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ABSTRACT

A series of experimental tests were performed to study the transient response of gas/liquid
injectorsexposed to transverse detonation waves. A total of four acrylic injectors were tested to
compare the response between gas/liquid and liquid only injectors, as well as compare the role of
various geometriteatures of the notional injector design. Detomativavesareproduced through
the combustion of ethylene and oxygen, at conditions to produce average wave phetagen
128 and 199 psi. The injectors utilize water and nitrogen to simulate the injection of liquid and
gaseous propellants respectiveBuantification of injector refill times was possible through the
use of a higkspeed camera recording at a frame rate of 460,000 frames per second. High frequency
pressure measurements in both the gaseous and liquid manifolds allow for quantificatien of t
temporal pressure response of the injectors. Variations in simulant mass flow rates, measured
through the use of sonic nozzles and cavitating venturis, produce pressure drops up to 262 psi
across the injectotnjector refill times are found to be aatg function of the impulse delivered
across the injectoManifold acoustics were found to play a large role in injector response as
manifolds that promote manifold ovpressurizations during the injector recovery period recover

quicker than designs thimit this response.
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1. INTRODUCTION

1.1 Background

Advances in performance of chemical rocket engines have become more difficult to achieve
in recent times as rocket engine performance has been ableeeleéd@% of the thermodynamic
performance limit of constaiiressure combustion enginés. Recent development of chemical
rocket engines, or modifications to existing engines, seek to improve efficiencies on the order of
tenths of a percent. Different thermodynamic cycles must be considered as the demand for higher
performing chemical rocket engines grows. The rotating detonation rocket engine (RDRE)
detonates propellants to produce product species with a higher temperationgearehtropy than
if the same propellants deflagrated, as is the case in constant pressure combustors. RDREs have
been estimated to providg to 136 increase in specific impulse over the thermodynamic limits
seen through a deflagrative proci&s

Typical RDREs utilize annular combustors as a means to establish rotating detonation waves.
The notionalannular chambels shown in an unwrapped view figure 1.1 to highlight flow
structures that form within the chamb@rimary combustion within RDRES occurs across the
detonation wave while small amounts of deflagrative combustion can occur at the intetfece of
fresh propellants and produgases. Following the high pressure detonation wave, injector
blockage and possible backflow of product gases into the injector occurs until chamber pressures
decrease such that fresh propelizare againnjected into the chamber.

I n the 194006s, Zel dovich introduced the ide
a means to increase performarigé Experimental efforts followed by Voitsekhovskii et al.
between 1959 and 19G683] & [4]). Russia continued research efforts on RDREs and in 2006
Bykovskii et al. presented results on rotating detonation engines utilizing propane, acetone, and
kerosene fuels at chamber pressures varying between 33 psi and 33]/ Bgperimental and
computational efforts within the U.S. have largely utilized gaseous propellants with only a few
exceptions that have utilized liquid propellarj&. Experimental efforts additionally have
operated at mafuld pressures 200% above the chamber pressure or higher. For consideration of
a flight worthy RDRE design, manifold pressures must be decreased as to not require unreasonably

large power draw from onboard pumps. The use of both gaseous and liquid pisde#ding the
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main combustion chamber is a likely candidate for RDREs when considering various engine cycles

and propellant combinations employed in existing rocket engines.

high velocity combustion products out
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Figurel.l: Non-Dimensional Bmperature Contours of Unwrapped RDRE

The rotating detonation waves cause local pressures within RDRE combustaycle
rapidy between very high pressures and much lower pressth@s.injectors feeding the
combustor, these pressure oscillations produce time variations in injection velocitigs somde
casesflow reversals that push combustion products back into the injector. The dynamic response
of RDRE injectors play a crititaole in establishing the flow field depicted Fgure 1.1 and
ensuring stability within the chambeit a systems level, pressure drops between the injector
manifoldand the combustion chamber are desired to be as small as possible while still producing
stable detonations. Injectors risk backflowing hot combustion gases up the injector and into the
manifolds as the peak detonation pressures are much higher thanrdgeasteamber pressures

of RDREs It would be impractical to set manifold pressures above the peak pressure of the
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detonation wavetherefore some degree of injector blockage and backflow must be managed in
RDRE operationThe transient response of inje@dp subsequent transverse detonation waves
must be understood if lower manifold pressures are desired to operate on RIERE®tion

waves show typical revisit times on the orded6f100‘ i[6]; during this small windown time,
injectors must have recovered from any backflow that has occurred and inject fresh propellants in

order to feed the next detonation wave.

1.2 RDRE Injector Dynamics Literature Review and Research Objectives

The transient response of RDRE injectorslbag been an identified risk of the technology
however few efforts with the intent of isolating and studyingitiectortransient response have
been made. Most experimental efforts on RDREs mitigate the risk of injector backflow through
the use of injetors with a highinjector stiffness. In 2006, Bykovskii et. al. reported testing an
RDRE with manifold pressures operating 140% above the chamber pressure at the lowest
conditions[5]. Fourteenyears laterin 202Q multiple research institutes in the United States
reported testing with manifold pressures at least 100% above the chamber g6dsbuitescale
testing of RDRESs has allowed for high frequepcgssureneasurements in propellant mizmhils
to attempt to offer insight to the transient response of the injectors but only utilizing gaseous
propellants at manifold pressures to produce sonic injef8io®]. Temporal injection velaties
of gaseous propellants wareeasuredyy Naples et. a[10]. The injectors were stiff enough such
that no propellant backflow was observed in these experirbanhf$ow velocity was observed to
decrease during the gsage of detonation waveedick et. al. measured backflow and recovery
of helium injectors subjected to passing detonation waves through the use of Schlieren imaging
[11]. Modeling efforts have been made to study manitidmber interactions but all of which
utilize gaseous propellants2] [13] [14] [15] [16] [17].

Previous experiments at Purdue University have been conducted to observe the transient
response of liquid injectors when subject to transverse detonation waves. Tests were conducted at
atmospheric pressures and injector pressure drops updiarb2014[18]. Facility modifications
were made and, through the use of a pressure vessel, testing at elevated pressures was conducted
in 2019[19]. These tests produced stronger detonation wéhees the atmospheric tests and
guantification of liquid injector backflow distance and refill time was madéhe use of a high

speed camera. Both the atmospheric and elevated pressure tests were of plain orifice, constant
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diameter, clear acri injectors. Additional injector geometries were tested2i@] to include
angled and tapered liquid injectors.

Past efforts have focused only on liquid injectors. The focus of this research is to quantify
differences in injetor response between liquahly injectors and gas/liquid injectors. Injector
geometries tested in this study utilize a liquid slot impinged by gaseous jets, manufactured from
clear acrylic to provide optical access of the injector. Various injector gei@s are tested to
investigatehow changes ikey featureschange the transient resporsethe gas/liquid injector
concept studied. The injectors utilize water as the liquid simulant and nitrogen as the gaseous
simulant. Detonations are produced usingigture of ethylene and oxygen in a pressure vessel at
elevated pressures. Various gaseous and liquid flow rates are tested to quantify the pbiesivo

mixing near the injection plane has on the injector transient response.
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2. FACILITY AND TEST ARTICL E

Testing was conducted at the Maurice J. Zucrow Laboratories in Celb@lding ZL2. The
facility used by Celebj20] and Lim[19] for previous liquid injector testing was modified to
accommodate gas/liquid injectorBhe following sections cover the chasgmade to the facility
to accommodate testing of gas/liquid injectordifications to the test platforrandthe design

of thegas/liquid injectors used in this study.

2.1 Facility Overview

A plumbing andnstrumentatiomiagram(P&ID) of the facilityis providedin AppendixB.
The High Pressure Lab (HPL) at Zucrow Labs supplies high pressure fatildgen up to 5,000
psifrom a tube trailerThe bulk nitrogen supplies a regulator panel to control pressures for various
systems within the test cell. The regulator paswitrolsthe ullage pressure of two propellant
simulanttanks, the internal pressure of the pressure vessel, pilot pressimeetthe pneumatic
valves, and system purgeessures

The facility used to study gas/liquid injectors required many chaigés prior setupsed
by Celebi and Lim,in order to accommodatgaseous nitrogen flow in injector elements
Modifications include the addition ofavitating venturi on the liquid simulate line and two sonic
nozzles on the gaseous line in order to measure mass flow rates of the propellant simulants.
Previous studiesid not necessitate mass flow measurements as only a single liquid simulate was
used and manifold pressures were deemed enough to inform observations on injector transients.
With the addition of a second propellant simulant, mimicking a bipropellant systass flow
measurements are crucial in determining operating mixture ratios of each simulant during testing.
Pressure and temperature are read upstream of both the cavitating venturi and the sonic nozzles to
determine fluid properties for accurate flow eameasurements. Both additionalynploy a
downstream pressure reading to ensure that flow is either cavitating or sonic across the device.

The addition of a cavitating venturi and sonic nozzles necessitate the use of higher upstream
operatingpressuredNew manual regulatonsere installedwith operating ranges of0,500 psi,
to be usedor the oxidizer and fuel simulant feed lines to replace previous regulators with ranges

of 0-500 psi.During testing, a 2.25L sample cylinder ratedlt800 psi is used to store water at
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elevated pressures. If the sample cylinder runs dry during a test, nitrogen will flow through the
cavitating venturi with a much higher volumetric flow rate than the wateaccommodateThis
will cause the incompressible water in the line downstream of the venturi to rapidly spike in
pressureclose to the upstream ullage pressure, which was the cause of damage to one of the
injectors during testing. To mitigate this risk, a relief valvas later added downstream of the
cavitating venturi set to a relief pressurel@b psi.

The line size used for the gaseous propellant simwastincreasefom a0.25%0 di amet er
stainless steel tube to37% di amet er st ai nl egeslucesexpeated line u b e .
velocities during operation to below 200 ft/s to reduce pressure losses along the line. Aside from

the aforementioned changes, the facility remained the same to what was presgréigd in

2.2 Test Platform

The test platform refers to components used to conduct testing outside of components listed
on the P&ID. This section provides details on the pressure vessel and detonation channel assembly.
The predetonat ( henceforth r ef e mwasandhanged frarswhat tvas usécdhim e d e t

[19]. The specific design of injectors is covered in the following section.

2.2.1 Pressure Vessel

Having the ability to test at elevated pressures allows for controlling the peak pressure and
average pessure of resulting detonation waves to conditions relevant to rocket erigpndbis
reason, a pressure vessel, measuring 12.750 i
maximum operating pressure®d0psi. The pressure vessel has undergoydrostatic testing up
to 340 psi, which allows for testing up to 200 psbperatng pressureA CAD rendering of the
pressure vessel and test article insert is providéégare2.1, courtesy off19]. The removable
test article assembly shown in the figure was modified and these modifications are discussed in
the following sectionThe presswe vessel has twquartz windows  3in dvatneteyto provide

an optical path to view the test article.
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Figure2.1: Pressure Vessel Highlighting Removable Test Article Assgstibwn with a
Transparent Bodj19]

A welded fittingat the top of the pressure vessel supplies nitrogen to pressurize the vessel
and a port at the bottom of the ves®sadsthe outlet line. During testinga manual valventhe
outlet line is partially opened toroduce a steady flow of nitrogen through the pressure vessel,
allowing for the draining of water and purging of any trapped propellants. The constant flow of
nitrogen through the pressure vessel additignadwces condensation that forms on the optical
viewports to increase visibility of the test articke.detailed overview of the design and further

analysis of the pressure vessel was presentdd®]n

2.2.2 Test Article Assembly

Thetest article assembly, shown in its entiretyrigure2.2, includes the mounting lid, the
detonation channel base and closeout, the acrylic injectatsha injectoretainer.The mounting
lid serves to seal the assemtuyhe pressure vess@&.0.75 t h i-ieck diamsetér,xing sealed
flange allows for mounting of the test article inside of the pressure vessel. Thedtaplypgsfour
compression seal fittings to pass high frequency pressure transducers into the pressure vessel. The
flange additionally passes the td2%0 gaseous si MAIrHandti qluiime ss,i muh e
and the pradetonator detonation to deflagration transit{®®DT) tube into the pressure vessel as

well as a mounting screw to support tiest of the test article assembly
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Mounting Lid

Detonation Channel Base
Liquid Simulant Line

Gaseous Simulant Lines

Detonation Channel Closeout Acrylic Injector Injector Retainer

Figure2.2: Test Article Assembly Highlighting Major Components

The detonation channel base andseout (together referred to as the detonation channel
assembly) serves to transition the detonation wave from the circular cross section provided from
theDDT tube to the nearectangular cross séah required to mimic an unwrapped RDRE annulus.
The mounting lid, detonation channel base, and detonation channel closeout are all made of
stainless ste€03.Figure2.3 depictstheflow pathand crosssectionof the detonation wave from
a disassembled view of the detonation channel asseirtiydetonation wave enters the channel
from the DDT and propagates through ad2rinsition region of the channel. A 5° diverging half
angle is used to gradually change the profile of the wave until it takes on the cross section depicted
on the right ofFigure2.3. At the end of the transition region and centered below the injector are
ports for high frequency PCB pressure transducers. These high frequency pressure transducers are
used to capture the pressure profile of the detonation wave andntkedglay between

measurements at both locations are used to determine the detonation wave speed.
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Cross Section

Figure2.3: Disassembled Detonation Channel Assembly with Detonation Channel Cross Section

The detonation channel is a quarter inch wide to mimic the channel size of an RDRE
currently undergoing testing at Purdue Univer$it§]. The 45° region closest to the injection
plane, referred to as the fAmixing 2lTheégapi | | b
between the detonationam n e | base an dtoactommogaieugtaphiteggaskets @B 8 0
sealing. The provided gap allows for compression of the gasket by 40% to properly seal the
detonation wave within the channelhe acrylic injector is sealed against the detonationreian
assembly through two gr aphirecessagarfadestd psoyided@®@«c h U ¢
compression, as well as silicone room temperature vulcaniRiny) gasket on the upstream and

downstream walls of the injector. These sealing surfaeehkighlighted inFigure2.4.
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Graphite Gasket
Compression Seals

RTV Gasket Seals

Figure2.4: Detonation Channel and Injector Interfacing Seals

2.2.3 Injector Retainer

Theinjector retainer was designed to hold the acrylic injector in place during testing and
withstand the high pressures imposed by the passing detonation waves. The retainer is made from
a 20 tthlunenkm MI@6splate. The material was chosen to minienize risk of potential
deflections on the long cantilevers that could arise from internal stresses of the npegtrial
machining The retainer, when fastened to both the detonation channel base and closeout, removes
the three translational degrees okflem from the acrylic injector.

A finite element analysis (FEA) study was condudtefolidworkson the retainer to ensure
it would withstand the forces imposed by the passing detonation wave. Detonation waves used in
this study have peak pressures ahb00 psi, so for the FEA study, it was assumed a pressure of
500 psi acts across the entire base of the injector detonation channel and the resulting vertical force
is applied to the retainer to determine stresses and displacements of the part. The piessuee
of 500 psi is a harsh assumption of what is actually seen by the retainemeskhpressure exists
only briefly in time and not uniformly across the entirety of the injector. Contour maps of the
retainero6s von Mi s e sdisplayeddrBigureasnAlfactbri obsafétyaot2e?2me n t
i s obtained for the von Mises stress. A peak
is not largeenough to unseat any of the graphite gasket seals. The FEA study, as well-as high

speed video obtained during testing, prove the design of the retainer functions as intended.
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Figure2.5: Injector Retainewvon Mises (top) and Displacement (bottom) Contours from FEA

2.3 Test Article Design

The gas/liquid injector concept shownRigure2.6 provides the notional injector design for
the injectors used in this study. The liquid propellant is injected through a continuocasosiodl
the RDRE annulugvhich is impinged upon by disdeegaseous holes. The width of the annulus
downstream of théquid slotinjection planggradually increaset® the width of the chamber gap
of the RDRE annulus. This diffusing region immediately downstream of the liquid slot injection
plane, referred tosaa mixing cup, avoids large d#&cing steps on the injector head to promote
mixing and prevents establishing large recirculation regions near the injection tenkquid

slot converges at an andtea defined slot gap size. The diverging angleHerrhixing cup could
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take on any value between 0° and 90° to adjust the rate of diffusion through the mixing cup. A

mixing cup angle of 45° was the only angle considered in this study.

Liquid Propellant

Slot Gap

Detonation Wave Direction

Annulus Gap

Cross Section View Injection Plane View

Figure2.6: Cross Setion and Injection Plane Views of Notional Gas/Liquid Injector Under
Study with Key Dimensions Highlighted

The gaseous jets on either side of the liglid san be orientated such that they impinge
on the same location of the injected annular liquid sheet or such that the gas jets on one side
impingethe liquid sheein between two gaseous jets on the other side of the annulus, as is shown
in the view on le right inFigure2.6. The blockage factofBF) measures the circumferential
proportion of the liquid slot that is intercepted by the gaseous$&ggering of the g®ous
injector holes in the alternating fashion would double the BF of the injector, meaning more of the
total liquid propellant would be intercepted by the gaseous propelaalsulation of the BF in
the staggered orientation is showrEg. 1 whereO is the diameter of the gas hol&, is the

mean diameter of the RDRE, is the total number of gaseous holes, ands the spacing between

successive holesn the same side of the liquid slot.

50 ¢O 00
(0] —~ ;
U “0O

Eqg.1
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Design of a gas/liquid injector at engine relevant conditions was first conducted to determine
appropriate geometric scale and identify key nondimensiamgdgpties to design the subscale
injectors to. The notionangine is a OO0 Ibf thrust, 500 psi average chamber pressure, Hquid
oxygen/gaseoumet hane, 60 mean diameter RDRE operat.i
methanddy mass) of 3.4 to optimize performan€éis was chosen to match engine conditions of
parallel efforts being conducted at Purdue as detail@linThe pressure drop across the injector
was chosen to be 20% of the chamberspure, providing a 100 psi pressure drop from the
manifold to the chamber for both the liquid oxygen and the gaseetimneTable2.1 highlights
a few key charactestics of the notional RDRE injector sized at engine relevant conditbih
will be useful to compare to when analyzing the subscale injectors designed in this study
Computing the mixture ratios and momentum ratio is showad2-Eq. 4, whered is the mass
flow of propellant,wis the volume flow of propellant, is the densy of the propellant, and is
the injection velocity of the propellant. Subscripteand"Qrepresent properties for the oxidizer

and the fuel respectively.

Table2.1: InjectorGeometry andCharacteristis of Notional RDRE

Parameter Value
Blockage Factor (BF 0.71
Mixture Ratio by Masgd V) 3.4
Mixture Ratio by Volumg0 'Y ) 0.067
Momentum Ratio 0.47
LOx SlotGap 0. 0 (
AnnulusGap 0 . 2 ¢

0 'Y o Eq.2
V) - .
& q
.. d) d ”
oY — — Eq.3
w a
VD& aQe OoYowo QW Eq.4

Acrylic injectors were designed for this study that allow optical access of the injector and
manifolds to observiheir response as they are exposed to passing detonation waves. The injectors
utilize water to simulate the liquid propellant and nitrogen to simulate the gaseous propkiant.

design of these injectors was such to match the mixture ratio by mass amantieatum ratio of
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the notional RDRE injector as shownTiable2.1. Aswater and nitrogen are used as simulates of
the liquid oxidizer and gaseous fuel, the praiperof the water are used in calculations as the
Aoxi di zerdo and nitrogen as t he AFlawegdtedofboth t o cr
the liquid and the gaseous simulants are varied during testing to produce ranges of manifold
pressures awill be discussed in SectioB, however the design condition for these subscale
injectors utilize a pressure drop of 100 psi across the liquidhvillota selected essel pressure of
100 psi The pressure drop of the gaseous injectors dedsrminedfor in order to match the
momentum ratio of the engine relevant injector design

Figure2.7 depicts the geometry of the acrylic injectors used for testifigle the geometry
of theliquid slot and of the gaseous jets differ between different injectors, the manifolds and
instrumentabn ports remain the same. The water is fed to the injector through a single port at the
top of the injectorThe nitrogen requires two manifolds, one to feed the holes on each side of the
water slot and requirs two separate ports to feed each manifdithnifolds are sized per
guidelines provided ii22] to limit the dynamic pressure of the fluids in the manifolds. Peak
dynamic pressures in the nitrogen manifold do not ex€e@% of the total pressure and peak
dynamic pressu@s in the water manifold do not exceed 0.003% of the total pressure; both of which
are significantly below all design recommendations. Due to the rapid change in flow area along
the length of the converging slatlynamicpressuregust prior to theconverging section of the slot
remain below 0.1% of the total pressure for all test conditidihe water manifold and one of the
nitrogen manifolds are instrumented with high frequency pressure transducers to capture variations
in pressure during the maient period caused by a passing detonation wave. More information on

these pressure transducers is presented in S€ction
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Figure2.7: Notional Arcylic Injector Design for Testing

A high aspect ratio for the water slot is desired to approximatediugnuots liquid slot
of the notional RDRE injector. The liquid slot used for all injecto&is0 08 6 i n wi dt h a
in length, providing a slot aspect ratio of 45.5. The total injection area of the nitrogen orifices is
determined to match a predetermined mixture ratio and momentum ratio as described above.
Selecting different diameter holeg ftne gaseous jets adjusts the spacing between adjacent holes
and provides different BFs for the injectors. For a giving gaseous injection area, selecting a smaller
diameter for the gaseous jets will necessitate a larger total number of gaseous holesilivhich
decrease the spacing between holes and increase the total BF of the design.

A total of four acrylic injectors were designed and tested in this study and key dimensions
are highlighted infable 2.2. The naming conventions used for injectors calls out the blockage
factor and the slot haHngle of the injectorwhereBF80-TA20 is an injector with a blockage
factor of 0.80 and a slot hadingle of 20°BF80-TA20 servess a baseline design where all other
tested injectors vary only a single parameter that differs from this injéidterfour injectors
designed all ows for studying the role that v
transient response and reeoy time. BFOGT A20 is a liquidonly injector that does not have any

gaseous holes machined. This injector provides the hgoig response that is used to quantify
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the role that gaseous i nj ect-TAROns ablats angzatha he i n
role varying the blockage factor has on the injector response.-BA80B decreases the slot taper
half-angle from 20° to 15° to analyze the rthe slot taper angleas on injector respons€igure

2.8 provides the optical view path of each of ttoair injectors which further highlights the

differences of each injector.

Table2.2: Parameters ofested InjectorsAll Injectorswi t h a 0. 0080 Sl ot Wi dt

Length
Injector Blockage Slot Taper Number of Diameter of
Factor Half-Angle Gas Holes  Gas Holes
BFOO-TA20 0.00 20° 0 N/A
BF80O-TA20 0.80 20° 4 0.073
BF80O-TA15 0.80 15° 4 0.073
BF57TA20 0.57 20° 2 0.103
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BF57-TA20 BF80-TA15

Figure2.8: Optical View of Four Gas/Liquid Injectors Tested



For allfour of the injectors, the total liquid injection area is the same. Assuming machining
provides an equal discharge coefficieat ) for all liquid slots, then the same liquid mass flow
ratewill provide egivalentliquid manifold pressures for each of thgeictors.Liquid mass flow
rates, and consequently liquid manifold pressures, are imposed by limits on the cavitating venturi.
Sizing of the cavitating venturi was done to maximize the range of pressure drops across the liquid
injector. Lim[19] studied pressure drops (liquid manifold pressure minus pressure vessel pressure)
ranging from 11.9 psito 290 p#i.cavitatingventurivi t h a t hr oat wabseleoedit er o
since itis able to provide liquid pressure drops raggiom 20 psi up to 225 pdPredictive water
manifold pressures are providedrigure2.9 for the chosen venturi size. Mass flow rapéstted
are determinedor upstream venturi pressures up to 1,500 psi per the limit on the regila¢or.
dashed line in the figure is the critiqatessure for cavitatignf the manifold pressure (solid line)
is above the critical pressure (dashed line) then the venturi will not cavitate. For manifold pressure
that lie below the cavitation critical pressure, the venturi will cavaateaccurate ass flow rate

measirements can be obtained
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Figure2.9: Water Mass Rates and Cavitation Critical Pressiores Pressure Vessel Pressure of
35 psi and Venturi Throat Diameter
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The Reynolds nundy of the injected liquidacross the range of expected manifold
pressures is provided Figure2.10. The length scale used for determining the Reynolds number
was chosen as the slot width. This length scale is the same as is used by Riebling and Powell, who
investigated hydraulic behavior shortslot orifices on Reynolds numbers on the range of 100 to

10,000[23].

12000 u T | , ]
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Reynolds Number
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0 50 100 150 200 250 300

Water Manifold Pressure [psi]

Figure2.10: ReynoldsNumberBased on Slot Widtbf Liquid Slot for Range of Manifold
Pressures tbe Tested

The water manifold pressures providedrigure2.9 andFigure2.10 were computed using
a pressure vessel pressure of 35 psi. For a given propellant combination, the average wave pressure
scales linearly with the minimum detonation pressure, as is shown iendppA. A pressure
vessel pressurized to 35 gwioducesan average wave pressure of 200 psi given the detonation
pressure ratio observed in previous experiments. A 200 psi average detonation wave pressure is
desirableas the designed facility is able poovide manifold pressures above the average wave

pressure.
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2.4 Data Acquisition and Uncertainty Analysis

The data gathered during testing of the gas/liquid injectors comes from three major systems:
a low frequency data acquisition systeahigh frequacy data acquisition system, and a high
speed camera. The low frequency data system samples da@@ &tz and includes five low
frequency pressure transducers and two type K thermocouples. The low frequency pressure
transducers are used at upstream awindtream locations of the venturis as well as for pressure
measurements of the pressure vessel. The two thermocouples are used to determine the simulant
temperatures upstream of the vergtwiprovide accurate mass flow rate measurements. The range
of all pressure transducers as well as the associated error for each is provided Helol2r8.
Each ofthe five low frequency pressure transducers were additionally calibrated against existing
calibrated pressure transducers to the NIST traceable calibration standard. Documentation of these
calibrations andissociated regression analysis of the calibragg@rovided in AppendiXC. The
accuracy of the pressure transducers is a measure of the percent error from the full scale (F.S.)
pressure range; both the percentage and psi value of the associated error is provadech
thermocouples used are OMEGAg/K grounded thermocouples with a process range of 32°F to
1690°F. The uncertainty of the thermocouples is either 4°F or 0.75% of the measured value (the

larger of the two is the uncertainty).

Table2.3: Low Frequency Pressure Transducer Range and Accuracy

Pressure Measurement Pressure Range Accuracy
Transducer Model

GE® UNIK 5000 Liquid Upstream 0-2,000 psia  0.04% F.S(0.8 psi)
Venturi Pressure

GE® UNIK 5000 Gas Upstream 0-1,600 psia 0.04% (.64 psi)
Venturi Pressure

GE® UNIK 5000 Liquid Downstream  0-1,000 psia 0.04%(0.4 psi)
Venturi Pressure

GE® UNIK 5000 Gas Downstream 0-600 psia 0.04% Q.24 psi)
Venturi Pressure

Druck PMP 1260 Vessel Pressure 0-300 psia 0.2% F.S (0.6 psi)

The low frequency measurements are used in determining the mass flow rate for both the
liquid and gaseous simulants. Mass flow rate is compusgag the cavitating flow equation

presented if£q.5 for the liquid simulant and using the sonic flow equattq.6, for the gaseous
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simulant.The discharge coefficient of the venturis ] are 0.996 with an uncertainty oB8%. Per
Eq.5andEq.6, 6 is the throat area of the ventdtijs the density of the fluid at the throatjs

the upstream pressure, is the vapor pressure of the liquidis the ratio of specific heats of the

gas,Yis the ideal gas constant for the gas, ansthe static temperature of the fluid at the throat.

6 66 ¢ 0 O Eq.5
0]

6" VY £q.6

The high frequency data acquisition system samples data at 2aktHzcords data from
four high frequency pressure transducerke pressure transducers (PCB13B22) have a
measurement range of 0 to 5,000 psi with an uncertainty of less than 1% of the measured value.
The PCB pressure data was used in determining the average pressure of the detonation wave, the
detonation wave speed, and the pressure respatige injector manifolds.

To optically observe the transient response of the gas/liquid injectors, a PRas26h2
high-speed camera was usédresolution of 128x128 pixels was used during tests and records at
a frame rate of 460,000 frames per sec¢guoviding a 2.17 iinterval between frameJhe
resolution of 128x128 provides a spatial resolution®&f2 o in/px. Determining when the liquid
slot fully purges all backflow gases from the injector can be done with an uncertaindyfraimes,
or 13.02 i Table 2.4 provides a complete list of maximum and minimum uncertainties for
various components and computed values for all tPeixentages listed in the table are percent

uncertainties from measured data during testing.

Table2.4. Uncertainties of Computed Measurements from Various Data Acquisition Systems

Measurement Minimum Uncertainty Maximum Uncertainty
LF Presste Measurements 0.13% 0.81%
HF Pressurdleasurements <1%

Injector Stiffness 1.01% 1.08%

Liquid Mass FlowRate 0.31% 0.52%

Gaseous Mass Flow Rate 0.72% 1.07%
Wave Arrival Time P X i
Injector Refill Time pa¢i
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Refill time data presented in Section 3 includes error ibeassociated figures whereas all
other data does not include error b#gempting to include error bars on all other measurements
results in the error bars being hidden by the marker on the plots due to the small amounts of error.

Error bars are not included in these plots as a result

2.5 Test Operations andData AnalysisMethodology

To prepare for testing of the gas/liquid injectors, the pressure vessel is brought up to pressure.
A valve on the drain line of the pressure vessel is partially opened to provide continuous flow of
nitrogen through the pressure vessel. The teoigurge of nitrogen through the pressure vessel
prevents the accumulation of any unburnt propellant not consumed by the detonation wave,
prevents a large accumulation of condensation on the windows of the pressure vessel by reducing
the humidity insidethe pressure vessel, and removes liquid accumulating at the bottom of the
pressure vessel.

While timings may differ from test to test, the general sequence of events during a test
remain the same. The test begins by opening the simulant run valvesaademdnd before n
propellants are injected into the detonation channel. This ensures the injectors are at steady
conditions when the detonation wave arrives. Solenoid valves then open for a defined period of
time (generally 350ms or less) to fill the ge2 and detonation channel with a mixture of ethylene
and oxygen. The solenoid valves close and then the spark in the predet is triggered, which produces
a detonation wave down the length of the detonation channel and across the injector. A nitrogen
purgefor the predet is immediately brought in to remove all combustion products or unburned
propellants from the test article. The simulant run valves close shortly after purges are brought in
and after a predefined period of time the purges are eventualbdclos

A representative plot of the low frequency pressure transducers is proviéegle2.11.
The data provided comes from Test7Zthd while the magnitude of the pressure readings differ
from test to test, the general sequence of events remains the same. The data provided from the low
frequency pressure transducers is used to determine the-staselynass flow rates of the liquid
and gaseous simulants to then inform computations of discharge coefficients, mixture ratios, and
volume ratios of the simulant®ressure oscillations observed on the liquid upstream venturi

pressure transducer are a result of water hammer on the vet@wenturi is located upstream
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of the run valve which reduces the magnitude of the oscillations but small magnitude oscillations

are still observed when the run value actuates.
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Figure2.11: Representativeow Frequency Pressure Measurements of Gas/Liquid Injector Tests

Representative high frequency pressure measurements are shévwgur@2.12, again
from Test 257 The decrease in wave strength from the upstream to downstream location is
attributed to the lateral relief of the detonation channel at the downstream location. Since the
channel no longer fully contains the detonation wave at this logdtierpressure ilbwer than
what is observed in the upstream location. This variation in wave strength is consistent with
observationsvith a similar setupl9]. The downstream PCB is used for determining the average
pressure of the detonation wave as the location of the PCB is centered below the injector. The
average wave pressure is taken as the averadpta betweethe peak pressure of the detonation
waveto the point at which the pressure has decayed by 95% of thecélé pressure difference
between the peak pressure and the stetaty pressure. As some amount of noise is observed in
the high frequency measurementsessures are averaged with 10aadjpt pressureeadings for

the mean pressure calculatidkveraging values in this mannemoves much of the noise in the
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pressure profiléo more accurately capture when the detonation wave has decayed to 95% of the

full-scale range.
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Figure2.12: Representative High Frequency Pressure DaEzetonation Wave and Manifolds

An image taken from the higépeed camera, provided Higure 2.13, shows the two
dimensionality of the backflow event for the liquid only injector, BHOXR0. The two
dimensional response leads to various locations along the slot having different resll Tihmee
locations along the slot are choserctonpute theefill times: the leading edge, trailing edge, and
mid plane of the slot injector. liigure2.13the detonaaion wave travels from right to left, making
the leading edge the right edge of the slot from this view. These three locations are noted in the

figure.
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Mid Plane

Trailing Edge Leading Edge

Figure2.13: High-Speed Camera Image Highlightiigvo Dimensional Backflow and Three
Slot Locations at which Refill Time is Measured

The process to record the refill time of the injector is highlighted in the series of images in
Figure2.14. The frame at which théetonation wave is centered below the slot injector is recorded
as the wave arrival frame, marking the start of the transient response. When the slot is occupied
by water, the injector appears transparettiénhighspeed camera view, whereas regions occupied
by gases are opaque. Gases that backflow into the injector are easily tracked by whether or not
regions of the slot injector are transparent. The frames at which each of the three injection plane
locations (leading, mid, and trailing) fully expehckflowgases are marked and this marks the end
of the transient response for that region of the slot. The time that elapses between the wave arrival

and recovery frames defines the refill time for the thretlstations.
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() (b) (© (d)

Figure2.14: Images Highlighting Key Refill Calculation Events. Detonation Wave Arrival (a)
and Recovery of the Trailing Edge (b), Mid Plane (c), and Leading Edge fttg bfquid
Injector

Image (d) inFigure2.14 still shows small amounts of gas particles trapped in the boundary
layer near the leading edge of the injector. As thechign plane itself has flushed any backflow
gases and the injector at the leading edge has begun to inject liquid at this point in time, the injector
is considered to be recovered at this time. A more detailed discussion of this is presented in Section
3.
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3. RESULTS

A total of 350 tests were conducted parametrically evaluate the response of the four
injectors discussed in Secti@rB, as well as to characterize the transverse detonation tivatie
subjected to thmmjectors Of the 350 tests, 34 tests were conducted to characterize the detonation
wave while 316 were conducted to evaluate injector transient respéimsegjectors utilizing
gaseous injection, two nitrogen fl owhoatfelsowe .
conditionwith values ofoQ o lbm/sandt8X2 olbm/srespectively.A breakdown of the 316
injector tests are provided ifable 3.1, which highlights the number of tests conductatieach
flow condition for eachinjector. Injectors follow the naming convention of BFXKAXX, as
discussed in Sectio.3, where numerals following ABFO cor
factoraon t he |l i quid sl ot and numer al s -dngldofthbewi ng i
liquid slot. Injector BFOGTAZ20 is a liquid only injectoandtherefore was not tested at the low or

high flow gas conditions.

Table3.1: Number ofinjector Tests at Each Flow Condition
Low N2 Flow High N2Flow  Total

BFOO-TA20 - - 97
BF57-TA20 30 40 70
BF8O-TA15 34 43 77
BF8O-TA20 36 36 72
316

Parametric testing of injectois conducted usingncremental variations in liquid mass
flow rates, and therefore liquid manifold pressuvdsile the gaseous flowateis held constant at
the Al owo or 0 hlngehedallirele testarecomducted for each Iguithasslow
rate toprovide repeated data points and determine consistency of results at the same test conditions.
The liquid mass flow rate increments are such that approximately 10 psi differences in manifold
pressures are obtained between mass flow raigsre 3.1 provides the mass flow rate$ both
the water and nitrogefor each of thenjectorsand highlights the differences between the low and

high flow gaseous tests as well as tiguid only testonditions
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Figure3.1: Water and Nitrogen Mass Flow Rates for all Injector Tests

The markers used iRigure3.1 are consistent for all plots presented in this section where
applicable.The liquid only injector tests are marked with filled triangles, the low nitrogen flow
gas/liquid tests are marked witipen circles, and the high flow gas/liquid tests are marked with
filled diamonds Different colors represent different injectors; these are indicated in the legend at

the bottom ofigure3.1.

3.1 Transverse Detonation Wave Characterization

In order to determine operating conditions required to produce repeatable detonation waves
with desired properties, 34 tests were conducted to study how changes in certain operating
condtions change properties of the resultidgtonation wave These tests ultimately seek to
determine a reliable way to control the average pressure of the detonation wave as the average

detonation wave pressure approximates the average pressure of an operating RDRE. The average
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