Time resolved visualization of liquid jet interaction with
H,-air rotating detonations using MHz rate diesel PLIF
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The characterization of the dynamic response of liquid jets to transient detonation wave
passage is critical for optimization and modeling of liquid fueled rotating detonation
combustors. In this work, a rotating detonation combustor (RDC) is operated on hydrogen
and air to sustain stable detonation waves that acts as a detonation driver and interact in a
one-way coupled manner with a single liquid fuel jet that propagates into the combustion
chamber with cycle periods of ~ 250 ps. Diesel is utilized as a realistic fuel surrogate with
higher aromatic compounds to enable fluorescence excitation, using the 355 nm third-
harmonic output of a burst-mode Nd:YAG laser, imaged at rates up to 1 MHz. By optimizing
the technique to accommodate orders of magnitude variations in the fuel density throughout
the injection process, the PLIF data enable quantitative measurements including the refill
time, the relative recovery between liquid and gaseous jets and jet trajectory across various
momentum flux ratio. As the passage of the detonation wave imparts significant changes in
the momentum flux ratio, the qualitative liquid break-up process and spatial distribution
varies significantly in time. As the injection system recovers ~ 70% of the cycle period and
return to a quasi-steady position and allow comparisons with theoretical jet trajectories. These
data, enabled by ultra-high-speed PLIF imaging, represent some of the first detailed
measurements for quantifying the dynamic response and recovery of liquid jets exposed to
periodic detonations in an operating RDC.

1. Introduction

Rotating detonation combustors, in which a rotating shock is continuously burning the reactants, can theoretically
lead to increased gas turbine cycle efficiencies from operating in a valveless constant volume combustion [1-7]. Over
the past decade, substantial research has been performed to understand the flow physics within rotating detonation
combustors over a wide range of operating conditions for premixed [8,9] as well as non-premixed systems, both
numerically and [6,10—14] experimentally[1,2,15-24].

The injectors in non-premixed RDEs are subjected to unsteady impulses from the detonation wave. The pressure
in the wake of the detonation wave is typically higher than the injection pressure which causes momentary reactant
backflow into the injection system. This causes periodic stoppage of reactant admittance into the combustion chamber.

! Research Scientist, School of Mechanical Engineering, Zucrow Labs, Purdue University, AIAA Member.

2 PhD Student, School of Mechanical Engineering, Zucrow Labs, Purdue University, AIAA Student Member.

3 PhD Student, School of Mechanical Engineering, Zucrow Labs, Purdue University, AIAA Student Member.

4 PhD Student, School of Mechanical Engineering, Zucrow Labs, Purdue University, AIAA Student Member.

5> Senior Research Scientist and CEQO, Spectral Energies, LLC, 4065 Executive Dr. Beavercreek, OH 45430, USA,
AITAA Associate Fellow

¢ Aerospace Research Engineer, Research and Engineering Directorate, AIAA Senior Member

7 Research Engineer, Spectral Energies, LLC, 4065 Executive Dr. Beavercreek, OH 45430, USA AIAA Senior
Member

8 Professor, School of Mechanical Engineering, School of Aeronautics and Astronautics (by courtesy), Zucrow
Laboratories, AIAA Associate Fellow.



Eventually, the reactant jet recovers, and the fuel/oxidizer mixture is transported downstream of the of the injector
into the combustion chamber. These processes have to occur within one cycle period to sustain the detonation wave
which is on the order of several hundred microseconds. While gas phase interactions simply have to overcome the
detonation overpressure, mix, and combust at the detonation front, liquid phase reactants have additional phase change
processes involved in the recovery process. This added phase change complexity and spray break up physics can lead
to local reactant phase stratification resulting in mixtures far from the detonability limit. Detonations can also introduce
step changes in the momentum of the reactants which can lead to additional shock/detonation induced spray breakup
and secondary atomization effects. These dynamic and interlaced processes are coupled with each other, which can
make it difficult to study isolated effects of detonation interaction with liquid sprays. Additionally, differences in the
liquid refill/mixing process in one detonation period can affect the refill process for the next, which can lead to periodic
variations over multiple wave cycles.

In order to elucidate key liquid injection dynamics in the presence of rotating detonation waves, ultra-high-speed
planar laser-induced imaging was performed in an RDC that is operated on hydrogen and air to sustain a stable,
cyclically propagating detonation wave, where one of the hydrogen fuel sites is replaced with a liquid jet to introduce
a diesel spray that can be visualized using burst-mode planar laser-induced fluorescence at repetition rates up to 1
MHz. First, the RDC operation and imaging diagnostics are introduced. This is followed by a phenomenological
description of the fuel spray propagation into the combustor channel across a full detonation cycle. Work is currently
underway to describe the detailed characteristics of the unsteady fuel spray, including the cessation of fuel injection
into the channel, the recovery time in response to the passage of the detonation wave, the dynamic rate of fuel
propagation, and the fuel trajectory prior to detonation wave arrival for a range of mass flow rates and injector
conditions. Additionally, qualitative features, such as the primary jet breakup process and fuel distribution
characteristics will also extensively discussed to understand the impact of the detonation wave passage on the liquid
jet varies throughout the cycle.

2. Experimental Setup

(i) Brief description RDC geometry
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Figure 1: (a) RDC cross-section views showing the detonation channel, with enhanced injector views showing the liquid fuel injector. (b) Laser
and optical arrangement for the PLIF and chemiluminescence imaging.



The current RDC geometry and its general operation have been described in previous works [25-27], and a brief
description is provided here for reference. A schematic cross-section of the optically accessible RDC is shown in Fig.
1 (a). A ~20 mm thick quartz outer body with an inner diameter of 136 mm serves as the outer wall for the annular
detonation channel with a radial passage width of 10.7 mm. Air enters from a plenum through an annular converging-
diverging section with a throat gap of 1.42 mm. Immediately downstream of the air throat, gaseous hydrogen fuel is
injected radially outward through 100 equally spaced orifices. The injector flow channel at first expands (at 10°)
leading into the combustor channel and finally fully expands into the combustor with a backward facing step (BFS).
The detonation channel length is ~90 mm (from BFS to combustor exit). Ignition is initiated by an O,-H; pre-detonator
originating from the centerbody.

(ii) Liquid injector

A single jet of liquid diesel fuel is injected into the RDC to approximate one-way coupling of the hydrogen-air
rotating detonation waves with the fuel jet. One of the hydrogen fuel injection sites is removed and replaced with the
orifice for the liquid jet. As shown in Fig.1, this liquid fuel orifice is located at the same azimuth location as the
blocked hydrogen orifice and 4.1 mm axially downstream. The internal geometry of the liquid fuel injector is
cylindrical, with an orifice exit diameter of 0.3 mm and a length-to-diameter ratio of 10. The liquid fuel orifice is fed
by a 2 mm diameter plenum with a length of 13.7 mm. The liquid fuel is supplied to this plenum from internal passages
within the RDC centerbody and is metered and controlled close to the RDC. The mass flow rate of liquid fuel is
calculated using an experimentally determined discharge coefficient of 0.26 and a pressure measurement upstream of
the injector

(1i1) Laser System and Optical Arrangement

High-speed imaging of the liquid diesel jet was performed using 355-nm planar laser-induced fluorescence (PLIF)
imaging, as shown in Fig. 1 (b). The use of diesel for PLIF has been reported for dynamic imaging of fuels sprays in
internal combustion engine environments at rates up to 50 kHz without added tracers [28]. In the current work, a high-
power burst-mode Nd: YAG lasers frequency-tripled 355-nm output was used to excite the diesel fuel in the detonation
channel. The laser was operated at repetition rates of either 200 kHz or 1 MHz with typical burst lengths of 1500 ps
and 750 ps, respectively. The 355 nm output energy at 200 kHz and 1 MHz was ~4.5 mJ/pulse and ~520 pJ/pulse,
respectively. A laser sheet was formed using a f/=-25 mm cylindrical and /=500 mm spherical lenses, resulting in a
~ 1 mm sheet thickness in the detonation channel. The laser sheet location is centered on the liquid fuel orifice.

Two imaging schemes were implemented to capture small-scale and large-scale spray characteristics. The first
scheme at a 200 kHz repetition rate had a field of view (FOV) that covered approximately the entire axial (x) length
of the detonation channel. For this, the diesel PLIF used a high-speed Phantom v2012 camera paired with a high-speed
image intensifier (Lambert, HiCatt), a 85 mm f/1.8 visible camera lens, a 420 nm longpass optical filter, and used a
40 ns exposure. For the broadband chemiluminescence imaging, a second high-speed Phantom v2012 camera was
paired with a high-speed UV intensifier (LaVision IRO), a 105 mm UV f/4.5 camera lens, and used a 100 ns exposure.

The second imaging scheme was at a 1 MHz repetition rate and the diesel PLIF had a much smaller FOV around
the liquid injection site. For this scheme, an ultra-high-speed Shimadzu HPV-X2 camera was used with a 200 mm f/4
lens, a 420 nm longpass optical filter, and a 100 ns camera exposure. Due to the relatively dense spray in this region,
the PLIF signal was sufficient to not need the use of an image intensifier. The 1 MHz broadband chemiluminescence
imaging utilized a second Shimadzu HPV-X2 camera, a high-speed UV intensifier (LaVision IRO), a 105 mm UV
f/4.5 camera lens, and a 100 ns exposure.

The PLIF measurements are made on the radial-axial (r-x) plane of the detonation channel. The
chemiluminescence view is of a tangential plane (0-x) that is centered on and perpendicular to the PLIF plane. For the
200 kHz imaging, the laser sheet intensity profile was tailored in the x direction using a continuously variable neutral
density filter such that the laser energy was lowest in the near field and highest in the far field, as shown in Fig. 1.
This approach minimized camera saturation from the near-field dense spray while allowing sufficient signal in the
lower-density far-field region.



(iv) Test matrix description

The operating conditions for comparing the two injection systems is shown in Table 1. The total flow rate through
the combustor was maintained at 0.44 kg/s and 0.22 kg/s at stoichiometric fuel/air conditions. The injection pressure
was systematically varied to understand the effect of ‘steady-state’ momentum flux ratio on the injection refill process.

Table 1: Operating conditions for the study

Gair—throat mair quLIld quLIld
Test # Configuration. lobal | flow rate | inj. P q
(kg/mz/s) (kg/S) ¢g0 a (g/S) (bar)
1 785 0.46 1.04 0.92 16 0.057
2 785 0.46 0.99 0.67 9.2 0.030
BFS — 90° injecti
3 IO g5 1045 | 1.06 | 043 43 | 0012
4 370 0.23 1.03 0.67 8.5 0.058
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Figure 2: Fuel spray and chemiluminescence images immediately before and after the wave passage.

A phenomenological description of the liquid fuel jet and its evolution in time is provided to highlight the unsteady
fuel spray behavior in response to the passage of the detonation wave. The simultaneous diesel-PLIF and
chemiluminescence images in Fig. 2 show that the spray has filled ~60% of the detonation channel just prior to the
arrival of the detonation wave. Note that while the fluorescence intensity is relatively uniform along the axial direction,
based on the nonlinear scaling in, the diesel fluorescence intensity in the axial far-field region is about two-orders of
magnitude weaker than in the near-field of the injector due to spray break up, dispersion, evaporation, and potentially
reactions upon mixing with hot combustion products. Within ~10 ps after the arrival of the detonation wave, the diesel
signal is nearly completely extinguished throughout the length of the channel, except in the region closest to the
injector orifice. Figure 3 shows a complete cycle with the arrival of the detonation wave near the beginning and end
of the sequence, encompassing 250-260 ps. For x < 30 mm, the spray is confined toward the outer radius of the
channel, and for x > 30 mm, the spray expands rapidly to fill much of the channel radial width. This spatial distribution
closely follows the mixture evolution of a gas-gas supersonic jet entering the same channel geometry under the same
flow conditions [19], indicating that the spray is entrained into and convected downstream by the supersonic air cross
flow.
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Figure 3: Image sequence of diesel PLIF (Large FOV, 200 kHz) for Case 2 across one detonation cycle period. The frame spacing is ~ 5ps
apart.

4. Near-Field Liquid Fuel Jet Trajectory

It is of interest to measure the fuel spray trajectory emmanating from the liquid orifice as this affects the penetration
into the air crossflow and subsequent mixing and dispersion across the detonation channel. Moreover, jets in crossflow
in unsteady flowfields have been shown to deviate significantly from steady state cases [29]. The fuel spray trajectory
is determined from the current data by following the leading edge 25% intensity profile. First, an average is taken of
the 40 images prior to the arrival of the detonation wave as it was observed that the spray is mostly fully recovered by
this time (its trajectory and spray characteristics did not vary significantly with time). The leading edge spray profile
(i.e., the fuel spray penetration) was then tabulated for the different test cases. For reference, penetration heights are
compared with an experimentally derived correlation for a spray jet in crossflow in a bluff configuration [30], as
shown in Equation 1.

y/d = (1.2+0.4d)q0.36 In[1+(1.56+0.48d)(x/d)]

where q is the momentum flux ratio between the air and the liquid diesel, d is the liquid orifice diameter, and x
and y are the axial and radial trajectory coordinates, respectively. As shown in Fig. 4, as the time-averaged liquid jet
to air crossflow momentum flux ratio increases, the near field fuel spray penetration height increases, as expected.
While this trend appears to be reasonably well predicted by the empirical correlation, there are significant deviations
from a canonical jet-in-crossflow trajectory. Noticeably, there is a significant change in jet penetration after the
backward facing step. As q and the penetration height decreases, the fuel spray is entrained into the shear layer formed



between the incoming reactants and the wake formed behind the backward facing step. Moreover, this trajectory is
valid prior to the detonation wave arrival, but during and shortly after the passage of the detonation wave, the jet
trajectory is not well predicted by the correlation (not shown).

]-}7—&\11‘:0‘45 kg/s

g2
)
= 0 q=0.012
mMair=0.45 kg/s
0 4 8 12 16
X [mm]

Figure 4: Experimental penetration (dashed line) compared to empirical correlation (solid line) for various momentum flux ratios overlaid on time

averaged images for two air mass flow rate cases (0.23 kg/s and 0.45 kg/s) and three liquid jet to air crossflow momentum flux ratio cases (q =
0.012, 0.030, and 0.055).

5. Future analysis:

While data collection has been completed in the last few months, data analysis is currently being undertaken and
will be included in the final form of the manuscript. The following specifics will be added to the main document:

e  Comparison of liquid jet recovery at various mass flow rates and injection pressure ratios
e Database of refill and recovery times for various mass flow rates and injection pressure.

e  Further discussion and comparison of current dataset to correlations for liquid jet in supersonic cross flow
environment.

e Analysis on detonation wave strength after passing the liquid jet using high-frequency pressure transducer
measurements.

We expect the aforementioned analysis to be completed in the next few months for a comprehensive and complete
description of the liquid jet — detonation interaction phenomena.
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