behavior observed in practical propulsion and power-generating applications, such as rotating
detonation engines.
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3. Introduction

The performance and dynamics of detonative combustion systems, such as rotating detonation engines (RDEs),
are known to be highly sensitive to operating conditions and geometric factors [1, 2]. Differences in reactant mass flow
rate, injection method, and combustion chamber design have been shown to produce different numbers of detonation
waves, each of which may propagate with spatiotemporally-varying speed and strength [3—6]. The complex interplay
between discrete non-premixed reactant injection and combustion chamber wave dynamics has been shown to produce
stratified reactant mixtures, wherein regions of partially premixed reactants are interspersed amongst regions of pure
fuel or oxidizer [7-10]. This primarily arises from non-uniform suppression and recovery of the fuel and oxidizer jets
as a result of differences in plenum pressures and the position of the detonation wave relative to the injectors. Due to
the short wave cycles in these devices, there is often insufficient time for the reactants to completely mix before the
next wave arrives. As a result, the waves must process highly unsteady reactant mixtures which vary in composition
and mixedness over the span of the combustion chamber. The degree of reactant mixedness has played a critical role in
dictating wave behavior in both simulations and experiments of a number of detonative combustors. Namely, deficits
in wave speed and strength from the Chapman-Jouguet (CJ) point have been attributed to insufficient reactant mixing
[5, 11-15]. Other effects, such as mixture preburning and product gas recirculation, have also led to deficits in wave
strength and combustion efficiency [16—19], but the contributions of these competing effects are difficult to decipher
in complex full-scale configurations.

Instead, more fundamental studies can be used to investigate the effects of reactant mixedness in greater detail.
Numerous studies have been conducted in this realm, most of which fall within three general categories. The first
consists of detonations propagating through mixtures with a reactant concentration gradient parallel [20-24] or per-
pendicular [25-30] to the direction of travel. A sufficiently steep decay in fuel concentration parallel to the wave
direction can cause detonations to become unstable or quench, as the shock front decouples from the reaction zone
[20, 21]. On the other hand, transverse fuel gradients can lead to curved [25, 26] or multi-headed [27] detonation
fronts—the degree or presence of which depends on the steepness of the gradient and the mean fuel concentration. In
some such scenarios, these gradients can also lead to a localized decoupling of the detonation and delayed consump-
tion of reactants via turbulent deflagration [27, 29]. This downstream, or commensal, deflagration does not support
the propagation of the detonation, which may contribute to the sub-CJ wave speeds often observed in these scenarios
[24, 27, 29, 30].

The second category of study examining mixture inhomogeneity consists of detonations propagating along or
through layers of gas with differing reactivities. In the former setup, the detonation wave is initially propagating
through a confined primary mixture, which subsequently forms a contact surface with a secondary mixture parallel to
the wave direction. As such, there exists a step change in mixture composition in the wave-transverse direction. At
the interface, the detonation transmits a series of diftfracting wave patterns into the secondary mixture. The structure
of the diffracted waves and the potential reinitiation of the detonation in the secondary mixture depends on the relative
reactivities of the two mixtures and the degree to which the primary wave is over-driven [31, 32]. In instances where
the secondary mixture is inert or the detonation otherwise fails to reinitiate in this region, a turbulent mixing layer
develops at the mixture interface, resulting in secondary combustion downstream of the transmitted shock [33, 34].
In other configurations, an inert layer separates two reactive mixtures along the path of the detonation wave. In
general, the detonation can either become quenched within the inert region or transition to a fast deflagration and
recouple into a detonation wave once the second reactive region is reached [35]. The reinitiation of the detonation
has been linked to the thickness of the inert region and the activation energy of the reactive mixture, such that there
exists some critical layer thickness above which the detonation fails to reinitiate [36-38]. The cellular detonation
structure appears to play a substantial role in this process, as transverse wave collisions in two-dimensional simulations
facilitate detonation reinitiation for layer thicknesses much larger than in one-dimensional simulations [37]. When
many sequential reactive and inert layers are used, successive quenching and reinitiation of the detonation can be
achieved if the variations in reactant concentration are below a critical amplitude and wavelength [39]. Otherwise,
the shock front detaches from the reaction zone in a manner similar to a detonation quenching in a parallel fuel
concentration gradient.

The third category of fundamental reactant mixedness study involves stratified reactant mixtures, wherein the
detonation propagates through regions of varying fuel concentration or reactivity. These investigations are most
directly applicable to the conditions found in detonation engines, as discrete reactant injection produces pockets
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of premixed or partially-premixed fuel and air of varying length scales. As opposed to more practical canonical flow
configurations, such as detonations passing over arrays of discrete injectors [40, 41], stratified configurations allow the
length scale and composition of the reactants to be directly prescribed, thereby isolating their effects on the detonation
wave. Simulations have played a critical role in understanding these scenarios, as the characteristics of the stratified
mixture can be more easily defined and controlled. Indeed, methods akin to the production of synthetic turbulence
[42-44] can be used to generate the spatial variations in reactant concentration. Such a method was implemented by
Prakash et al. [45], who conducted three-dimensional simulations of a detonation propagating through a rectangular
channel filled with stratified fuel-air mixtures. These authors observed marked differences in the detonation front
structure when changing the integral length scale of the equivalence ratio stratification. In particular, increasing the
stratification length scale was found to increase the detonation cell size, broaden the reaction zone, and increase the
variance in wave speed and thermochemical state downstream of the wave. Zhou et al. [46] then conducted an array of
two-dimensional channel simulations, changing the root-mean-square (RMS) and integral length scale of hydrogen-
air equivalence ratio fluctuations. Both increasing the RMS with a constant length scale and increasing the length
scale with a constant RMS were found to increase the size and irregularity of the detonation cells. Increasing the
RMS was found to decrease wave speed, while increasing the length scale yielded non-monotonic behavior, wherein
the minimum wave speed was observed for the “medium” stratification length scale. Other studies have examined
stratified mixtures of different types, such as product gas dilution [19, 47] or discretized energy sources [48, 49]. In
all of these cases, the stably-propagating detonation wave is found to exhibit a different structure depending on the
spatial distribution of the reactant mixture it processes.

In these studies, the simulations necessarily incur great computational cost, as extremely fine meshes are required
to accurately resolve the leading shock, induction zone, and reaction zone of a detonation wave. Because of this,
two-dimensional simulations [36, 37, 46, 47] and single-step chemical kinetics [48, 49] are often employed to reduce
computational cost. However, full-scale detonation engines experience three-dimensional stratified reactant mixtures.
As such, in order to assess comparable flow fields in simplified canonical configurations, three-dimensional simula-
tions with detailed chemical kinetics should be conducted.

The present work aims to address this by conducting both two- and three-dimensional channel detonation simula-
tions at varying reactant stratification length scales. Adaptive mesh refinement (AMR) is implemented to resolve the
broad range of length and time scales, allowing the region near the detonation front to be simulated at a resolution
nearly an order of magnitude greater than past work [19, 45]. In particular, the detonation wave structure and propaga-
tion characteristics under different spatial fuel-air distributions are compared, and conditional statistics with respect to
quantities of interest are presented and discussed. To provide context for the effects of mixture stratification, baseline
cases with uniform reactant mixtures are presented as well.

4. Simulation setup and computational approach

4.1. Simulation setup

Each of the simulations is initialized with a detonation kernel, a uniform lead-up region, and either a uniform
or stratified region. The detonation kernel, which spans 2.5 mm from the left boundary, contains an analytically-
computed mixture of post-detonation species at the von Neumann pressure and temperature. Spanning 47.5 mm from
the end of the kernel to the stratified region, the lead-up region contains a stoichiometric H-air mixture at the ambient
conditions—0.5 atm and 297 K. Near the detonation kernel, 3000 K sparks are embedded in the lead-up region to
perturb the initial impulse and form an unsteady detonation. After the lead-up region, the reactant mixture of interest
extends from x = 0 onward. In the baseline cases, this region contains a uniform reactant mixture at the specified
equivalence ratio. In the remaining cases, this region contains the stratified reactant mixture. Similar to previous
works [19, 45, 46], the stratified mixture is generated using a scalar field analogous to mixture equivalence ratio. As
such, this mixture consists of pockets of air (¢ = 0) and rich premixed H;-air.

The stratification is generated directly in physical space via digital filtering [SO]. This is a general-purpose tool
that can be used to create independent samples of spatially coherent scalar fields at a target integral length scale from
randomly sampled noise using exponential filter kernels. For this study, the spatially-parallel digital filtering variant
introduced by Kempf et al. [51] is utilized, which is numerically equivalent to the original method of Klein et al.[50].

For scalar field generation, the main digital filtering inputs are the scalar integral length scale and the desired
range for the output field. These input parameters were taken to be the same as those used by Prakash et al. [45],
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wherein small, medium, and large stratification length scales were examined. The case details are provided in Table
1. In total, eight two-dimensional cases and three three-dimensional cases were simulated. The 2D cases examined
the same sets of three stratification length scales, along with baseline uniform mixture cases. These sets of 2D cases
differ in the boundary condition prescribed on the left boundary behind the detonation kernel. In cases 1-4, the left
boundary is prescribed as an inflow at the analytically-computed post-detonation state for ¢ = 1, pg,» = 0.5 atm, and
Tamy = 297 K. In cases 5-8, this boundary is instead prescribed as an adiabatic slip wall. Cases 9-11 again utilize the
same stratification length scales, but the simulations are 3D. These cases use the same inflow boundary condition as
cases 1-4. In all of the cases, the right boundary is prescribed as a zero-gradient outflow, and the remaining boundaries
are prescribed as adiabatic slip walls. This was done to mitigate boundary layer effects which were not of interest in
the present work. A schematic of the boundary conditions, along with the stratified equivalence ratio fields for cases
9-11, are shown in Fig. 1.

Table 1: Case configurations.

Scalar .
Integral . ER Stratified Stratified
Min. Max. | Mean Fuel
. . Left Length Standard Fuel
Dimension ER ER ER e Mass Per
Boundary Scale G | @oe) | (0 Deviation Unit Depth Mass
(L) min max ( ‘/F) [kg]
[mm] [kg/m]
Case 1 3.55
Uniform 2D Inflow - 0.65 0.65 0.65 0 <10-5 -
Case 2 2D Inflow 0.581 0 0 | 0652 | 0519 316, -
Small x10
Case 3 3.12
Medium 2D Inflow 0.894 0 0 0.657 0.561 <10-5 -
Case 4 2D Inflow 1.854 0 0 | 0660 | 0586 309 -
Large X107
Case 5 3.55
Uniform 2D Wall - 0.65 0.65 0.65 0 «10-5 -
Case 6 3.16
Small 2D Wall 0.581 0 0 0.652 0.519 <10-5 -
Case 7 3.12
Medium 2D Wall 0.894 0 0 0.657 0.561 <10-5 -
Case8 2D Wall 1854 | 0 0 | 0660 | 0586 309 -
Large X107
Case 9 2.46
Small 3D Inflow 0.581 0 0 0.656 0.478 - <10~
Case 10 2.35
Medium 3D Inflow 0.894 0 0 0.642 0.533 - %10-7
Case 11 3D Inflow 1.854 0 0 | 0662 | 0568 - 238
Large x10

4.2. Computational approach

The simulations are performed using an in-house block-structured finite-volume compressible reacting flow solver
adapted from the in-house unstructured code UMReactingFlow [52]. The convective fluxes are computed using the
Harten-Lax-van Leer-Contact (HLLC) scheme, while a central scheme is used for the diffusive fluxes. The time inte-
gration is performed using a third-order Runge-Kutta scheme. Detailed finite-rate chemical integration is computed
using Cantera [53] with the Hj-air mechanism of Mueller et al. [54], which consists of 9 species and 21 reactions.
This mechanism has been used for a number of hydrogen detonation simulations in the past [13, 19, 40, 45, 55, 56].

The solver is built upon the AMReX framework [57], which enables adaptive mesh refinement (AMR) via user-
defined tagging criteria. In the present simulations, the spatial pressure gradient is used to identify regions for refine-
ment. The base computational mesh consists of 1024, 256, and 32 cells in the x-, y-, and z-directions respectively,
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Figure 1: Initial equivalence ratio fields in cases 9 (top; small), 10 (bottom left; medium) and 11 (bottom right; large). The computational domain’s
dimensions are described in relation to the integral length scale (L) for each case.

yielding base mesh resolutions of 146.5 ym, 156.3 um, and 237.5 um in each of these respective directions. The
simulations use a maximum of 5 AMR levels, wherein each successive level divides the cell size in each direction by
a factor of 2. Thus, the minimum grid size utilized near the wave front is dx = 4.58 um, dy = 4.88 um, and dz = 7.42
pm. Using the Shock and Detonation Toolbox [58], the induction length for a one-dimensional detonation propagating
through a Hj-air mixture at the average conditions of the stratified region—p = 0.5 atm, 7 = 297 K, ¢ = 0.65—was
computed to be 654.6 um. As such, the minimum grid resolutions resolve this length scale with 143, 134, and 88 cells
in the x-, y—, and z-directions, respectively. To achieve these resolutions with a uniform mesh, roughly 268 million
cells in two dimensions and 275 billion cells in three dimensions are required. However, using the AMR framework,
the simulations can resolve the detonation front using roughly 1.3 million cells in the 2D cases and 1 billion cells
in the 3D cases. This illustrates the immense computational savings afforded by AMR, as the simulations would be
intractable with traditional fixed mesh techniques.

Because the grid is refined using a pressure gradient criterion, the leading and transverse shocks of the detonation
wave are refined to the maximum resolution. Buffer regions are added around the cells that are tagged for refinement,
creating refinement zones that follow the wave fronts during the simulations. When the wave traverses a reactive
mixture, the peak heat release generally occurs close to the leading shock. As a result, the refinement zones are
typically wide enough to encompass the leading shock and induction zone over which the temperature rises behind
the shock. When traversing inert mixtures, the temperature rise typically occurs further downstream from the shock
where the grid has transitioned to an intermediate refinement level. The size of the buffer region was chosen to
maintain reasonable computational cost in the 3D simulations, and the buffer region was similarly sized in the 2D
simulations to maintain consistency across cases.
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5. Results and discussion

5.1. Wave structure — 2D cases
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Figure 2: Time sequence of near-wave pressure fields in case 3.

In each of the simulations, the effects of mixture stratification on the wave structure became readily apparent as
the wave entered this region. A representative time sequence of pressure contours from case 3—the 2D case with an
inflow boundary condition and medium stratification—is shown in Fig. 2. Here, the pressure profile is shown in color,
and the H, mass fraction ahead of the wave is shown in gray scale. Gray regions signify fuel-rich regions, with an
equivalence ratio of roughly 1.3, and black regions represent regions of purely air. In this time sequence, the influence
of the stratification can be observed. Instead of the highly regular cellular structure seen in fully premixed detonation
simulations and experiments, irregular detonation cells and triple points are observed with transverse waves anchored
by the sharp gradients in fuel concentration. The formation of these cells is dictated both by the transverse movement
of the wave itself and the availability of fuel ahead of the wave. Because the speed of sound increases from roughly
346 m/s at ¢ = 0to 423 m/s at ¢ = 1.3, the compression ratio of the shock can be expected to decrease in the fuel-rich
regions. Nevertheless, this compression is still strong enough for the mixture to detonate and propel the wave forward.
Triple points propagating through fuel-rich regions maintain their strength, while triple points propagating through
broad regions of air dissipate. This contributes to the irregularity of the wave structure, which is found to increase
with increasing stratification length scale. This is illustrated by the instantaneous near-wave pressure, temperature,
and volumetric heat release rate contours shown in Fig. 3. Again, the H, mass fraction ahead of the waves is plotted
in gray scale.

In case 1, the uniform reactant mixture yields highly regular detonation cells and a spatially compact reaction zone
behind the leading shock. From a macroscopic view, the wave front appears planar. The small stratification in case
2 yields still somewhat regular cellar structure and a largely planar wave front, while the large stratification in case 4
leads to large, oblong cells and a more corrugated wave front. Indeed, all cases with large stratification were found to
exhibit galloping wave fronts, wherein portions of the wave are propelled ahead of the mean wave front position when
propagating through a large fuel-rich pocket. In the medium and small stratification cases, this galloping phenomena
is less evident, and the wave position remains more consistent in the transverse direction. In spite of these differences,
similar characteristics can be seen for all of the cases shown in Fig. 3. The use of AMR near the wave front allows the
induction zone to be captured, yielding a well-defined region behind the shock front where the temperature and heat
release rate are low. Farther downstream, reactions are able to progress in regions where fuel is available, leading to
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Figure 3: Instantaneous near-wave pressure, temperature, and heat release rate fields for cases 1 (far left), 2 (center left), 3 (center right), and 4 (far
right).

localized pockets of heat release and temperature increase. In case 2, the small stratification is found to yield a more
consistent distribution in heat release across the wave in the transverse direction. As the stratification length scale
increases, regions of low heat release—and consequently, relatively low temperature—are observed along the wave
front. The highest pressure and heat release are typically observed when opposing triple points collide in fuel-rich
regions, leading to a locally-explosive behavior that is increasingly apparent as the stratification length scale increases.
These localized differences, observable across the detonation waves’ trajectories, are depicted via numerical soot foils
in Fig. 4. Here, the 2D cases with the inflow boundary condition are plotted in the left column, and the 2D cases with
the wall boundary condition are plotted in the right column. The contours are constructed by tracking the pressure at
the wave front through space and time, using a threshold of 0.2 MPa to detect the presence of the wave.

As previously discussed, the presence of mixture stratification leads to irregularities in the cellular structure, and
increasing the stratification length scale increases the size and variability of the detonation cells. The trajectories of
the triple points can be readily seen, as the wave propagation is supported by the available reactants. A comparison
of the left and right columns provides insight into the effect of the left boundary condition. In cases with the inflow
condition, the wave front tends to be stronger, with higher local pressure maxima and higher mean pressure across
the domain. Also, the detonation cells tend to be smaller in these cases, with some cells splitting into a double cell
pattern. This is most easily seen when comparing the uniform and small stratification cases. Similar behavior has been
noted in other simulations of detonations in stratified mixtures [46] These findings suggest that the waves are being
over-driven by the inflow boundary condition, leading to an increase in the wave’s speed and strength. The effects on
the wave speed will be later detailed in Section 5.3.
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Figure 4: Wave front pressure histories for 2D cases.

5.2. Wave structure - 3D cases

The wave structure in the three-dimensional simulations was found to be qualitatively similar to two-dimensional
cases 2-5 with the same inflow boundary condition. Instantaneous snapshots of the pressure, temperature, and heat
release rate along the mid-plane of the domain are shown in Fig. 5. Again, irregular detonation cells are observed, with
a low temperature induction zone present at the wave front and the highest heat release occurring at transverse wave
collisions. At the instant shown, the wave in the large stratification case leans forward due to a localized increase
in wave speed. Similar to the 2D cases, this behavior is not present to the same extent in the small and medium
stratification cases, and the waves remain more planar. It should be noted again that the reactant stratification also
exists in the third dimension for these cases. Because of this, the cellular structure and wave strength are found to
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Figure 5: Instantaneous near-wave mid-plane pressure, temperature, and heat release rate fields for cases 9 (left), 10 (middle), and 11 (right).
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Figure 6: Wave front pressure histories and wave speed contours for 3D cases. Data taken along mid-plane of domain’s depth.
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fluctuate in this dimension as well. However, the slip walls bounding this depth introduce some confinement effect,
which helps to propel the wave front forward. As a result, the curvature of the wave front tends to be greater in the
y-direction, where the distance between the confining walls is larger.

The detonation cell size for the 3D cases can be seen in the top row of plots of Fig. 6. Here, the soot foil trace
is constructed on the x — y plane at the mid-channel depth. It should be emphasized that the stratified fields are not
identical in the 2D and 3D cases, i.e., the numerical soot foils are not expected to be identical. Nevertheless, similar
trends are observed, with the size and irregularity of the detonation cells increasing with increasing stratification length
scale. The effect of the stratification on the local wave speed is observed in the bottom row of Fig. 6. Here, the wave
speed is found by tracking the movement of the wave front in the x-direction along the mid-plane of the domain’s
depth. The wave speed itself is plotted in color, and fuel-rich regions are depicted by the overlaid translucent contours.
As may be expected, the regions with the highest wave speed tend to occur within or just to the right of regions where
fuel is present. In the small stratification case, the wave tends to propagate at a more consistent speed, and the regions
of comparatively low and high wave speed are correspondingly smaller. In the large stratification case, the absence
of available reactants leads to broad regions of lower wave speed, while collisions of transverse waves in fuel-rich
regions create localized explosions that propel the wave front forward. Indeed, the contours in wave speed are often
seen to follow diagonal trajectories, following the trajectories of triple points through space and time. Similar behavior
was noted in the 2D simulations.

5.3. Wave speed

As was shown previously, the reactant stratification has an observable effect on the local wave speed. In order to
assess the global impact, statistics for the wave speed are computed. For each of the cases, the wave front location
is determined at 1000 sample points across the transverse (y) direction. In the 3D cases, this line profile is found
along the depth (z) mid-plane. The x-location of this line profile is then differentiated with respect to time to compute
the wave speed. At each instant in time, the probability density function (PDF) of the wave speed is computed by
collecting all of the sample points in the y-direction. The resulting PDFs, along with the mean, standard deviation,
and 95% sample range of the wave speed as a function of x, are plotted in Figs. 7, 8, and 9. The title of each plot
gives the global average and standard deviation of the wave speed for each case. These values are computed for wave
positions between 10 mm < x < 80 mm, as the waves are adjusting to the stratification over roughly the first 10 mm
of the stratified region. For reference, the analytically-computed CJ speed for approximate mean conditions in the
stratified region—p = 0.5 atm, T = 297 K, ¢ = 0.65—is plotted as well.

Case 1 - Uniform. Inflow, 2D Case 2 - Small, Inflow, 2D Case 3 - Medium. Inflow, 2D Case 4 - Large, Inflow, 2D
Wy = 1807 £ 99 m/s Wy = 1751 £ 194 m/s Wawg = 1750 % 233 m/s Wiy = 1730 % 284 m/s 510 3
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Figure 7: Wave speed PDFs of 2D cases with inflow boundary condition. Means and standard deviations are computed for 10 mm < x < 80 mm.

In the uniform cases, the mean wave speed is roughly constant through the length of the channel after adjusting
from the stoichiometric mixture composition in the lead-up region. The PDFs are largely uniformly spaced around the
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Figure 8: Wave speed PDFs of 2D cases with wall boundary condition. Means and standard deviations are computed for 10 mm < x < 80 mm.
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Figure 9: Wave speed PDFs of 3D cases. Means and standard deviations are computed for 10 mm < x < 80 mm.

mean wave speeds, with upper and lower bounds respectively corresponding to the evolution of triple points generating
over- and under-driven portions of the wave fronts. The stratified cases, on the other hand, exhibit considerably greater
variability. In general, increasing stratification length scale decreases the mean wave speed and increases its standard
deviation. These fluctuations are akin to the variations in wave speed attributed to mixture inhomogeneity in canonical
geometries and detonation engines [5, 10, 13, 40, 41]. For all stratified cases, the PDFs tend to skew below the CJ
point, meaning that most samples taken at any given x-location are moving slower than the representative average
CJ velocity. However, the localized explosive dynamics, most evident in the large stratification cases, yield locally
super-CJ velocities which can be visualized by the upper bound of the 95% sample band. As the stratification length
scale increases, the width and fluctuations of this band tend to grow, representative of the variations in wave dynamics
and structure. While over- and under-driven portions of the wave fronts also contribute to variations in wave speed,
comparison to the uniform cases illustrates that the larger variations in the stratified cases can be primarily attributed
to the local acceleration and deceleration of the wave in the presence and absence of reactants, respectively.

As previously discussed, the inflow condition prescribed on the left boundary appears to have an over-driving
effect on the detonation waves. In the uniform 2D case (case 1), the mean wave speed exceeds the CJ speed for the
mixture by 2.9%, while in the 2D and 3D cases with corresponding stratification length scales, the waves tend to travel
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at nearly the representative CJ speed. As may be expected, the mean wave speed is also nearly equal to the CJ speed
in the uniform case with the wall boundary condition (case 5). However, the stratified cases with this condition exhibit
mean wave speeds that are 5.5-9.6% slower than the CJ speed. This lends additional credence to the idea that poor
reactant mixing can lead to lower wave speeds in detonation engines. Because of the similarities between the 2D and
3D cases with the inflow boundary condition, it is expected that a similar deficit in wave speed would be observed for
a 3D case with a wall boundary condition. This idea is further supported by the observed similarities in wave structure
and combustion dynamics, which can be quantified using conditional statistics.

5.4. Conditional statistics

A statistical perspective of combustion dynamics provides additional insight into the influence of mixture strati-
fication and its length scale. Conditionally-averaged statistics of the near-wave region were computed after the wave
front had progressed sufficiently far into the stratified region. For all of the presented cases, this was defined as x,,4,e >
10 mm. The data behind the wave front were identified by finding computational cells with pressure and temperature
above the ambient values, and the subset within 1 cm from the wave front was collected at each saved time. The
resulting collection of raw data from the computational cells was then used to compute the conditional statistics with
respect to quantities of interest.
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Figure 10: Conditional averages and normalized conditional standard deviations with respect to mixture fraction (Z). Dashed black line denotes
stoichiometric conditions (Zg).
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The average temperature and heat release rate conditioned on mixture fraction for all of the cases are plotted
in the top row of Fig. 10. These profiles provide some insight into how the combustion processes change with the
mixture conditions. In the stratified cases, it is seen that the maximum average temperature typically occurs at lean
mixture conditions, while a nearly linear relationship between mixture fraction and heat release rate is observed. The
location of the maximum temperature in mixture fraction-space is likely due to the mixing effects induced by the
detonation wave, which create a hot mixture downstream with a elemental composition more akin to the average
mixture upstream of the wave. Indeed, the mean temperatures for the uniform reactant cases are similar to those in
their corresponding stratified cases. The largely monotonic growth in heat release rate with mixture fraction may be
due to the aforementioned explosive behavior in the fuel-rich regions and lack of heat release in pockets of pure air.
However, this results in a reduction in heat release at the mean reactant composition relative to the uniform cases.
The reduced strengths of the waves in the 2D cases with the wall boundary condition are apparent here, as these
cases tend to exhibit lower temperatures and heat release over the range of mixture fractions. The cases with the
inflow boundary, on the other hand, follow similar temperature profiles at lean and rich conditions, with the largest
discrepancy occurring at higher temperatures. This is reflected in the heat release profiles, as the greatest discrepancies
between the 2D and 3D cases of the same stratification length scale typically occur between 0.15 < Z < 0.3, where
the largest discrepancies in temperature occur.

Figure 10 also displays the conditional standard deviation of temperature and heat release rate, normalized by
their conditional means. These profiles help to quantify the variance and fluctuations in the combustion processes that
occur behind the detonation front. As observed in the mean profiles, the 2D wall cases are the primary outliers in the
temperature fluctuations—in particular, the large stratification case (case 8). This is also evident in the heat release
profiles, as the variances tend to be larger with respect to their mean values in these cases. These profiles also most
clearly show the effect of the upstream conditions, as increasing stratification length scale corresponds to increasing
normalized variance of heat release for all sets of cases. In accordance with the regularity of their wave structures,
the uniform cases exhibit the lowest variances in both temperature and heat release rate at their respective mixture
fractions.

Conditional statistics of pressure and temperature with respect to distance from the wave front (d) are presented
in Fig. 11. Similar to the calculations of wave speed, the wave front is located by finding where the pressure and
temperature first exceed the ambient values. In the 2D cases, this defines the wave front curve, while in the 3D cases,
this defines the wave front surface. Once the wave front is defined, the Euclidean distance between each cell and the
closest point on the wave front is computed [59, 60]. The conditional statistics are then computed with respect to
this distance. In the conditional means of pressure and temperature, similar structures appear. For d < 107> m, the
profiles for all of the cases are similar, suggesting that the compression due to the shock affects the flow in a similar
manner. Between roughly 107 < d < 107* m, there is a plateau in both pressure and temperature, indicative of
the induction zone visible in the near-wave fields in Figs. 3 and 5. Farther downstream, there is another increase in
pressure due to transverse wave collisions, followed by a gradual decay from the expansion behind the wave. At this
point, the reactions appear to be largely complete, as the temperature tends to be roughly constant for d > 1073 m. As
in the conditional statistics with respect to mixture fraction, the 2D stratified cases with the wall condition stand as
outliers, exhibiting lower pressures and temperatures that are indicative of their reduced wave strengths. Despite these
differences, similar trends exist between all of the cases. Uniform reactants yield slightly stronger initial pressure
spikes, followed by lower pressures and higher temperatures downstream. This signifies the compactness of the wave
fronts in these cases. When stratification is present, increasing the length scale leads to transverse wave collisions
and subsequent pressure spikes farther downstream of the primary shock front. Cases with smaller stratification
length scales yield higher temperatures through the reaction zone and beyond, suggesting that the reactants are more
completely consumed in these scenarios.

The effect of stratification is also apparent in the normalized conditional standard deviations in Fig. 11. As in the
mixture fraction profiles, increasing the stratification length scale increases the relative fluctuations in the quantities of
interest—especially far downstream. For all of the cases, the variance in pressure and temperature have local maxima
in the primary reaction zone—between 107 < d < 107> m, suggesting that this is the region of the flow most affected
by the stratification. Interestingly, all of the cases exhibit local minima in their pressure and temperature variances in
the induction zone, again suggesting that the shock-based compression functions similarly in all of the waves. Larger
fluctuations are observed close to the wave front in the 3D cases, perhaps as a result of the variation in the wave
front shape in the third dimension. However, from the induction zone onward, these fluctuations are largely similar to

13



©CoO~NOUOAWNE

2800

2400

2000

1600

(T|d) [K]

" 1200

500

0 ! . 100 &¥ ! .
10°% 107% - 10-* 107 10°% 107% - 10-* 10+
d [m] d [m]

0.8 0.5

0 0
10°% 1077 - 10-* 102 10°% 109 - 10-* 102
d [m] d [m]

p-Case 1 - Uniform, Inflow, 2D -¢ Case 5 - Uniform, Wall, 2D -&-Case 9 - Small, Inflow, 3D
pCase 2 - Small, Inflow, 2D -@ Case 6 - Small, Wall, 2D Case 10 - Medium, Inflow, 3D

Case 3 - Medium, Inflow, 2D Case T - Medium, Wall, 2D -&-Case 11 - Large, Inflow, 3D
-p-Case 4 - Large, Inflow, 2D -& Case 8 - Large, Wall, 2D

Figure 11: Conditional averages and normalized conditional standard deviations with respect to distance from detonation wave (d).

those in the corresponding 2D cases. Along with higher mean pressures and temperatures, the cases with the inflow
boundary condition exhibit smaller fluctuations in these quantities compared to cases with the wall boundary. This
suggests that the support from the inflow boundary condition gives rise to a stronger, more uniform wave front, where
the stratified mixture is more completely consumed. This notion is supported by the conditional averages of species
mass fractions, shown in Fig. 12.

The cases with the inflow boundary condition exhibit lower H, and O, mass fractions through the reaction zone, as
well as correspondingly higher mass fractions of OH and H,O. In particular, the peaks in OH concentration tend to be
both higher and closer to the wave front in these cases, indicative of the more compact reaction zones. As suggested
by their mean temperatures profiles, uniform mixtures yield more complete conversion of reactants to products at a
shorter distance from the wave front. Moving to the stratified cases, the most notable outlier is again case 8—that with
the wall boundary condition and large stratification length scale. This case shows the lowest reactant consumption in
the primary reaction zone, with OH production that is much lower and more gradual. Among the remaining cases,
increasing the stratification length scale also alters the structure of the reaction zone, as reduced reactant consumption
and product species production are observed. Farther downstream, cases with small stratification length scale tend to
exhibit lower H, and O, concentrations, as well as higher H,O concentrations. Each of these findings is in accordance
with the higher downstream temperatures (Fig. 11) and the higher intensity heat release observed over the range of
mixture conditions (Fig. 10) for these configurations.
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Figure 12: Conditional averages of species mass fractions with respect to distance from wave front (d).

The agreement between the 2D and 3D inflow cases illustrate that the wave structure and combustion behavior in
these cases are both qualitatively and statistically similar for the mixture conditions investigated. In the normalized
conditional standard deviations of temperature, pressure, and heat release rate, the closest agreement is typically
observed between the small stratification cases. This may suggest that capturing three-dimensional variations in wave
structure becomes more critical when the reactant stratification length scale increases. Further analysis would be
required to assess this conjecture, as the current 2D and 3D stratified fields differ slightly as a result of the digital
filtering algorithm used to generate the initial fields. Such a finding would have implications for numerical studies
of detonation engines, such as RDEs. Namely, for operating conditions or geometries that yield highly stratified
reactant mixtures, three-dimensional simulations would be required to accurately model the detonation structure and
assess the impacts on thermodynamic efficiency, specific impulse, and other performance metrics. Furthermore, as has
been noted in previous studies [7, 9, 16-19], incomplete combustion within the detonation leaves high temperature,
partially oxidized fuel behind the wave, which can trigger parasitic deflagration ahead of the next wave. As such,
mixture inhomogeneity and its influence on detonative combustion efficiency can both directly and indirectly affect
RDE behavior. Consequently, the inclusion of three-dimensional effects may become more critical when simulating
mixing-limited practical devices.

6. Conclusions

An array of 2D and 3D channel detonation simulations were conducted in order to assess the impacts of reactant
stratification and the downstream boundary condition on the propagation and structure of detonation waves. To this
end, three stratification length scales were examined, along with wall and inflow boundary conditions placed behind
the waves. Baseline cases with uniform reactant mixtures were also considered to provide a reference for the effects
of stratification. The simulations were conducted using detailed chemical kinetics and adaptive mesh refinement, the
latter of which allowed the leading shock, induction zone, and reaction zone to be highly resolved.
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The results show that the reactant stratification has a material effect on the wave structure. As opposed to the
cases with uniform reactants, the stratified mixtures yield irregular detonation cells with size and variation increasing
with stratification length scale. Colliding triple points create a localized explosive behavior in fuel-rich regions, which
propels the wave forward at a speeds greater than the mean mixture’s CJ speed, characterizing “super-CJ” behavior.
When passing through inert regions, the strength of triple points tends to decay in the absence of local heat release.
However, transverse wave collisions help to propel the wave forward and recouple the reaction zone to the shock,
thereby preventing the detonation from quenching. It is expected that scenarios with larger inert regions may cause
the detonation to locally extinguish, as has been noted in other similar works [35-37, 39]. Soot foil patterns for the
different stratification length scales show that the distribution of fuel and oxidizer can alter the effective detonation
cell size for the mixture, a key parameter used to size combustor dimensions and injector schemes in RDEs. Smaller
stratification length scales yield more uniformly structured wave fronts, while larger length scales generate curved
wave fronts as a result of local variations in wave speed. Probability density functions of the wave speed tend to
be skewed below the CJ point, but the localized explosive behavior helps to counteract wave deceleration in inert
regions. This differs from the uniform reactant cases, where the mean wave speed and fluctuations associated with
over- and under-driven portions of the wave are consistent over the length of the channel. In stratified cases with the
inflow boundary condition behind the detonation, the mean wave speed is slightly below the mean mixture CJ speed.
In cases with a wall boundary condition, the waves are not supported by the flow behind them, resulting in a larger
deficit in wave speed. In all sets of cases, increasing the stratification length scale is found to increase the standard
deviation of the wave speed. Notably, the wave speed deficits observed in these simulations are much less substantial
than the 20-40% deficits often observed in detonation engines [1, 2, 5]. This suggests that other effects, such as
parasitic combustion [16, 18], may play a more significant role in reducing the wave speeds in practical devices.

Conditional statistics with respect to mixture fraction and distance from the wave front further illustrate the effects
of reactant stratification. Namely, increasing the stratification length scale increases the normalized variance in heat
release over a range of mixture conditions, along with increasing the normalized variance in pressure and temperature
within the reaction zone. These fluctuations in statistical quantities reflect the observed spatiotemporal variations in
wave structure. The increased uniformity of the wave fronts in the uniform and small stratification cases facilitates
more complete consumption of the reactants closer to the wave front, yielding correspondingly higher mean temper-
atures in this region. In general, there is good agreement between the statistical quantities for the 2D and 3D cases
with the inflow boundary condition. This suggests that the wave and combustion dynamics are similar for these pairs
of cases. This differs from the 2D cases with the wall boundary condition, where comparatively weak wave fronts
are observed. Indeed, the mean pressure, heat release, and reactant consumption are reduced in these cases, and
larger fluctuations are observed in all of the conditional quantities discussed. In comparison to the baseline uniform
cases, these findings in the stratified cases support the notion that increased mixture inhomogeneity leads to a deficit
in wave speed and combustion efficiency. However, the extension of this idea to practical detonation combustors
is not straightforward, as the reactants are unlikely to be mixed in the fashion shown here, and other effects, such
as mixture preburning, combustion chamber curvature, and injector recovery times, may play more significant roles
on a case-by-case basis. Nevertheless, the results presented here do have implications for detonation engine design
considerations. For instance, detonation strength and engine operability may be improved for the same mass flow
rate and equivalence ratio if improved mixing can be achieved. Thus, the findings in this work provide useful insight
on fundamental detonation physics than can be extended to the design and analysis of future propulsion and power
generation technologies.
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