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1 Introduction

In order to realize detonation-based propulsion devices, it is necessary to understand the role of detona-
tions interacting with liquid droplets. In particular, the reaction structure introduced by this multiphase
system will determine the detonation strength and propagation characteristics. Due to the presence of
multiple phases and extreme pressure/temperature conditions, numerical simulations remain the best ap-
proach to gaining fundamental insight. Here, detailed simulations of a liquid fuel and gaseous oxidizer
jet system interacting with a detonation wave are conducted. The focus is on the post-impact structure of
the shock wave and the initiation of chemical reactions. Rocket-propellant is used as the fuel. Previous
numerical[1, 2, 3, 4] and experimental [5, 6] studies have looked at the canonical shock-tube case of a
detonation wave interacting with an oxidizer medium seeded with liquid droplets. Schwer [2] showed
qualitative differences when using mono-disperse compared to poly-disperse droplets. Further, it was
shown that a minimal droplet size is needed to develop the cellular structure seen in gas-phase detona-
tions. In general, these studies utilize an Eulerian-Lagrangian approach for describing the droplet-gas
system [1, 3, 7, 4]. More recently, this approach has been used to study the two-dimensional rotating
detonation engine (RDE) configuration [7, 4].

Gas phase simulations of RDEs [8, 9, 10, 11] show that the details of the injection process are critical in
determining the detonation characteristics. In particular, the non-homogeneous fuel-air dispersion and
mixing alters the local detonation characteristics. As a result, the detonation wave exhibits a thicker
internal structure and diminished wave strength and speed [12]. However, similar analysis for liquid-
fueled detonations have not been conducted. The focus here is to conduct injection-focused simulations
with the goal of understanding detonation propagation over spatially inhomogeneous fuel-air mixtures.
A single injection element of a model RDE configuration is used here. The impact of the detonation
wave characteristics that impinge on the droplet-laden flow is studied. This work represents some of
the first 3D numerical studies of detonations impacting discrete liquid jets for practical hydrocarbons
and is a key step for understanding the complex interactions between liquids jets and detonations. The
simulation configuration and modeling details are provided in the following section.

2 Simulation Configuration

A single liquid-gas injector pair with a channel width of 9.84 fuel injector diameters (D) is utilized as a
potential laboratory scale case to study this problem. A narrow channel mimics that found in laboratory-
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scale RDEs. A schematic of the computational domain is presented in Fig. 1. Here, a nominal mesh
resolution of 200 microns is utilized in the detonation chamber [12, 10].
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Figure 1: Schematic of the computational domain, where D is the fuel injector diameter.

The oxidizer is gaseous oxygen and the fuel is rocket-propellant (RP) with an equivalence ratio of 1.5
and total mass flow rate of 3.78 g/s. Three different detonations are considered and presented in Tab. 1.
For all three cases, detailed chemical kinetics are handled through the HyChem skeletal mechanism for
RP [13, 14], consisting of 38 species and 192 reactions.

Table 1: Injector mass flow rates and mixture conditions for the three cases.

Case | Total Mass Flow Rate (g/s) | Equivalence Ratio | Background Mixture
A 3.78 1.5 52826
B 3.78 15 ¢H:2'g ;5
C 3.78 L5 qui_(l)z()

The droplets are injected 0.1 D from the exit plane of the fuel injector to reduce the travel time of the
droplets, the carrier gas within the injector is RP gas. The droplet size follows a log normal distribution
with a mean of 15 microns and a standard deviation of 10 microns; the maximum droplet size is limited
to four standard deviations from the mean. The initial fill gas in the channel was at atmospheric pressure
and 500K. The flow is allowed to develop for 0.3 ms prior to the introduction of the detonation wave
at the left edge of the channel, perpendicular to the injector system.

3 Governing Equations

The compressible reactive solver UMReactingFlow was utilized for this problem and has been ex-
tensively validated for detonation problems [15]. Two-way mass, momentum and energy coupling is
achieved by utilizing UMcloud which solves the Lagrangian transport of droplets. Convective terms
are discretized using a Monotonic Upwind Scheme for Conservation Laws-based Harten-Lax-van Leer-
Contact approximate Riemann solver. The convective, diffusive and time integration are all discretized
to be second-order accurate. Computationally-intensive subroutines for convection and reaction stages
are offloaded to the GPU using in-house CUDA-based modules for compatibility with heterogeneous
computing platforms. Detailed chemical kinetics and thermodynamic gas properties are evaluated
through a matrix-based formulation that maximizes throughput [16], which enables the use of a mecha-
nism with such complexity. The compressible reacting Navier-Stokes equations are presented in detail
in Sato et al. [15] and the reader is referred to this work for more details. The gas and liquid phase are
coupled through source terms for species mass, momentum and energy transfer added to the gas phase
governing equations. The Lagrangian system is governed by the following set of equations:
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where xp,up, T}, m,, C, are the droplet position, velocity, temperature, mass and specific heat, respec-
tively. The force (F'y,), energy change (£),) and mass change (M,,) on the droplet are given by:
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where, Re,, Cg p, Tp, ug are the droplet Reynolds number, drag coefficient, relaxation time, and fluid
velocity, respectively. The heat transfer coefficient, droplet area, gas temperature, and latent energy
are denoted h, A, T,, and 4, respectively. The evaporation parameters: droplet diameter, Sherwood
number, mass diffusivity, vapor density, and RP concentration are identified by D, Sh, D, p,, and ¥,
respectively. The heat transfer coefficient is calculated using a Ranz Marshall model [17] and a Spalding
evaporation model is utilized [18]. Droplet break-up is not considered in the current study.

4 Results

The results for all three cases will be presented and analyzed. Figure 2 shows snapshots at three instances
for case A, including the droplet locations. Prior to detonation, it is seen that droplets impact the oxidizer
jet and are dispersed downstream. The larger droplets penetrate further into the oxidizer jet due to their
initial momentum. Smaller droplets are accelerated faster by the oxidizer jet and are carried away from
the impact location. As the detonation wave passes over the injector, it is seen that the droplets are
accelerated by the post-detonation gases in the direction of wave propagation. Moreover, the oxidizer
jet becomes unchoked due to the higher pressure in the channel, leading to a drop in mass flow through
the oxygen port. At later times, the increased evaporation from the droplets is observed, forming a cloud
of fuel vapor near the bottom wall. This behavior, where much of the droplet mass is confined near the
bottom wall, will significantly impact detonation propagation. It should be noted that an overdriven,
planar detonation wave exists here. Hence, there is no expansion region behind the detonation wave that
will restore the injectors to the pre-detonation state. In an RDE, the injectors will reestablish and alter
the fuel dispersion characteristics as the pressure recovers. Figure 2 also shows that the number of large
droplets is reduced, while the location of the vapor cloud shows a lag between detonation impact and
gas-phase fuel generation.

Qualitatively, the detonation results in the droplets being accelerated by the high-speed post-detonation
gases, as can be seen in Fig. 3 (right). The droplets that penetrate farthest into the domain are vaporized
rapidly with droplets persisting only in regions of high volume fraction. The largest droplets take longer
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Figure 2: Evolution of the system for case A. The near-wall temperature, droplet diameter and 30% RP
mass fraction iso-surface are shown. Image 1 (top left) shows the liquid jet prior to impact, Image 2 (top
right) is at 7.2 ps after impact, and Image 3 (bottom middle) is at 22.2 us after impact.

Figure 3: (Left) Post-detonation snapshot showing droplets and gaseous RP due to droplet evaporation
for case B. (Right) Droplet spatial distribution and wave location given by the iso-surface of pressure
for case A.

to accelerate and create a lower velocity wake. A cluster of small droplets in this wake region is evident
in Fig. 3 (left). The reduced-velocity wake shows significant RP mass fraction, as high as 70%, and
reactions are stabilized in the shear layer between the high-speed flow and the low-speed wake. All
three cases qualitatively show similar behavior.

The heat and mass transfer for all three cases are presented in Fig. 4, where ¢ = 0 represents the
approximate moment of impact of the detonation with the liquid column, as determined by the instance
momentum transfer to the droplets increases. The results for all three cases show a sharp rise in heat
and mass transfer when the detonation strikes the liquid jet. The heat transfer peaks with the detonation
impact; in cases B and C, the heat transfer begins to decay rapidly after the impact. Case A exhibits
a secondary peak in heat transfer before it begins to decay. The mass transfer rate increases as the
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Figure 4: Mass and heat transfer for all three cases between the droplets and gas phase.
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Figure 5: Droplet size distribution for case A where ¢ = 0 is the moment the detonation strikes the jet.
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Figure 6: Two-dimensional temperature-diameter probability distributions at three different times for
case A. These time represent before, right after, and a long time after the detonation impact.

detonation impacts, with sustained mass transfer in the post detonation region. Case B and C have
similar mass transfer rates beyond 5 ps after detonation, with case C showing a higher peak mass transfer
at the time of impact. Case A shows significantly higher mass transfer as the value continues to rise and
peaks between 10us and 15us before rapidly declining. The reason for this difference in mass transfer
behavior will be investigated.

The droplet distribution remains constant after the flow develops until the detonation impacts the liquid
jet. Following detonation impact, there is a reduction in droplets in the 7-15 micron range, with the
probability shifted primarily to smaller droplet sizes, due to evaporation. For case A, the droplet dis-
tribution has not recovered by 33 microseconds post-impact. A more detailed look at droplet evolution
in time can be seen in the three droplet temperature-diameter distributions shown in Fig. 6. Prior to
detonation impact, droplets follow the injected droplet size distribution with only a small percentage of
smaller droplets showing any degree of heating. After 1.07 us from detonation impact, there is signif-
icant heating of droplets with diameter below 19 microns. For droplets larger than 33 microns, there
is minimal temperature change with an increase of 50 K or less. The relationship between droplet size
and temperature change is believed to be due to the increased thermal mass of larger droplets. After
12.43 ps from impact, there is significant heating at all droplet diameters with the majority of droplets
over 475K . This delay in heating from the time of impact supports case A’s continued increase in mass
transfer during the post-detonation period as highlighted in Fig. 4.

5 Conclusions

An Eulerian-Lagrangian approach was utilized to perform high-fidelity studies of a detonation wave
impacting an injector pair with liquid fuel and gaseous oxidizer in a confined channel. Three different
detonation strengths were studied and all three qualitatively showed the same behavior. In each case,
the droplets were accelerated downstream with some smaller droplets clustered in the wake of larger
droplets and reactions were stabilized at the fringe of the lower velocity wake. Quantitatively, the heat
and mass transfer profiles for all the cases were presented. It was found that the post-detonation heat and
mass transfer was comparable for the Hy — O5 detonation waves (case B and C) with case C showing
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a higher heat and mass transfer when the detonation impacted the liquid jet. On the other hand, the
RP — O, (case A) detonation wave demonstrated different behavior in the evolution of mass transfer
rate, with sustained increase in evaporative mass transfer following detonation impact. The droplet
temperature and diameter evolution was presented for case A, which showed significant heating well
into the post-detonation region which reconciles the sustained mass transfer observed for case A.
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