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1.1 Overview and Motivation

Development of detonatieldased combustors has been driven by a desire to
outperform existing constant pressure systein$1.3]. The Rotating Detonation
Engine (RDE) has emerged as the leatdate due to its applicability in both air
breathing and rocket system%.41.7]; benefits such as the potential increase in
thermodynamic performance, simple design, compact reaction zone, cyclical heat
addition, and ease of integration into aerkspozzles make the RDE an ideal choice
for practical implementatiori[8-1.10.

RDE combustor geometry is characterized by an annular channel with one or
more detonations propagating around the circumference, as shown in FIg4lL A |
continuous supply foreactants in the axial direction sustains the detonatiave
reactant injection is suppressed immediately in the wake of the detonation but resumes
as the detonation moves away and the local flow continuous to exRaadtant

confinement in the RDE iachieved to

Burnt gas

Combustible
gas layer

the sides by the annulus walls, below |

Contact
surface

the injection plane, and above by tF
combustion products from the previot

cycle Unwanted reactant burning, poc

Combustible gas

injector mixing, heat transfer losses, ar aial injection

_ ~ Figure 1.1: A schematic of flowfield in
development  of  suitable  high 3 rotating detonation engifi.4].

Rotating detonation front
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temperature matials are all key issues to RDE that need to be addressed prior to
practical implementatiorL|3].

Experi ment al i nsight i nto RDE operation
Voitsekhovskii sought to sustain a detonation wave for study and inadvertently
developed a facility analogous to the modern ROEL]. In the 1960s and 1970s
numerous researchers examined the propagation of a detonation through a layer of
reactive gas1.12-1.14]. A number of recent investigations have sought to improve
RDE understanding in ways that range from providing insight intw flaysics, to
integration for flight applications1[15-1.18]. Numerical efforts have examined the
threedimensional detonation structure and produced insightful visualizations of the
RDE flowfield [1.5,119-1.21]. However, little to no experimental dadige available to
compare or validate the structures from these detailed simulations.

Current investigation of RDE is driven by both experimental and numerical
studies. In both cases restrictions exist on understanding the nature of the detonation
flowfield. Experimental datarelimited by the quality of the optical measurements that
are able to be made when observing an annular combustor; numerical results are limited
by computational expense and a lack of data to validate against. A simple and canonical
configuration that is able to distill the essence of the RDE flowfield into an easily
visualized framework is of significant value to improving the understanding of the

fundamental detonation structure.

1.2 Technical Objectives

The primary objective of this worik to investigate the fundamental structure of

the RDE flowfield. The goal is to accurately identify and characterize the features
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pertinent to detonation propagation by using a novel combustor that captures the
essence of the RDE configuration. Unlikeyious efforts, this combustor will allow

for integral visualization techniques of the detonatieactant, thereby allowing for
direct observation of the 1) primary detonation wave, 2) reactant layer, 3) oblique
shock, 4) transverse shock features, arttka} release.

The linearized combustor allows for variation in the reactant composition,
mixedness, and layer height, as well as control ovederenator conditions. The
flexibility of the linear combustor allows for rapid testing and flowfield evatunatf
numerous RDE configurations. Propagation modes for these different conditions are
characterized experimentally through the identification of structures such as transverse
waves, reaction zones, and triple points.

Data collected from the experimentgldies of the various fuels are used to
inform an analytical model of partially mixed RDE propagatiBesults from the
model are compared with experimental data to identify possible causes of observed
detonation wave speed&dditionally, collected datare assembledor use in future
numerical validation and collaboration efforts.

This work will include the following:

A Development and testing of a new novel combustor configuration that

captures the essence of the RDE flowfield, neglecting curvature.

A High-quality visualizations of detonations propagating through partially

mixed and orthogonally injected reactant jets of various compositions.

A Identification of the influence of reactant mixing on the structure of

detonations in RDE.
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A Visualization of the reaant refresh process following a detonation transit and
the role of feed plenum dynamics in this recovery.

A Investigation of detonation propagation modes for hydrocarbon mixtures with
respect to transverse waves and heat release.

A A simplified analytical modedf mixing limited detonation propagation and

the resulting impact on detonation wave speed.

1.3 Scope

The scope of this work includes the investigation of severaldxieizer
mixtures commonly used in RDrough the use of a novel combustor configuration
that simplifiesthe RDE flowfield into a linearized analoghe linearized investigation
neglects the curvature of the RDE annulus and the stgatlyoperation of the device.
Instead, the focus is ddentifying the structure of the detonation and oblique shock
waves,the partially mixed reactants and their passage through the reaction zone, and
the subsequent recovery of reactant jets to the decaying pressure trailing the detonation
wave.

Insight into he stability and propagation modes of detonation in RDE will require
direct observatiownf features such as strong transverse shocks, shock reflections, and
triple points. Implementation of liref-sight visualization techniques such as
schlieren, shadowgph, luminescence, and chemiluminescence, as well as time
resolved measurements of dynamic pressure and heat release are required to reveal
these features.

Once the fundamental structure of the detonation front is established for the

different fueloxidizer mixtures, a simplified mixing model based on the observed
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flowfields is created. This model relies upon the experimentally observed heat release
distributions, wave speeds, and simplified flowfield assumptions. Results from this

model are used to explaim part, the experimentally observed wave speeds in RDE.
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2.1 Detonation Theory

2.1.1 Thermodynamics

Study ofdetonationbased heat addition systemecessitates a brief discussion on
the fundamentals of detonation thermodynamics. The Chapgmaguet (CJ) theory is
the simplest model of a detonation wave; the CJ theory assumes that a detonation wave
can be modeled as an infinitely thin shock wave \a#at release occurring in the

wavefixed frame R.1]. A diagram of this frameworis shown in Fig. 2.1.

U, —>| — U
¥ ¥

Figure 2.1:Simple CJ theory detonatio
model in the wawéixed frame.

In the simplest CJ theory, the detonatwopagatesto a quiescent gas, such that
the velocityd corresponds to the detonation wave spee@y assuming the reactants
and products can be treated as calorically perfect gases with equal heat cafiaeities

conservation of mass, momentum, and enerations arexpressed as follows:

2.1)

2.2)
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(2.3)

Note that in Eqn. 2.3 the entirety of heat addition is lumped into a single parameter
in the energy equation, . The equation of state assumes an ideal gas and is given by:
0 "Y'Y
(2.4)

Combination of the mass and momentum equations yields théaqta the

Rayleigh line:
:),— ®
) 1 p 6 )

C'll C-
C‘l| 8_

(2.5)

Density () has been replaced with its reciprocal specific volumen(the above
and subsequent expressions. It is apparent tHatvispace the slope of the Rayleigh
line is depedent upon the incident wave speed, Conservation of mass, momentum,

and energy, in addition to the equation of state, yields the Hugoniot curve:

— — 0 —

2

.
"N o

c-1| (&l

(2.6)

Two Hugoniot curves are etvn in Fig. 2.2. The Hugoniot curve without heat
t o

addition oftenr e f er r ed t oHuagso nti hog 0fA Shcaoackr esponds

states that satisfy the mass, momentum, and energy equations without heat aaldlition
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is drawn in black in Fig. 2.2Similarly, q ;0

in
—qm/cpT1 =0.5
—Rayleigh Lines | -

the red curve(—=0.5) corresponds to -,|
Q_N

the locus of all states after heat is add

Upper CJ

2 L
Lower CJ

to the flow. 00 1 2 3 4

The two branches of the Hugonic Figure 2.2: Hugon?oh;1 curves with anc
without heat release irP-v space.

with  heat addition correspond to Rayleigh lines for CJ points included.
detonation and deflagration solutions. On the detonation branch the specific volume
decreases and the pressure increases; on the deflappratich the pressure decreases
and the specific volume increaseéglditionally, the wave speeds corresponding to
points along the detonation branch are supersonic wiokealong the deflagration
branch are subsonic.

On each branchhere is a single pot where theRayleigh line is tangent to the
Hugoniot curve with heat addition. This point is the Chapdauguet point and is
indicated as the upper and lower CJ points in Fig. 2.2 for the detonation and
deflagration branches, respectively. The Rayleigbsl corresponding to these points
are shown in bluel-or the detonation CJ point, the gas is shocked along the Shock

Hugoniot to where it intersects with the Rayleigh line (the von Nuemann ,paint)

then heat is added to the flow along the Rayleigh line until it reaches the upper CJ point.

The entropy of the gas along th 6 —G;,/c,T,=05
Hugoniot curve with heat addition i:%4f~
< |
shown in Fig. 2.3, and can be express 2| Lower CJ
| UpperCJ
: 0
as: 0 1 2 3 4

712/1/1
Figure 2.3: Entropy corresponding t
Hugoniot curvewith heat release.
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(2.7)

It is apparent by inspection that the CJ point along the detonation branch
corresponds to a global minimum in entropse. This entropy minimum, which
corresponds to a maximum in thermodynamic efficiency, drives the pursaigystem
that utilizes detmationbased heat addition.

Detonations corresponding to the upper CJ point are referred to as CJ detonations
These detonations have the characteristicd)ominimum entropy, 2) sonic flow
downstream of the wave, and 3) the minimum wave speed alodgttheation branch.

Note that the third characteristic is an equivalent expression of the tangency criteria
discussed previouslyrhe wave speed of CJ detonations can be derived by equating

Egn. 2.5 and Egn. 2.6, and is expressed as:

= [ en p T pPhn p P

(2.8)
Where® is the reactant sound speéudl.detonation there is a significant pressure
and temperature rise, as well as species changes due to chemistry. While the assumption
of a calorically perfect gas no longer applies, chemical mechamam$e used to
approximate the state after heat addition. Software su¢A&8 Chemical Equilibrium
with Applications (CEA)CHEMKIN, or Canteracan beused to calculate the one

dimensional CJ detonation speed for real gas compositions.
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2.1.2 Structure

While there is good agreement between this-dineensional CJ speed and

experimental measurements, a detonation wave is nediorensional 2.2). Instead
of a smooth planar shock with uniform heat release, the detonation wave is instead
composedf numerousncidentshocks, Mach stems, and transverse w2 The
typical structure ob detonatiorwaveis shown in Fig. 2.4.

At the bottom of Fig. 2.4 a Mach stem with closely couplegkctionzone is
centered in the figure. To either side of thach stem are outwards propagating
transverse waves, driven by the elevatedsgure behind the Mach stem. These

transverse waves propagate into incident shocks, which are weaker than the Mach stem
Mach :

; incident
. siem shock
W T E xn’ sqe»w@zﬁm—m;‘
%&xg e

fﬁ‘ :

slip line— *’*ﬁxw vwm

SRR )
triple- pomt react|on
zone
track _ transverse
wave

j Figure 25: Numerically simulated
Figure 24: Schematic illustration of detonation  cells.  Dimensionles
wave motion in a detonation cel activation energies increasing from tc
Detonation propagates upwagi4]. to bottom P.4].
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andallow the reaction zone to lag behind. The intersection of these three flow structures
form a triple poin{2.3].

As the detonation front moves upwards the Mach stem weakens and the
transverse shocks continue to propagate outwards. Eventually the transverse waves
from adjacent Mach stems intersaxform a new Mach stem; the original Mach stem
weakens further into aincident shock and the cycle contasuanew.The trajectories
of the triple points trace out eéharacteristidish-scale like structure known as the
Adet on af i3 A seedf numerically simulated detonation cells are shown
in Fig. 2.5.The regularity of the detonation cell size is dependent upon the normalized
mixture activation energ\2[4]; significant variation in detonation cell size for a well
mixed reactant composition is hot uncommon

Unfortunately, no theory exists the |
is capable of predicting the size of tr
detonation cell from fundamental theol
[2.3]. Numerous attempts have bee
made to empirically correlate the

detonation cell to parameters such as 1

reaction zone length2[52.6] or the

Detonation-cell size A (cm)

mixture  activation  energy 2[4].
However, these approachase poor at

extrapolating the detonation cell siz

-2 1

beyond the datasets used. As a res 0 | : 3 4

Equivalence ratio ¢
Figure 26: Detonation cell size as
function of equivalence ratio for variot
fuel-air mixtures 2.8.
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reference databases of expentally measured cell sizes have been assembigd [

A selection of fuehir detonation cell sizes, for various equivalence ratios, are
shown in Fig. 2.6. The solid lines in the figure correspond to the fit approach used by
Shchelkin and Troshin, whetige cell size scales linearly with the reaction zone length
and is calibrated at stoichiometric conditioBgtonation cell sizes are minimum near
stoichiometric conditions and quickly grow by one or more order of magnitude in both

the fuelrich and fuellean limits.

2.2 Propulsion Applications of Detonation

2.2.1 Standing Detonation Engine

As early as 1 c'

A
considered a hypothetical combust 7 -
i L _—
. . — %/ ——
where a standing detonation wave w —— é -
Ay Ao —

B

stabilized, as shown in Fig. 2.7 [2.10 _ _
Figure 2.7: Early concept for a standin

Zel 6dovich only e detonation wave engin.[L{. em

analytically from the perspective af/cle efficierty and determined that azsible

fraction of the heat release would be required to couple with the detonation wave to

maintain its position. He <concluded that

combustion to energy production [is] inadyv
Wintenberger an&hepherdvould later examine the standing detonation engine

from the perspective of the Hugoniot [2.11]. In deriving the Hugoniot equation (Eqgn.

2.6) it was assumed the reaction waves propagated into a quiescent gas. The resulting

points on the Hugoniot curve, éawith their own Rayleigh line and wave velocity,
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necessarily have different stagnation cond
such that the stagnation state for every point on the Hugoniot curve is equal [2.11].

Assuming a calorically perfect gathe Stagnation Hugoniot can be expressed as:

< L P N — F n
p|-> pp1 e rl (b"Y

c-zl [aX]

(2.9)

Note that} is normalized by the stagnation temperature of the fioguation

2.7 is still valid for determining the entropy along the Stagnatiogoniot. The
resulting curve is shown in Fig. 2.8 in blue, with traglitional Hugoniot curve for the

same amount of heat releage=0.5) in black.Note that in the Stagnatigdugoniot

curve the upper CJ point still corresponds

6" — Traditional Hugoniot | |
to a local minimum, but the shock — Stagnation Hugoniot
4+

ng
incurred losses now outweigh th4
2+ Upper CJ Lower CJ

benefits of detonatichasd heat

0 ‘ . ‘
0 1 2 3 4
vyl
Figure 2.8: Entropy corresponding to
traditional and Stagnation Hugoni

analysisg n =0.5).

addition.
No serious ventures to construct

standing detonation engiaee noted

2.2.2 Oblique Detonation Wave Engine

An additional challenge faced by the standing detonation engine is keeping the
wave, which propagates through a quiescent gas atspeetthe order of kilometers
per second, balanced by the reactant inflow; the oblique detonation wave engine
(ODWE) achieves detonation by either a wedge or conical deflection source, and as a

result can operate over a wide range of flow conditi@r&.
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A simplified flowfield of the Reactive
Shock

obligue detonation near the deflectic
Nonreactive
source is shown in Fig. 2.titial flow Shock

SETTTCTR L S bk

Slip Line

deflection behind the wedge is achievt
Induction Deflagration
by a nonreactive shock. The elevat: Zone Waves

Figure 29: Schematic of the basi
temperature in the wake of the lead shc stucture of wedgénduced oblique
detonation wave<[12.
leads to ignition of theeactants by means
of deflagration near the deflection surface. Upwards spread of this reaction zone leads
to an interaction with the incident shock, allowing the two to couple and produce a
reactive shock2.12].
Common architectures utilizing ODWE explore applications analogous to
scramjet, Fig. 2.10. Although the ODWE suffers from performance losses comparable
to the standing detonation, the compact reactione of the ODWE is beneficial

attribute in applications where combustor residence time is small [2.13].

For completeness, the oblique detonation wave serves as the combustion source

for ram accelerators [2.14]. In thes ‘ SCRAMJET
systems, a conical projectile is fired imw

Shock System il Nozz
a tubeof detonable gasses. The resultil et f =

Combustor

obligue detonations that form on thi ODWE

projectile provide a large pressut s
. <—— Delonation Wave

Shock System
differential that continue to accelerate tt Figure 210: Schematic of shock

o structure for scramjet engine ar
projectile through the gas. ODWE, including detonatior2[13.
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2.2.3 Pulse Detonation Engine

The pulse detonation engine (PDE) reflects tts firodern effort to facilitate the
use of detonaticihased heat addition. PDE geometry is essentially a long tube filled
with detonable gase&.[l5. PDEs are operated cyclically, as shown in Fig. 2.11; PDE
operationincludesl) reactantfill, 2) ignition, 3) detonation propagation, 4) product
exhaust, and 5) purg2.[L§. Because the detonation propagation speed is much greater
than the reactant or purge gas flow velocity, the traditional Hugoniot derivation applies

and benefits of detonatidmased heat aition are attainable.

— Fill
Ignition *

Detonation Transition /
Propagation

K

Exhaust and
Expansion

Q Purge / Quench i )

Figure 2.11: Pulse detonation engine (PDE) cyckellg.

The cyclic process of repeated ignition in PDE is a significant detriment;
operation of PDE is typically limited to 1000 Hz [2.17].A significant fraction of
losses associated with PDE were linked to the deflagrédidietonation transition
(DDT) process that occurred after every ignition within the device [2.15]. Despite this

challenge, the first flight of a PDE powered aircraft occurred in 2008-R19j.

2.2.4 Rotating Detonation Engine

The Rotating Detonation Engine (RDEJnlike PDE,continuously detonates

reactantsRDE geometry is characterized by an annular combustor, Fig. 1.1. Reactants
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are continuously fed in the axial direction, and one or more detosagpimpagate
around the circumference of the annulus in the azimuthal direction [RZIES
operate in the range @f10 kHz frequencyis controlled by the number of detonation
waves present, annulus circumference, and detonation wave speed [2.21].

Like PDE, the thermodynamic benefits associated with the traditional Hugoniot
analysis are attainable in RDE. The simple design, compact reaction zone, and periodic
heat addition process have contributed tad¢oentsurge of efforts in developing RDE
[2.22-2.24]. RDE geometry is flexible enough to accommodate both rocket 234
and airbreathing [2.22.23,2.31] applications.

In comparison to the standing detonation engine, OWDE, and PDE, the RDE
flowfield is complex and highly coupled. A fundamental wstEnding of the
structures and features of this flowfield are required to properly understand and

implement RDE. Thisvork exclusivelyfocuseson improving this understanding.

2.3 Studies of the Rotating Detonation EngBieucture

The earliesprogenitor of the RDE combustor can be traced to work performed
by Voitsekhovskii in 1960 [24. At the time Voitsekhovskii was uninterested in the
propulsive aspects of detonation, and only sought to examine the detonation
phenomenonThe combustor utiied in this early research is analogous to the modern
Disk Rotating Detonation Engine (DRDE) [2:234]; reactants and products both
flowed radially outwards f r Bremixedreactansr e of
were injected via a slot injectomé@the detonation transits were visualized

Later that decade Nicholls et. al. exami

Motoro [2.27]. Their interests stemmed fro
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detonation instabilities in liquid rocket combustors, and if possible, to implement these
phenomena in a practical propulsive device. While they were unable to sustain

detonation propagation, their insighiisdoubtedlyaided in the design of future RDE.

2.3.1 Experimental

In 1980 Byovskii and Mitrofanovinvestigated detonation propagationan
annula channel[2.35]. Figure 2.12 shows the flowfield associated with these
detonationslinclined cetonation fronts anedicatedby line segmentBCandB&C 6 and
propagate fronteft to right; reactant injectiomccursat the top of théigure.

As observed by Bykovskii anc

Mitrofanov, the injection in the wake o[~
wave BC is suppressed until point A, the] ==~ '

resumes to form the fill region-M&C 6

prior to thesubsequent wave arrivahn

_ _ Figure 2.12: Detonation wave structur
obliqgue shock is anchored on tt and flow in the coordinate system of

_ _ _ wave p.35.
detonation wave in order to yield equa

pressures on both sides of the materi al
Assuming steady reactant inflow and wave speeds, the reactant fill height of BC

and B0 C & egualludherdsight into the detonatieabliquestructure can be

gleaned from the work by Dabora et. al. in the4hi@ 6 0 6 s In {hér.eXp&iinents

a reactive layer of gas was separated from an inert gas by a thin membrane. Detonations

were propagted into the reactive layer, and the membrane was desthyydide

detonationon comparabléime scales; a visualization of one such transit is shown in

Fig. 2.13.
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Of particular interest is the
material interface that forms between tt

detonation products and the shocked in

arrow indicating the interface, which i INTER-‘
omitted from By k
anrotation. Sichel and Foster used th
configuration presented by Dabora et. :
to estimate the pressure profile along t
right wall in the wake of the detonatiol
through the use ofthe method of
characteristics [2.37]. In 2017 this

approach was extendedttee entirety of
the simplified RDE flowfield by

Fievisohn et. al. to estimate the reacte

Figure 2.13: Typical spark photograpl

refresh profile, detonation inclination ¢ unquenchedetbonation 2.36.

and oblique shock shape [2.24].

Recent experimental investigations have continued to contribute to the
understanding of RP flowfield and structure Detonatios have been directly
visualized in RDE through natural luminescence, chemiluminescencemahd
infrared techniquel®.38-2.40]. Figure 2.14 shows a detonation wave propagating from

right to left.Improvements in camera imaging are reflected in this image; the region of
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heat release associated with detonatit
based combustion is directly visualize
as the bright zone immediatelytied the
wave front. Similarly,the oblique shock
angle, material interface, and reflecte

Reactant

shock (from the exit of the RDE) ar iG] Wave
Height * Height

noted. However, small scalructures, "= .
Figure 214 Instantaneous mid

infrared image of detonation wa\
propagated through RDR.AQ.

and triple points of a detonation cell, are

such as the expected transverse wa

lacking from these images.
Chaconet. al. reduced the optical aberrations associated with the imaging of an

annul ar combustor by developing a Aracetra

RDE annulus was cutlong the axial directiorand two straight segments were added

A typical image of detonation in this configuration is shown in Fig. 2.15. Chacon was

able to distinguish combustion from the detonation wave as well as deflagration in the

immediate wake and preceding t

detonation wave. The presence

deflagration, as well aghe irregular

detonationshape, are indicators of poc Figure 215 OH* chemiluminescence
of detonati on 241].

mixing in RDE operation.

2.3.2 Computational

Numerical studies provided further insight into the structure of the RDE

flowfield. Kailasanath and Schwerere able to model the annular RDE flowfield in a
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two-dimensional and periodic domain t

great detail[2.23, 2.422.43. One such

solution is shown in Fig. 2.16. The A

inclined detonation front, B) oblique Figure 2.16: Temperature solution of a
Aunr ol | e darr RDERRE.0 g

shock, and G) reactant fill region agree

gualitatvely with the experimental observations.

However, the computational solution in Fig. 2.16 also shows D) secondary shock
structures and C) the development of a sefined Kehn-Helmholtz instability. The
smooth and uniform flow structures and regions are the result, in part, of the continuous
inflow condition Paxson uses a similar simplification in his model of detonation in
RDE [2.45], Fig. 2.17. In both cases the simpliiica reduced the challenge of
modeling the mixing and detonation time scales, as well as the specificity of selecting
a single injector scheme.

An additional flow feature common to these simulations is the protrusion of the
obligue shock ahead of the incident detonation front. Insight into this phenomenon can
be drawn from the work of Houim et. al., who simulated a layered detonation
configurationreminiscent of the experiments of Dabora et. al. in the 1960s [2.46]. In

their simulations the temperature of the inert reactant confining the reactant layer was

varied, with two cases shown in Fig. 2.18.
0.4 g

Increase in inert temperatur osf -

> 0.2 SRS

similarly increasesaind speed; at som« |
0.1 =

critical value the disturbance caused | o : = e

Figure 2.17. Computed contours o

the detonation races ahead within tl temperature throughout the annulus

an Aunwrappeday steady

R
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inert gas. The resulting disturbanc o8

/— Oblique Shock V|
Contact Surface
“ Inert Gas

™~

propagates down into the reactant lay
E

Interface

£ 0.44 p 55 -
and is transmitted as an oblique sho> .

Detonation

back towards the detonation wave. In tl

Reactants

case of detonation propagation, Houi Vol

et. al. found this behavior to be criticall—g

Eodcdm o ¢
. >. s
|mp0rtant.

«— Detonation

Transverse waves critical to th oLt S Reactants

. . Figure 218 Numerical schlieren of
detonation survival reflect strongly off 0 yetonation bound by high acous

. impedance (top) and low acousi
both a low temperature (high acoust impedance (bottom) inert ga& 46.

impedance) inert gas boundary and a high temperature (low acoustic impedance) inert
gas boundary due to the induced oblique shock. Withitaioetemperature ranges,
however, either no or weak reflection of transverse waves occurs, leading to an
extinction of the horizontally propagating detonation wave [2.46]. In RDE the acoustic
impedance of the confining gas is naturally low due to the ®dvaroduct
temperature.

Despite the qualitative agreement between the experimental and computational
works, it is apparent that there is a discrepancy between the two datasets; experiments
lack the resolution necessary to validate numerical predictioms,camputational
efforts often limit the inclusiof characteristicssuch as mixing and deflagration in
the contact region between fresh reactants and products. In this work the transit of a
detonation into a configuration analogous to RDE will be erpamtally investigated.

The resulting flow structures and features will be examined for insight into RDE
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operation; the collected data will be used to draw conclusions on detonation

propagation characteristics and for use in future computational validdtorts.
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ChaptSerr uldn:t .Dkéd onati ons

The contents of this chapter examine the featuresd@ddetonations in the
LMDE experimental facility (AppendiB). The text is adapted from the following peer
reviewed proceedings of the 2017 International Colloquium on the Dynamics of
Explosions and Reactive Systems (ICDERS):

J. R. Burr and K. H. Yu. Detoriah Propagation in a Linear Channel with

Discrete Injectors and Side Relief.26th International Colloquium on the

Dynamics of Explosions and Reactive SystéGi3ERS Paper 2017107,
Aug. 2017.

3.1 Introduction

The potential thermodynamic gains associatéith wressure gain combustion
cycleshave resulted in steady rise in interest in combustors like the pulse detonation
engine (PDE) antbtating detonation engif®DE) [3.1-3.3]. While the PDE operates
in a manner that requires multiple ignitiements and transitions deflagrations to
detonations, the RDE is the realization of a continuously propagtogation about
the circumference of an anfar channel 3.1]. Reactants are supplied axially into the

annular channel andontinuously refresh the azimuthally propagating detonation

ST

structure B.2]. It may also be 1
possible todevelop more practica

engine designs by integrating a- -
shape of arRDE combustor, thuSe ™~

Figure 3.1: Numerical schlieren of the RDI
[3.9]. Detonatiopropagates from left to right

aerospike nozzlevith the annular
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substantially reducing the thruster weight and leng# [

A number of experimental and computational studies have helped to shape the
understanding of RDBperation. Voitsekhovskii (1959) reported an ekpental
facility similar to themodern RDE fostudying the propagation of a detonation wave
[3.5]. Also, Sommers & Morrisoii1962), Dabora et a{1965), and Sichel & Foster
(1979) examined the propagation of a detonation wawetimn layer ofreactivegas
bound by an inert gas3p-3.8]. More recent numerical studies on the Rb&ve
produced moreinsightful visualizations of the RDE flowfield3.9], and have
influenced subsequent approachiest quantify the global thermodynangtficiency
of theRDE cycle B.10]. A host ofrecent investigations have sought to imprRRE
understanding in ways that range frgonoviding insight into flow physics, to
integration for flight applications3[11-3.13].

Many challenges still remain before the practitaplementation of an RDE
system in which thpotential benefits can be realized; unwardetlagration burning,
injector mixing, heatransfer losses, and suitable high temperature material are all
important issues withithe RDE that havget to be fully adressed3.3]. Fundamental
experimental studies are needed for Ri2E that can fullyinvestigate relevant flow
and chemistry features to better understand thesenteshianisms and operating
conditions. Numerically, Schwer & Kailasanagd, 3.11], and [avidenko, Gokalp &
Kudryavtsev B.13] havestudied the fully threglimensional detonation structure in
such RDE models. Nexperimental data witlsuch detailsare yet available for

comparison or validation of detailed simulati@sults.



CHAPTER 3.STRUCTURE OF HDETONATIONS 29

The objectives othis study are to experimentally investigate the nature of a
detonation wave propagatirgcross transversely injected reactants in a canonical
channel seup simulating arunwrapped RDEconfiguration and to provide detailed
experimental data that can notlpincrease theundamentalinderstanding of the RDE
flow structure but can also be used for CFD validafidre approach is teimplify the
experimental environment by examining the transient propagatiotedbaation wave
in crossflowing reactants ttough a novel linear channel facility instead of the annular
RDE arrangementStudying the detonation wave propagation in a straight channel
allows for the use diigh-quality opticalmeasurements that are much more difficult in

a curved annulus.

3.2 Experimental Setup

The LineaModel Detonation Engine (LMDHhgcility is shown in Fig3.2, with
dimensionsiormalized by recessed tube diametandchannel width (Y direction) of
3d. Designofthée MDE i nt egr at es e l-iacmRDE{344]amdthet he AFR

NRLO6s pr emi x e cdystem fl15].dn thejciarent gordiguration the non

_________ L________________1

crosshatchedegions of Fig.3.2 :
) _ 37.5 '

(for ZrepresentO gptically [/}« -
1

accessible regions of th X 23.5 i
combustor that allow for imagin !
_ 1.25 d 25d  Z| |

of evolvingflow structures. Tube ~ — i T I
1 1

used for reactant injectiq@ < 0) Zlz171217) ; % ZlZIZIZ1Z1Z21}

Figure 3.2: Crosssection view of the LMDE
are not visualized in the currenttest section. Dimensions normalized

diameter of recessed pmaixing tube ¢ =
LMDE configuration.  2.54 mm).
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Confinement of reactargpecies is provided on the sides by the quartz windows and
below by the injection plane.

Reactant flow propagates in the Z direction, simulating RDE inflow. Fuel and
oxidizer species argartially premixed within each of the fifteen recessed cylindrical
tubes (L/D of 11.25xat a depth of 10celative to the bottom of the LMDE channel as
illustrated in Fig.3.2. Independensolenoid control foreactant species allows for
control over the height of the partially premixed reackayér just prior tadetonatbn
transit.

A pre-detonator with internal diameter of d.3and L/D of 42 generates a
detonatiorthat propagates in thmsitive X direction into the reactive crefiew within
the LMDE. A transition piece converts the circulaosssection to a square omath
side measuring @ The predetonator operateasing a stoichiometrienixture of
hydrogen and oxygen, with fill times restricted to mitigate contaminatitire LMDE.

An electric spark from an automotive ignition system using an iridium tipped spark
plug initiates combustionDynamic pressure transducers, sampled at 750 kHz with a
National InstrumenteDAQ-9188 systempositioned 68 and 2% upstream of the

LMDE measure the detonation speed as 2880

3.3 Experimental Results and Discussion

Initial experiments were conducted without reactive cflisg to establish
baseline behavior of the pdetonator discharge into the LMDE facility. In tkes
experiments the detonation transitions to a strong blast wave upon entering the LMDE
channel, Fig3.3a. Predetonator discharge occurs from left to right.idecident curved

shock structure leads the material interface betweedgimmnator exhaust aride gas
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compressed by the incident shock.o

Between the incident shock and t 20

material interface, shocklets a - 15

observed anchored to the recess -10

tubes used for reactant injection.

Experiments conducte Lll;lzlnlizlulr.lﬁlnlu.z.nlnlu.zlzu

@)

20 25 30 35

with crossflow present yielded

successful detonations, Fi§.3b. 20

The reactive crosBow is P
10
visualized to the right of the i

detonation structure with a height

s
P 5 L

i =~ DRSS i
A LA A A TA LA P AT AT A A A L] P

(b)
o _ . _ Figure 3.3: Schlieren image of prdetonator
is piecewise sinusoidal and due tQjischarge without crostow (a) and
. L detonation propagation in crelew of
the discrete injection of reactants;hydrogeroxygen mixture { = (.. 0)

8-9d. Variation in crossflow heigh

crossflow height is greatest directly above injection locations and shorter elsewhere.
The crosglow shape gives way to the shape of the material interface, which is distinct
from the incident shock at ¥/of zero. Tle nonuniformity of the initial crosow

likely accelerates the growth of the Richtmyseshkov instability that forms after the
detonation transit. The incident shock and material interface curve to meet the
detonation structure near andXéf 31. The rgion between these two structures is
populated by weak shock and expansion waves, likely the result of flow deflection off

of the irregularly shaped material interface.
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The detonation structure is expressed with significant curvature with the leading
edgepositioned 23d above the base of the LMDE. Reactant injection is performed
with an evolving jet to replicate the flow conditions within an ROEmediately after
detonation transit inflow is impeded by pressure ghim, resumes as unchoked
injection as the pressure falls. For different species, in this case hydrogen and oxygen,
the inflow velocities differ, resulting in a namiform distribution of reactant species
in the direction of jet propagation. In addition, the tivaeying velocities create time
varying degrees of mixedness between the species. The leading edge of the detonation
indicates the relative maximum in crefsw detonability as a function of these

parameters.

0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 3 O 5 10 15 20 25 30 35
W TR S e o

20 g |

Flgure 3 4. Schlieren i |mages of detonation propagatlon ussﬁow of hydrogen
oxygen mixture (« = ). The Ohorizontal and vertical scales are the-non
dimensional position in the channel X/d and Z/d, respectively.

The detonation transit is examined temporally to investigate variation in
propagation behavior with distance from ignition by thegetonator, Fig3.4. Images
were acquired at 500 kHz, with i mages sho\

estimates irdetonation velocity, Fig3.5, show three distinct regimes of detonation
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propagationi diffraction, reduced 25008

—Q— Blast Wave
+ Detonation

velocity, and acceleratioi and  2900f

1500}

ty (m/s)

indicate the detonation propagatic

Veloci
=
o
o
o

has yet to reach a steady behavio

Within the predetonator the |

detonation wave is confined on a 0 5 10 15 20 25 30 35
Normalized Positon, X/d

sides by solid walls; upon exiting Figure 3.5: Blast wave and detonatio
velocities within LMDE channel based off ¢

the predetonator the detonation schlieren images acquired at 500 kHz.

loses confinment from above and similarly loses triple points to the gaseous

confinement layer. The result is a sudden arrest in forward motion of the detonation

wave i n the fir sdndniiricsthe belalior gf the lpaatgvave. ilno n

t he next opagatioretlse daiohatign moves at a significantly reduced velocity

T nearly 50% of the incident detonation speed. In the corresponding schlieren images

the detonation structure is curved with a pronounced bulge; the wave structure

intersects the base ofeth.MDE at an oblique angle. The combination of poor mixing,

oblique shock angle, and low speed near the base of the LMDE indicate thffowwoss

is likely not detonating at this height. The final region of propagation is characterized

by a sudden accelerat of the detonation structure to speeds matching that of the

incident detonation. In addition, while the bulge of the detonation front still exists, the

intersection of the structure with the base of the LMDE occurs at an angle closer to the

normal, sigifying a greater pressure rise in this region. A greater percentage of the

crossflow reactants are likely detonating in this regime.
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Figure 3.6: Schlieren (a), shadowgraph (b), and annotated illustration (c
detonation in crosfiow of hydrogeroxygen mixture ¢ =). 0. 8

The detonation transit is imaged in the region of sudden acceleration at a higher
resolution to observe flow features, F&)6. Key flow regions are the background
confinement gas (I), the reactant crfissv (1), and the combusted products (lll).
Strucures include the detonation front (&) oblique shock (B), the material interface
between combustion products and shocked background gas (C), shocks and expansion
fans reflecting off of the material interface (D), and the material interface between the
crossflow and the background gas (E). The irregularities in the detonation front appear
to be cellular structures, although the mechanism that maintains them in the LMDE

configuration requires further investigation.

3.4 Concluding Remarks

An experimental studys in progress to study detonation waves propagating
across an array of reactant jets discharged into a narrow channel. The principal
objective was to gain better understanding of the fundamental flow structure and the
physical processes that océoside an RDE combustor. Preliminamgsults indicate

the detonation propagates as a curved structure with peak propagation occurring in the
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middle of the crosflow and is likely a function of inflow velocity and mixing
characteristics. Threeegimes of popagation have been identifiéd diffraction,
reduced velocity, and accelerationwith images acquired during the acceleration
regime to visualize key detonation structures.

In this paper, we present the results from one of the cases where partially
premixed hydrogeroxygen jetsare injected into the oxygesmriched air background.
Since the partialhpremixed reactant jets evolugside the channel, they also mix with
the background gas resulting in highly aamform reactanimixture along the jet
height. At the same time, there are discretely spaced reactant jets along the wave
propagation direction, possibly creating a discontinuous pathway of detonable mixture.
As a result, even isuch a simple configuration as that considered in this paper, the
flowfield becomes quite complicated.

The wave and flow structures were characterized using two simultaneously
applied highspeedvisualization techniqgues and dynamic pressure measurements. It
was shown that the detonation waypeed was not constant acrossctiennel passage,
suggesting the wave was still in the transient stagkew¢lopment. Furthermore, the
wave speed fluctuated substantially, suggesting possible effects of nonueifatant
mixture. The present results highlighted that the mixing witénreactive mixture as
well as the mixing between the reactant jets and the previous cycle products should
play a critical role fosustaining and stabilizing detonation wave propagation inside an

RDE combustor.
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The contents of this chapter examine the featur€®ldi-O. detonations in the
LMDE experimental facility (AppendiB). The text is adapted from the following peer
reviewed proceedings of the @iInternational Symposium on Combustion and
subsequent journal publication

J. R. Burr and K. H. YuExperimental charaerization of RDE combustor

flowfield using linear channeProceedings of the Combustion Institute
37(3):34713478 2019

4.1 Abstract

An experimental study was conducted to characterize fundamental behavior of
detonation waves propagating across an array of reactant jets inside a narrow channel,
which simulated an unwrapped rotating detonation engine (RDE) configuration.
Several key flowfeatures in an ethyler@xygen combustor were explored by sending
detonation waves across reactant jets entering into cold bounding gas as well as hot
combustion products. In this setup, ethylene and oxygen were injected separately into
each recessed img®r tube, while a total of 15 injectors were used to establish a
partially premixed reactant jet array. The results revealed various details of transient
flowfield, including a complex detonation wave front leading a curved oblique shock
wave, the unstegdoroduction of transverse waves at the edge of the reactant jets, and
the onset of suppressed reactant jesntering the combustor following a detonation
wave passage. The visualization images showed a complex, multidimensional, and

highly irregular deonation wave front. It appeared nRaniform mixing of reactant jets
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lead to dynamic transverse wave structure. The refreshed reactant jets evolving in the
wake of the detonation wave were severely distorted, indicating the effect of dynamic

flowfield andrapid pressure change. The results suggest that the mixing between the
fuel and oxidizer, as well as the mixing between the fresh reactants and the background

products, should affect the stability of the RDE combustor processes.

4.2 Introduction

Recently, thex has been a renewed interest in developing rotating detonation
engines (RDE) as an alternative combustor concepi 48] It is possible to
implement RDEs on both rocket [4419] and aibreathing [4.1,4.2,4.10] applications.
RDE has a detonatidmasedhermodynamic cycle, which can provide thermodynamic
efficiency improvements over the Braytoycle engines for certain applications [4.11
4.14]. Moreover, possible system benefits stemming from the simple design, compact
reaction zone, and periodic cyclprocess make the potential use of RDE more
interesting. The renewed interest appears to be driven by increasing demand for greater
fuel economy and recent developments in related technology areas such-as high
temperature materials and additive manufaatur

In RDE a detonation wave propagates continuously in the azimuthal direction
around an annular or cylindrical chamber. Reactants are steadily fed from one end of
the annulus/cylinder along the axial direction [4.15]. The nature of the waves isdffecte
by the local chemical composition as well as fluid mechanical and thermodynamic
properties of the local mixture, which determine periodic formation of detonation or

blast wave fronts [4.16, 4.17]. While there have been a plenty of fundamental and
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appliedresearch activities involving RDE}[L8, 4.19], thereis still a lack of high
guality experimental data for visualizing the flowfield.

This study is motivated by the desire to provide better characterization of the
RDE-relevant flowfield by building a tiear model of the RDE combustor. By using a
canonical configuration containing the essence of the RDE flowfield, it was expected
that we can better visualize the detonation wave structure interacting with reactant
flows under controlled conditions. Sindeetreactants are injected from the base of the
channel just before the detonation wave arrival, there may not havsuigeient time
to create uniform homogeneous mixture inside the channel. Théetap periodically
varying mixture composition alorthe wave path downstream.

The purpose of this work was to obtain detailed information on the fundamental
flow structures associated with a detonation wave that propagates inside a narrow open
channel containing transversely flowing reactant jets. It thasintention of this
experiment to simulate only the essence of the RDE geometry, excluding the curvature
effects of the annulus. We focused our efforts on investigating the interaction between
the detonation wave propagating along the channel and totamegets flowing
orthogonally to the detonation wave. We hope the simplified combustor configuration
allows us to obtain better understanding of the physics of the RDE flowfields by being
able to focus our attention on the detonation wigwmsfield interaction inside a narrow

open channel.

4.3 Experimental Approach

Experiments were performed in the Linear Model Detonation Engine (LMDE)

combustor, shown in Figd.1l. Conditions generated by this facility simulate the
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. . : injector
canonical flowfield encountered in the _‘'necer i e
N QUart . ’ndow
36d =--4= 2 Wingon: y

RDE; a detonation  propagates JTjestor IS
/Il d=25m['n
. i window 11d d
transverselythrough discretely spaced i

reactant jets. Design of the LMDE\\\

CoHe ¥
detonation wave

integrated elements df h e A F R Lir@n ge-detotor )
injector spacing =2.5d
15 injectors total

inchRDEpB2 0] and the NRLO6s premixed
Figure 4.1! Isometric view of the

microinjection system 42] into a LMDE combustor with cutaway o
injector geometry.

simplified linear facility.

The annulus walls of the RDE are replaced with planar, optically transparent
guartz windows in the LMDE combustor. These windows allowed for use of one or
more Phantom v2512 cameiasmaging the flowfield. Ethylene and oxygen reactants
were injected into the LMDE through 15 recessed cylinders, each with a diahseter
2.54 mm. Upon entry into the channel reactants are only partially mixed in order to
reduce injector tube length artd replicate behavior of practical RDE injection
geometries. Dimensions in subsequent figures are normalized by the tube diameter.
Additional details regarding experimental setup are availdtilé]

Figure4.2 shows the dynamic pressure measurementsypical LMDE test that
includes two praletonator ignitions spaced 110 ms apart; Figl2éa) shows the test
in its entirety, while Fig4.2(b)i (d) focus on subsets of the test to emphasize important
features. A detonation transit of a sensor is defiagdhe time when the signal
derivative reaches a local maximum; in the case of dynamic pressure sensor #1 the two
transit ti mean dthragighdubFig£2. khel predesonatdr wave speed

for a given ignition event was estimated from thagén transit time between the
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two sensors and known sensor spacirf}.
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within the LMDE was steady betweenFigure 4.2: Typical dynamic pressuri

recording of LMDE test (a). Sensc
response to initial detonation
transmission (b), combustion instabili
(c), and second detonation transmiss
~(d). Relative times for detonatio
detonationyansits in subsequent imageseaton

. ) ) __corresponding plots.
confinement configurations. The first

injectors #515.
During the LMDE test in Fig4.2

there were two distinct

detonation transit occurred in a reactant ciftms of ethyleneoxygen confined by a

A ¢ o badkground gas, Fid.2(b). Channel pressure and temperature were 1 atm and
294 K, respectively. Following the first transit a combustion instability within the
LMDE periodically deflagrated the reactant injection and filled the channel with
combustion products, Fig.2(c). The seond detonation transit occurred in a reactant

crossflow of ethyleneo x y g e n ¢ o n f combudtionbpyodudish igt.2¢d).

Channel pressure was 1 atm priordetonation transit. During all test phases the
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reactants were rigidly confined by tigection surface, the wall closest to the-pre
detonator, and within the LMDE chanr®i the quartz windows. Reactants were free

to expand upwards and in the directiordefonation propagation.

4.4 Results and Discussion

In RDE the pressure rise associated with the periodic passage of a detonation
momentarily halts reactant inflow. Expansion of the flow to the initial pressure occurs
following this spike, at which point theactant refresh into the annulus renews. The
exact details of how this refresh occurs are configuration dependent; the scope instead
was limited to examining what general features resulted from such transient reactant
inflow.

For the first detonation transit in the LMDE test, pressure in reactant manifolds

was increased prior to detonation ignition

base of the recessed cylindrical inject

to ensure reactants are at an equal he
within the channel at the time o
detonation transit. Prior to this injectiol

the LMDE was purged with an oxyge! R iR e Vi

5
Lt A VA VA VA VoA Vo U U o Tt T N ] L] 1] L)

back ground gas to reduce the number oFigure 4.3: Evolving reactant cross
flow with increasing manifold baek

species present within the channel. pressure. From top to bottom, images a
d show:itli Mensl Uhs i
0.5ms, and] + 0.1ms, respectively.
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Figure4.3 shows the evolution of the reactant crfie® in time. Due tots lower
propagation velocity, oxygen was injected prior to ethylene. At the time presented in
Fig. 4.3(a) the oxygen reactants were at a heightdyfwhile the ethylene reactants
were at a height of 2db All fifteen crossflow jets were observed as lamar with large
gaps of background gas between them.

In Fig. 4.3(b) the oxygen and ethylene reactants were both approximately at a
height of B and evidence of gaps between reactant jets remained. As manifold
backpressure increased, the crilew became more turbulent as seen in Big(c);
adjacent reactant jets began impinging and mixing with the background gas in the
rectangular channel. Despite improved mixing from the increased turbulence, the dark
regions in the crosflow front at a height of 67d indicate significant variations in local
density, and therefore either poorly mixed reactants or strong concentrations of a single
species at the jet tip. Mixing of crefiew jets increased further in Fig.3(d), but

evidence of poor mixing remained.

25 30

Figure 4.4: Detailed sequence of detonation in ethytlemggen crosslow. From
left to right, images-a@ show timedl+ 8 6:@s 9 1D s + 96asrabspettively

Transmission of the first detonation wave through the dtogsis captured with
high- resolution schlieren images in Fig4. The interface between the gitetonator

and LMDE channel is characterized by a sharp expansion at X = 0, as seei8.Fig.
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After initial transient behavior due to diffraction at X = 0, the transmitted detonation
propagated steadily from jetsi#b at a speed of 2.4&2 km/s into a reactant layer
with a global equivalence ratio of 1. Although this measured wave speed was
apprximately 95% of the onedimensional and welnixed CJ speed, the schlieren
images indicate the wave was likely propagating locally at both fuel rich and lean
conditions.

Variations in the thickness of the detonation front were present in the schlieren
images. Local discrepancies in reactant concentration and mixedness within the cross
flow yield different induction times behind the detonation front, and likehtributed
to this effect. The primary contribution to this thickness was from the highly-three
dimensional injection geometry; the circular jets emerged into a rectangular channel,
producing a noiplanar geometry across the span of the channel. Since schlieren
imaging integrates across the entire channel width, this technique would blur three
dimensonal structures.

Dark spots that appear to be unreacted components of theflomsgere seen
in Fig.4.4(b) and (c), particularly around X =1383d . One such spot at X = 8&and
Y = 6d in Fig. 4.4 (c) was the result of poor mixing at the tip of theseiftow, while
the spot at X = 3 and Y = 3.9 in Fig. 4.4(b) instead originated from variations in
mixture or species concentration within the middle of the eflogs

Figure4 .4 also contains a number of transverse waves connectedittoination
front, in particular around X = 2@9d and Y = 7 10d in Fig.4.4(b). These features are
examined at a higher framerate in Fg(c)i (), where the origin of the trangerse

waves were revealed to be an unreacted pocket of gas behind thiobtateid near the
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tip of the reactant crosdow. Generation of transverse waves by means of pockets of

unreacted gas at the jet tip has been demonstrated numerically in cases of uniform gas
composition§.21]. Figured5 (a) capt ur es radiafinqmshockwaves X pl 0o s i «
in the immediate wake of the detonation front, also generated from a pocket of
unreacted gas, and indicates that transverse waves can be generated elsewhere along

the detonation front where noaniformities in the reactant creflew composition

exist.

(4]

-
-
-
+—
L
3
—

o

Figure4.5:Appear ance of fAmicro explosiol
left to right, images® s h o w1+ i8mveGss ,&9Bs ,9 11O D3us, ahd
U + 95us, respectively.

The connection between these structures may be expected, as acoustic
disturbances downstream of the detonation wave are able to influence the detonation
front. In the case of these unreacted pockets, they are subjected to the strong pressure
and temperature rise associated with the detonation wave, but their difference in
composition correlates with different induction time scales. Combustion of these
pockets occurs behind the detonation front, and the resulting pressure waves influence
the detonation by providing an additional source of transverse waves to stabilize
detonaibn propagation.

To resolve additional features along the detonation front, a second Phantom

v2512 camera was used to simultaneously record schlieren and shadowgraph images
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of the detonation in reactant creff®v. Together the two imaging techniques were
used to generate an annotated image of the typical structure of a detonation in a cross

flow of ethyleneoxygen, Fig4.6.

T O A Ao AT VAT

Figure 4.6: Schlieren (left), shadowgraph (middle), and annotated illustre
(right) of detonation in crosfiow of ethyleneoxygen mixture.

Four regions of flow are marked in Fig6: background/purge gas (I), reactant
crossflow (1), combustedproducts (lIl), and shocked background/purge gas (1V).
Marked structures in the figure include: detonation front (A), curved oblique shock(s)
(B), material interface between shocked gas and combustion pro@ctadterial
interface between reactant crdksv and back ground/purge gadD(, shocklets in
region IV E), and transverse waves)(

The detonation front gently curved back to transition into an oblique shock
structure. This gradual incline indicated that either the improved mixing near the base
of the crosslow due to turbulent injection, or the local reactant concentration, was
more favorable for detonation propagation. The expected loss of transverse waves
through such a weak gaseous confinement of the reactant ftoegstood in stark
oppasition to the continued survival of the detonation front. It has already been
suggested that pockets of unreacted eflmss may have contributed supplemental

transverse waves, but it may be possible that a sufficient number of transverse waves
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were alreag present to tolerate the loss rate to this interface, or that an entirely separate
means of generating the transverse waves existed during the test.

The varying strength of transverse waves in &i§.likely reflects local reactant
reactivity, or threedimensionality of the detonation front. Although the transverse
waves meet and form triple points along the detonation front, the resulting cells would
be irregular and their size dependent on the dtossmixing and species distribution
characteristicsThe schlieren image of the dattion front at X = 32&and Y =0
suggests a complex wawall interactions. One possible explanation is that the
reaction zone separates from the shock wave without a strong concentration of reactants
present between jetand the other is that the complex thddmensional injection

geometry is producing likewise three

dimensional shock features.

In RDE the average period betwes

detonation transits is governed blyet;

annulus circumference, wave speed,

number of stabilized detonation wav

cycling of the predetonator for the

second detonation in the LMDE te;

" INEEEREY
f".‘.‘.l.l.’.’.’.’.’.’.’.’.’.’.l 0

required a minimum of 110 ms betweeno o 15 20 25 30 35
<. RS ; 10
waves. During this time &% =l S
R TR 8
TR AN N
manifolds pressurized to a steadste of . IR ’ A A

Figure 4.7: Combustion of crosow
between detonation transits v
continued to enter the channel with dnstability. From top to bottom, image
ad show phasyes=y
y = 180A, and y =

2 atm and the reactant creffsw
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global equivalence ratio of 2.9. Following the first detonation transit a combustion
instability repeatedly burned off the reactant ciib®® as it developed to a height of
D10d , shown as four phasesinFg7 . Phases of instability a
y =ref@rénces the point in the instability just prior to combustion.

Analysis of the signal recorded by dynamic pressure transducers at the pre
detonator exit indicated the typical frequency of the combustistability was 1.9 +
0.1 kHz, Fig.4.2(c). The period of the combustion instability is on the same order of
magnitude as RDE reactant refresh. The key difference between tbertfigurations

is that the combustion products produced byribbility are the result of deflagration,

20 25

whereas in RDE they are produced by}’

detonation.

Ignition of the predetonator was
timed such that the detonation wave : |
arrived in the LMDE as the crogiow |

approached the state shown in Big(a),

T T ALY

15

just prior b combustion via instability.
Crossflow composition between
reactant jets in Fig4.7(a) was fairly
uniform, while the jet cores appeared as
dark structures; temperature differences

between the reactant jet core and

reactants mixed with combustion A Vo VA VA A 1 0

Figure 4.8: Comparison of natura
luminescence from the first (top, a) ai
second (bottom, b) detonation waves.
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producs provide a stark contrast in the schlieren images.

The temperature of the background gas, i.e., the combustion products, reduced
the strength of schlieren images in the narrow test section; luminescence of the second
detonation transit is shown in Fig.8 with the luminescence of the first detonation
transit included for reference. Both test cases produced similar oblique shock angles
(d), wvalidating the use of the first deton
The transmitted detonatiowave speed was limited to 1.3 &2 km/s due to a
combination of the reduced pdetonator incident wave speed, the poor mixing
between adjacent+actant jets, and the large cell size expected at fuel rich conditions.

The detonation front for the secondwe was lofted and met the channel base at
a non perpendicular angle as a result of gaps between the discrete reactant jets near the
channel base. In the first detonation transit the reactantitosssleveloped over the
period of 34 ms as the reactamanifolds pressurized, providing ample time for
reactants to mix and diffuse into the bottom of the channel; during the combustion
instability a comparable height crefisw developed in 0.52 £.02ms.

Despite the reduction in mixing between adjacent jeiging within jets was
quite good for the second detonation transit. Figi8eshows combustion was more
concentrated behind the detonation front during the second transit than the first. The
column of luminescence in Fig.8(b) at X = 21.5l indicated he cores of the reactant
jets provided the bulk of the energy release during the second transit, which agreed
with the schlieren visualization of the reactants from &ig(a).

Visualization of the reactant refresh in the wake of the second detonatisit tra

provides insight into reactant creisw recovery from the impulsive jump in pressure.
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Figure4.9 shows a composite image, split over two rows, of the reactant 8mss

refresh in the wawéixed reference frame. Note that the direction of waveagation

is flipped to allow for the time axis to increase from left to right. For the case shown,

the detonation wave propagated at a rate of
acquired at 200 kHz. Placing every fifth image digeside performsthe

transformation from laboratotfjxed to wavefixed reference frame for the five

injectors.

Figure 4.9: Composite image of reactant craksw refresh in waveixed reference
frame. Ti me areshevh mdreasing from teft tbJright. Appat wave
motion from right to left.

Reactant crosfiow injection was halted immediately in the wake of the
detonation wave. Ingion did not recoveruntiil 50/ 5 e€s after the wave
time corresponded with when the mixing and/or combustion of the pockets of unreacted
gases behind the detonation front produced a uniform background gas composition.
Immediately following the rise in pressure associated with the detonation transit some
backflow of combustion products into the recessed tubes and the transmission of some

shock structures was likely to have occurred; initial injection of the reactantfloass
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was at a low speed with a poorly defined material interface between fresh reactants and
combustion products.

Shortly following the return of reactant injection the material interface
accelerated upwards, indicating that the pressure in the wake aéttihreation wave
dropped. During this period of accelerated reactant dfoasgrowth the delineation
of the material interface between the criess and combustion products increased.
Mixing between and within the reactant jets increased as well, asilatree reactant
crossflow was partially made up of combustion products. Thorough mixing with these
products will dilute the reactant concentration and increase-ftavgsemperature. In
some configurations the conditions may caugeignition of the eactant crosfow
to occur via this mixing. Approxi mately 2E

crossflow recovered to its pradetonation height.

4.5 Summary and Conclusions

We investigated the detailed flowfield structures associated with detonation
waves propagating inside a straight channel that simulates -awrapped RDE
combustor. Partially premixed jets of ethyleme/gen mixture were established, and
two detonation waves from a pdetonator were scheduled to arrive at the reactant jets
as tle jets reached the predeterminedHgiight inside the combustor channel. Under
the controlled test conditions investigated, the detonation waves continued to propagate
along the channel by detonating the reactant toss

The first detonation wave waent to the combustor with a cold background gas
confining the reactive crogtow. After the first detonation wave passage, the reactants

ignited and established a combustion instability that periodically burned off the cross
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flow. About 110 ms laterhie second detonation wave was sent into the reactive cross
flow bound by the hot combustion products of the instability. After the second wave
passage, the temporal evolution of the ensuing flowfield simulated the injection refresh
process occurring in RB)

The detonation waves in this study were characterized by unsteady, highly
irregular, and multdimensional structures that were observed on the lead wave front.
Some of these structures were seen protruding ahead of the merdirtvensional
incident slock wave that surged ahead forming a lead shock wave front. The present
experimental data reveals details of the flow structure under two different controlled
bounding gas conditions. While these observations are consistent with what is expected
of high adivation energy reactants, other factors can also contribute to the un
steadiness, such as the thdimensional nature of the flowfield and raniform
mixing of the reactants due to extremely short injection time and lehiight.

The experimentalata showed that transverse waves were generated at the tip of
the reactive crosow, as observed in the numerical study by Uemura et al. (2013),
who further linked the transverse wave generation and reflection processes to the
detonation propagation meatism. The present finding not only provides
experimental evidence of transverse wave generation process at the tip of the cross
flow, but also appears to support Uemurads
addition, the present findings includeidance of transverse wave generation through
the combustion of unreacted pockets of gas in the wake of the detonation wave.

Lastly, experimental data was provided that captures the reactant jet refresh

process following a detonation wave passage. Thetseshbwed that the typical
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characteristic time for reactant bl ockage
While the flow blockage time should be a function of the injector geometry and the
stagnation pressure available, it could limit the maxmaperating frequency in the

steady state operation of a practical system. The present approach can be used as an
effective tool for studying physical mechanisms associated with RDE relevant
processes. Furthermore, the experimental results and findingarappll suited for
understanding the RDEelevant flow field structure and provide a database for

validation purpose.
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The contents of this chapter examine the features af@Hletonations in the

eLMDE experimental facility (Appendi&).

5.1 Abstract

An experimental study was conducted to characterize detonation waves
propagating across a row of temporally evolving reactant jets of partially mixed
gaseous metharexygen within a linear channel. The geometric and flow
configuration simulated the flowfi@ within the unwrapped annulus of a rotating
detonation engine (RDE). In this setup, methane and oxygen were injected
independently into 48 discrete injector tubes, forming a partially mixed reactant layer.
Detonation waves were initiated via a joletonaor positioned at the entrance of the
channel combustor at appropriate timings to yield varied reactant layer heights.
Characterization of the resulting detonatreactant interaction was performed with
simultaneous measurements of shadowgraph, chem#seence, luminescence, and
dynamic pressure measurements. Repeated experiments at several controlled
conditions were conducted and yielded several distinct propagation modes. Robust
detonations propagating near the -aliensional Chapmaouguet (CJ) spdewere
observed for fill heights above 18 injector diameters. At lower heights a bifurcating
behavior was observed that alternated between a weak detonation propagating at 85%
of the onedimensional CJ speed and a decoupling detonation wave. For redttant f

heights of 14 jet diameters a decoupled sktarke was consistently observed.
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Shadowgraph images of these cases reveal the presence of triple points along the wave
front, with the results between cases indicating that several triple points may be
requred to maintain the robustness of close sh@action coupling and stable wave

propagation in the RDE configuration.

5.2 Introduction

Rotating detonation engine (RDE) has recently garnered interest as an alternative
combustor concept [5:8.3]. The detonati®based thermodynamic cycle of RDE
provides possible work and efficiency improvements over Bragyaie engines for
certain applications [5-8.7]. Additional system benefits associated with the simple
design, compact reaction zone, and cyclical heattiaddprocess further extend the
potential of RDE; the renewed interest in RDE has grown in parallel with the demand
for improved fuel efficiency and improvements in related technologies such as additive
manufacturing and higtemperature materials. Propdsapplications of RDE extend
to both airbreathing [5.15.2,5.8] and rocket [5-9.14] systems.

RDE combustor geometry is characterized by an annular channel with reactants
injected in the axial direction and one or more detonations propagating in thehredim
direction [5.15]. In single wave operation, reactant refresh occurs while the detonation
propagates around the circumference of the annular channel. Reactant wave
confinement occurs to the sides by the annulus wall, above by the hot products from
the previous detonation cycle, and below by the reactant injection plane; deflagration
between the fresh reactants and detonation products is common. The pressure rise
associated with the detonation abruptly halts reactant inflow, and often results in

backflov of combustion products into the feed plenum. Reactant injection resumes
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when the local annulus pressure drops below the reactant stagnation pressure. In
implementation of RDE, local variations in reactant mixedness, species concentrations,
and fill heighis can have drastic impacts on the propagation of the detonation(s) [5.16
5.22]. While there have been numerous fundamental and applied research activities
involving RDE [5.235.36], there is still a lack of highuality experimental data for
visualizing he flowfield.

This study is motivated by the desire to study the fundamental flow structure
associated with a detonation wave propagating transversely to discretely spaced
reactant jets of metharexygen composition in a linear model of the RDE combustor.
Through the use of a canonical configuration that captures the essence of the RDE
flowfield, it was hoped that the detonation wave structure interacting with reactant
flows under controlled conditions could be better visualized. Because reactants are
injected from the base of the channel just prior to detonation wave arrival, there is likely
insufficient time to allow for homogenous mixing inside of the channel. The result is a
periodically varying mixture composition in the direction of wave propagation.

The purpose of this work was to obtain detailed information on the fundamental
structure associated with a detonation wave propagating inside a channel containing
transversely flowing reactants. A combination of shadowgraph, chemiluminescence,
luminescenceand dynamic pressure transducer measurements are used to examine the
time dependent behavior of the detonatieactant interaction. Only the essence of the
RDE geometry is simulated in this experiment and excludes the effect of annulus

curvature. We hopthe simplified combustor configuration allows us to obtain better
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understanding of the physics of the RDE flowfields by focusing our attention on the

detonatiorflowfield interaction inside a narrow channel.

5.3 Experimental Setup

2.4.1 Linear Detonation Facility

Detonation experiments were performed using the extended linear model
detonation engine (elLMDE) combustor at t he
Research Laboratory. Design of the eLMDE combustor incorporated elements of the
AFRL @ehRDE[5.377and he NRLO6s premi xed microinjec
a schematic of the flowfield detailing the detonation channel and recessed tubes for
reactant injection is shown in Fig. 5.1 with dimensions normalized by recessed tube
diameterd, 2.54 mm. The 48 disaeerecessed reactant tubes are not visualized in the

configuration shown.

g Outflow Boundary 10d 10d
2 7 k| 7 3
=} 3 ©
2 t =k t woole
z OF
- o X s F Y

11340 i nj n Boundary. it

10d

0.35¢1 ¥

0.49d —Sife— ,
Figure 5.1: Partial crosssection ofeLMDE and injectors in the > (left) and Y-Z
(middle) planes. Isometric view of facility with full injector array (rigt@ptically
accessible region indicated by dashed boundary.

RDE inflow is simulated in theLMDE by reactant flow propagating in the
positive Z direction in Fig. 5.1; unmixed methane and oxygen streams impidge 10
below the injection boundary of the eLMDE channel, allowing for partial but

incomplete mixing of the reactant species. Independdenaid control of methane
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and oxygen gases allows for variation in both reactant layer height and phasing between
reactant injection. Fuel injection phasimfgugL) is relative to the oxidizer injection and

is normalized by the total injection period; go& drueL indicates oxidizer injection
occurs prior to fuel injection. Steadyate reactant mass flow rate is controlled by
varying jet stagnation pressure prior to opening solenoids. A summary of test
conditions, as well as the range of typically obsdrwave speeds through the reactant
layer, are shown in Table 5.1; mass flow rates are per injector, and reactant layer height

is normalized by injector tube diameter.

Table 5.1: Methaneoxygen reactartest conditions.
Case Woer (et (9/s) drueL (deg.) hser(d) VrransiT (M/s)

1 0.8 0.38 0 22+3 2260 + 30
2a 1.2 0.48 110 16+ 2 2070 £ 50
2b 1.2 0.38 110 16 +2 1425+ 300
3 1.0 0.48 -70 14 710+ 10

Detonations propagate in the positive X direction in Fig. 5.1. Adptenator
with internal diameter of 4B and L/D of 42 generates a steady, stoichiometric
ethyleneoxygen detonation. A transition piece converts the circular @®sison to a
rectangular one with sides measuringa®d 3.@l just prior to entering the eLMDE at
the sold boundary marked in Fig. 5.1. Ritetonator fill times are varied to control the
strength of the detonation wave upon entering the eLMDE facility; an electric spark
from an automotive ignition system using an iridium tipped spark plug initiates
combustion Reactant layer height in the eLMDB;dy) is recorded at the time of

detonation transit through the gas layer.
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2.4.2 Flow Diagnostics

Simultaneously acquired shadowgraph and CH* chemiluminescence served as
the primary means of studying amtharacterizing the behavior of the different
detonation cases examined. A conventionathazdowgraph configuration was
employed to obtain the second spatial derivative of density in the XZ plane of the
eLMDE facility. A high-speed Phantom v2512 camera wasd with a CAVILUX
Smart pulsing diode laser (640 nm) and two spherical mirrors for this setup. The images
were recorded at a rate of 30 kHz with a laser pulse width €§010s. Vision
Researchds Phantom Camer a Contthexcamerfad CC)
as well as to record, access, and save the images.

The chemiluminescence deexcitation of the CH* radical was photographed in
conjunction with the shadowgraph images. The CH* signal captured was used in this
study as an optical marker of heateese; CH* is primarily produced through the
reaction of monatomic and diatomic oxygen with the ethynyl radical [5.38]. A second
Phantom v2512 camera operating simultaneously with the shadowgraph camera and
with a 430+5 nm optical bandpass filter (Edmunpti€s #65198) also collected
images at 30 kHz. The exposure time for the chemiluminescence was 480 ns;
shadowgraph and chemiluminescence images are synchronized such that the end of the
CAVILUX laser pulse coincides with the end of the chemiluminesceramtBm
exposure.

High frequency pressure sensors (PCB 113B24) with a rang&®faim were
recorded at 500 kHz using a National Instruments cEPA@8 system. Dynamic

pressure measurements were collected in a vertical array positioned at X, #r@enl
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Y =23 toY =24.4in increments of 7&, to characterize the detonation pressure
profile at various points within the reactant layer. Two additional dynamic pressure
transducers were positioneddsénd 2% upstream of the exit of the pdetonator to

measure the incident detonation strength.

5.4 Results

20

10

NN AN
Figure 5.2: Composite image of detonation propagation into gaseous met|
oxygen mixture (2310 m/s). Horizontal coordinadesrelative to detonation front

The shadowgraph of a typical robust metharggen detonation wave
propagating through the eLMDE facility presented in Fig. 5.2. In this figure the wave
propagates from left to right, with the horizontal coordinates relative to the detonation
front; two subsequent frames acquired at 83.3 kHz are used to generate the composite
image shown. The detonation fitagradually inclines as it nears the top of the reactant
layer and gives way to the oblique shock propagating into the gas confining the reactant
layer. As the inclination of the detonation increases the apparent thickness of the
detonation front increase the broadening of the dark region immediately post

detonation front is indicative that the width of the reaction zone, where rapid density
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change is occurring, is increasing as well. The position and distribution of the heat
release within this broaderg region is unclear from the shadowgraph alone.

Trailing the detonation by 80Dis a reflected shock structure from the recessed
injectors. In the configuration detailed in Fig. 5.1, the recessed injector area is
approximately 9% of the total channel ar@éwing for significant transmission of the
incident detonation wave into the recessed tube. The reflection of the transmitted shock
from the base of the recessed tube yields the trailing features observed in Fig. 5.2. In
RDE, injection of fresh reactanfollowing a detonation transit cannot begin until both
this process and the decrease of annulus pressure below the feed system stagnation
pressure have completed.

Natural luminescence from the detonation was acquired simultaneously with
shadowgraph in Fig. 5.3. In this and subsequent figures the marked horizontal position
is relative to the exit plane of the pdetonator at the far left of the eLMDE channel in
Fig. 5.1. The majority of Fig.

40
5.3 is representative of

shadowgraph exposure of th

30
detonation transit, but

locations of strong natur

20
luminescence the image

saturated.
10

Strong transverse shock:

are visualized to either side o

the saturation regiorfrom the Al °
Figure 5.3: Simultaneous exposure ¢
shadowaranh and luminescence.
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structures present it is inferred the luminescence is occurring in the wake of a Mach
stem with the transverse shocks propagating away from the region of luminescence.
Above the upper transverse shock, the reaction zone is separated from teetincid
shock front and the corresponding luminescence is negligible. The intersection of the
incident shock front, the Mach stem ahead of the luminescence region, and the upper
transverse shock is directly visualized as a detonation triple point. The expected
position of the triple point corresponding to the lower transverse shock coincides with

significant luminescence and is not directly observed.

(a) Case (b) Case (c) Case
Figure 5.4: Shadowgraph images of (a) strong detonation propagation, (b)
detonation propagation, and (c) decoupled sHtzrke propagation.
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(a) Case (b) Case (c) Case

Figure 5.5: Chemiluminescence images of (a) strong detonation propagatior

(b) weak detonation propagation, and luminescence of (c) decoupledfimek
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Separation of shadowgraph and CH* chemiluminescence imaging to two
simultaneously operating cameras yieldd& images in Fig. 5.4 and Fig. 5.5,
respectively; images are characteristic of their corresponding test case. Natural
luminescence is absent from the shadowgraphy due to the addition of a bandpass filter
at 640 nm. For test Case 3, natural luminescesceaised in place of CH*
chemiluminescence due to the low signal strength observed for the decoupled shock
flame in comparison to other cases. Chemiluminescence and luminescence exposures
in Fig. 5.5 are inverted such that dark regions correspond to ensission

A strong detonation propagation is shown in Fig. 5.4a and Fig. 5.5a. In this case
the detonation propagates at 2260 m/s, or at 95% of theliomnsional and well
mixed CJ wave speed for a stoichiometric meth@ngen detonation. Figure 5.4a
shows a nmber of transverse wave features along the entirety of the incident front; the
strongest transverse shocks are present in both the shadowgraph and
chemiluminescence images. The detonation front, which meets the channel base
orthogonally, gradually inclineand transitions into the oblique shock. Despite this
inclination, the reaction zone appears closely coupled to the detonation in the
shadowgraph. Chemiluminescence of Case 1 shows that the presence of CH* is
coincident with the wave front throughout theieety of the reactant layer, with weak
emissions extending well behind the incident front.

A strong localized region of heat release is noted at the approximate position of
X =10 and Y = 14 in Fig. 5.5a. By examination of the corresponding pointign F
5.4a, it is clear that this position corresponds to a triple point intersection between a

transverse shock, normal shock, and Mach stem. In proximity to this point in the
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shadowgraph is a circular shock feature, likely the result of a small-expiasion

along the detonation front and the source of the strong transverse shock previously
noted. These transverse features are numerous in Case 1, and in particular are most
closely clustered in the lower part of the detonation front where the wave front is
orthogonal to the channel base.

In Case 2a, visualized in Fig. 5.4b and Fig. 5.5b, a significant reduction in the
number of these transverse features occurs and yields a weak detonation; the wave in
the images shown propagates through the eLMDE at 208,Gapproximately 85% of
the characteristic CJ speed. The shadowgraph of this case indicates an increase in the
curvature of the detonation front, as well as separation of the reaction zone from the
incident front above a height of ~d;5chemiluminescencef ahis case confirms the
majority of the emissions are localized to the two cellular features seen in the
shadowgraph, with some emissions occurring abodebibwithin the reactant layer.

In addition to the reduction in overall chemiluminescence emissiength and
number of transverse wave features, Case 2a also lacks chemiluminescence at the base
of the channel. The shadowgraph of this position reveals an apparent separation of
shock and reaction zone. A combination of an increased flowrate for @aaed2
reduced reactant layer height caused a reduction-tif-jet mixing upon the partially
mixed reactants entering the channel. As a result, the base of the eLMDE channel is
likely largely diluted with background gas that had not yet been entraindgdeby
emerging reactant jets.

The total separation of shock and reaction zone occurred in Case 3 upon a further

reduction in reactant layer height. Figures 5.4c and Fig. 5.5¢ show the shadowgraph
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and natural luminescence, respectively, of a decoupled dlamok propagating at 710

m/s, approximately 30% of the characteristic CJ speed. While in the linear eLMDE
facility there is no opportunity for the incident shock to couple with the reaction zone,
within the annulus of an RDE this wave could lap the reactione and provide
additional opportunities to transition to detonation, dependent upon other criteria at the
time of this interaction. Despite the decoupling of the reaction zone, a number of
reflected shock features are observed emanating off of theetdisojector arrays. It

may be possible to intentionally space and shape these injectors such that a desirable

resonance with the nominal mixture cell size is achieved in RDE.

B0 80 .. Pl 100, i_a0
§'30
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(a) Case (b) Case (c) Case

Figure 5.6: Shadowgraph images of (a) weak detonation propagation, an
decoupling detonation, and chemiluminescence of (c) decoupling detonation.

The reactant crosfow conditions that yielded Case 2a also produced Case 2b, a
detonation wave in thprocess of decoupling. Figure 5-6lshows the shadowgraph
and chemiluminescence of Case 2b in comparison to the shadowgraph of Case 2a in
Fig. 5.6a. While the probability of the creisw yielding Case 2a is equal to that of
Case 2b, the range of measlmgave speeds for Case 2b varies significantly; the
simultaneously acquired images in Fig-@borrespond to a wave propagating at 1425

m/s, or 60% of the characteristic CJ speed.
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transducer location®gferenced as PCB 1 and PCB 2 correspond to positiodsagd
17.34d above the base of the eLMDE channel, respectively, and are placet 69.1
downstream of the exit plane of the qgetonator. These positions were chosen such
that PCB 1 was always withindlreactant layer while PCB 2 was near the interface of
the reactant layer and background gas.

In Case 1, where the reactant layer height exceeded the position of PCB 2 and the
curvature of the wave front was minimal, the dynamic pressure traces prodiubed by
two sensors were similar. Measured pressures were of similar strengtBGag2s, or
86-89% of the expected oftBmensional and welinixed CJ pressure; pedetonation
pressure is not expected to agree with thedimensional theory due to effectsch
as reduced wave speed, front curvature, gaseous side relief, limited reactant mixing,
and sensor response time scales. Fluctuations in the amplitude of PCB 2 were more
exaggerated following the initial transit, likely due to transverse wave intaradio
the material interface.

As a result of the reduction in wave speed in Case 2a, the measured pressure
decreased to 234 atm. In this case PCB 2 was positioned near the reactant layer height
and, combined with the visualized wave curvature, yieldddlay between the two
measured signals. Case 2b is clearly identified from the dynamic pressure trace; despite
the same reactant layer conditions the measured pressure Addsafifi, half that of
Case 2a. Peak pressures measured in Case 3 were furtleedretie sharp pressure
peak characteristic of a detonation front in Fig. &7a replaced by a plateau in
pressure that decreases smoothly for 75

Sensor array.

€
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According to this model Case 1, which presents with little variation in wave
speed, propagates with approximately 80% heat release coupling to the incident
detonation front. This qualitatively agrees with the shadowgraph and
chemiluminescence of Case 1, where reaction in the inclined part of the detonation
front is unlikely to meaimgfully drive the detonation wave. With the exception of Case
2b, the majority of the points for each case are closely clustered in Fig. 5.8 and agree

with the chemiluminescence images.
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chemiluminescence. Despite run to run &aoins in layer heights, Case 1 routinely
produced a strong detonation propagating in excess of 90% of thiknoeesional and
well-mixed CJ speed. Likewise, at the low height ofl,1@ase 3 yielded repeatable
decoupled shoekames propagating at 30% d¢fet characteristic CJ speed.

The bifurcation in results between Case 2a and Case 2b is of particular interest;
even with similar fill conditions producing reactant layer heights ef&d} there were
significant variations in the experimentally measuredergpeed. A reactant layer that
has insufficient thickness to continually generate transverse features at a rate greater
than they are lost will decouple and decay in strength, as is observed in Case 2b. Due
to the stochastic nature of the initial condigan terms of mixing, layer thickness, and
wave speed within the eLMDE, this critical point likely varies from-toinun. As a
result, some cases retain two or more strong transverse shocks and propagate as Case
2a at 85% of the characteristic CJ speed, others reach this limiting value and begin
to decay in Case 2b at a considerably lower speed. Of particular note is the range in
layer thicknesses for this bimodal behavior; results from Fig. 9 indicate that layer
heights of 18 are required for robushethaneoxygen detonation propagation in the

configuration tested.

5.5 Conclusions

We investigated detonation and shock waves propagating across an array of
reactant jets inside a narrow channel, simulating an unwrapped RDE configuration.
Partially premied gaseous methao@ygen jets were examined, with global jet
equivalence ratios approximately representative of stoichiometric operation.

Experimental observations were conducted using simultaneously acquirespbigh
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flow visualization techniques and igh-frequencyresponse dynamic pressure
transducers.

Propagation modes were characterized by reactanttoasgayer heights and
wave speeds. In test configurations with layer heights in excess of 18d, robust
detonation waves propagating in excess of @%e onedimensional CJ speed were
observed. The simultaneously acquired shadowgraph and chemiluminescence images
for these cases revealed a complex detonation front composed of several transverse
shocks; several Mach stems and triple points were obdetirectly. Heat release
occurred near the incident wave front, and the dynamic pressure measurements
indicated a uniform strength front throughout the reactant fill layer.

For intermediate reactant layer heights in the range f8il4a bifurcation in
transmitted propagation mode was observed; waves propagated through the test section
as either weak detonations or decoupling detonations. Weak detonations propagated at
approximately 85% of the orgimensional CJ speed and at pressures comparable to
the rolust detonation waves resulting from greater fill heights. The visualized
inclination of the weak detonation front resulted in a delay between the dynamic
pressure transducer signals. Simultaneous shadowgraph and chemiluminescence
images indicated a signifant reduction in strong transverse shocks to one or two, and
a broadening of the reaction zone.

Decoupling detonations were observed propagated at speeds in the range of 40
80% of the onalimensional CJ speed; dynamic pressure measurements were similar
in amplitude between the two sensor locations at approximately 50% of the pressure

recorded in either the weak or robust detonation cases. Shadowgraph images revealed
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separation between the incident shock and reaction zone as well as the steepening of
the oblique shock in the background gas. Chemiluminescence measurements likewise
showed the increase in width of the reaction zone at the reduceshpoktpressure.

At a sufficiently low reactant layer height ofd,4he transmitted detonation wave
yielded a @coupled shoclame propagating at 30% of the edienensional CJ speed.
In this case the peak pressure was further reduced to less than 15% of the amplitude of
the robust detonation wave. Shadowgraph visualizations showed a significant
separation betwesehe incident shock and the reaction zone, as well as several waves
reflecting off the discrete injector array. Luminescence measurements indicated a
uniform intensity reaction zone with no evidence of transverse wave features.

The variety of transmitted nde behavior indicates that the reactant layer height
of 18d is likely approaching a limiting value for the gaseous metittygen jets in
the current injector configuration. Bifurcation in transmitted mode occurs below this
reactant layer height in the @& of 1418d. In this range weak detonation waves
propagate with two or more transverse shocks, but decoupling waves exhibit one or
less transverse shock waves. At a reactant layer heightlaf ddcoupled shoekame
propagates without any evidence a@frsverse shocks. The present approach of using
a linear channel is well suited for understanding the R&&vant flowfield for
different injector geometries and flow conditions and allows for visualization of
features pertinent to the interaction betweerdetonation wave and transversely

injected reactant croskw.
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The contents of this chaptenclude experiments oC>Hs-O. and CH-O»
detonations in th& MDE and eLMDE experimental facilies (Appendix B and C).
Based off of these data a new model for calculating partially mixed detonation wave
speeds is proposedhe text is adapted from the followimgnferenceroceedings of
the 20D AIAA Aerospace Sciences Meeting

J. R. Burr and K. H. YWlixing in Linear Detonation Channel with Discrete

Injectors and Side Religh 2019 AlIAAAerospace Sciences MeetiAgAA
Paper 20194014 Jan.2019.

6.1 Abstract

In rotating detonation engine (RDE) flowfields, a detonation wave often
propagates through evolving reactant mixtures under partially confined geometric
conditions. It is also observelddt the resulting detonation wave speed in RDE is often
significantly smaller than the characteristic Chaprdanguet wave speed for the
corresponding mixture in a fully confined edenensional (1D) situation. In this paper,
effects of incomplete mixingtahe time of the detonation wave arrival in an RDE
flowfield are examined both experimentally and analytically. For experimental
approach, we use a linear channel with a series ebfudizer injectors to simulate an
Aunwr appedod RDE f-detnatorit@ pradyuce then ptopedy timed e
detonation wave in the simulated flowfield. The reactants in the experiments are
partially premixed as they enter the linear channel, and the degree of their premixing is
adjusted by controlling the timing of theatant valves and the pdetonator initiation.

For analytical approach, it is assumed that, as a consequence of the partial confinement,
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only a fraction of reactants that are already premixed at the time of the wave arrival
will produce the relevant heetlease for sustaining the detonation wave speed. Then,
the effect of partial heat release on detonation wave speed can be calculated using a 1D
frozenspecies equilibrium assumption. The results show the partimhipieg model

can explain the discrepass in experimentally observed RDE detonation wave speeds.

Good agreements are found between our experimental data and the analytical results.

6.2 Nomenclature

sound speed

heat capacity

enthalpy

pressure

net heat addition

gas constant

temperature

velocity

experimental coordinate axes
species mass fractions unit vector
density

specific volume

heat capacity ratio

YEQ equilibrium mass fraction
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6.3 Introduction

Rotating detonation engines (RDEs) have emerged as lead casdidte
development of a practical detonatibased combustor [64.3]. In air breathing
applications the potential thermodynamic benefits of detonative over copstastire
heat addition makes such systems attractive§@B]. Additional system propies,
such as a simple design, compact reaction zone, and periodic heat addition process, are

equally beneficial to both air breathing and rocket applicationsgd.4.
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Figure 6.1: Simplified RDE/RDRE flowfield in the waveentered reference fram:

RDE geometry is characterized by an annular channel with reactants injected in
the axial direction anthe detonation propagating along the azimuthal direction [6.15].
For single wave operation, the reactant refresh occurs in the time the detonation wave
takes to propagate around the circumference of the annular channel. Reactant
confinement, as shown indldetonation reference frame in Fig. 6.1, occurs on the sides
by the annulus wall, above by the hot products from the previous detonation cycle, and
below by the reactant injection plane. Figure 6.1 shows reactant injection occurring
immediately in the wak of the incident detonation. However, the pressure rise
associated with the detonation structure abruptly halts reactant inflow, and may result
in some backflow of combustion products unless the stagnation pressure of the reactant
jets exceeds the pedttonation pressure. Reactant injection resumes when the local
pressure within the annulus drops to below the jet stagnation pressure.

In general, the injection of reactants occurs at discrete intervals, resulting in a
crossflow composition that varies witazimuthal position within the RDE annulus.
This composition must remain sufficiently detonable in spite of problems associated
with localized mixing between fuel and oxidizer species, contamination with hot
products from the previous detonation transiitical heights required to sustain

transverse waves along the detonation front, and deflagrations forming between the
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fresh reactants and hot products. In configurations where theftoass not able to
sustain a detonation, the decoupling of the treaczone from the shock in the
detonation front may occur.
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Figure 6.2: Mixing influenced detonation propagation at the Universit
Maryland. Schlieren of detonation in (a)/82 mixture, and in @H4/O2 mixture a
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Experiments at the University of Maryland have revealed a number of
configurations that show evidence of reduced coupling between the reactatfiioevoss
and thancident wave front. Figure 6.2 illustrates two such configurations; in Fig. 6.2a
a H/O- reactant crosfiow shows evidence of a distributed reaction zone, and Fig.
6.2b-c shows a large pocket obl€/O- crossflow passing through the wave front (at
normdized dimensions X=38 Y=6d) without reacting. In both cases evidence of
global or localized mixing is present and necessitates a reduction in the expected wave
speed as a result in a loss in the global heat release.

The objective of this study is to examine the reduced propagation velocity of
detonation waves through partially mixed reactant species. The analytical approach is
to simplify the complex RDE flowfield into a ostdmensional and analogous reactant
compositon that is comprised of both chemically inert and reactive species to replicate

the impact of incomplete mixing in the RDE. Experiments capture the physics of the
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RDE by Aunwrappingo the annul ar channel i n
the injedion geometry of RDEs. The experimental results are then compared to the

partial mixing model of partially mixed detonation wave speeds.

6.4 Experimental Setup
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Figure 6.3: Crosssection of LMDE channel in the-X (left) and Y-Z (middle)
planes, with XY-Z forming a righthanded coordinate system. Isometric view
facility shown with windows and near window holder removed (right). Dimens
normalized by injection tube diaeter,d.

The Linear Model Detonation Engine (LMDE) facility is shown in Fig. 6.3 in
multiple perspectives; dimensions are normalized by recessed tube didmeier
inch. Width of the LMDE channel (Y direction) is 8.@esign of the LMDE integrates
elementsofta AFRL &€ h6 RDE [ 6. 16] and the NRLOs p
system [6.2]. Recessed tubes used for reactant injection (Z<0) are not visualized in the
current LMDE configuration. Confinement of reactant species is provided on the sides
by the quartz widows and below by the injection plane.
Reactant flow propagating in the positive Z direction simulates RDE inflow.
Within the fifteen recessed cylindrical tubes (L/D of 11.25), fuel and oxidizer impinge
at a depth of 1drelative to the bottom of the LMDE&hannel as illustrated in Fig. 6.2,

which allows for partial premixing of the reactant species. Independent solenoid control
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for each reactant allows for control over the height of the partially premixed reactant
layer just prior to detonation transit.

A predetonator with internal diameter of d4.3and L/D of 42 generates a
detonation propagating in the positive X direction into the reactive -fimsswithin
the LMDE. A transition piece converts the circular cresstion to a rectangular one
with sides neasuring @ and 3.@l. The predetonator operates using a stoichiometric
mixture of hydrogen and oxygen, with fill times varied to control the strength of the
wave entering the LMDE. An electric spark from an automotive ignition system using

an iridium tipped spark plug initiates combustion.

6.5 Analytic Framework

Traditional analysis of detonation wave speed assumes-dimeasional, well
mixed, and quiescent gas. Jump conditions for the conservation of mass, momentum,

and energy, as well as the ideal gas gqoaf state, are:

"6 "0
6.1)
0 "6 0 "6
(6.2)
OrYY -6 R ORY -6
(6.3)

(6.4)
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For calorically perfect gases, the heat capacities at initial and final states can be
assumed to be constahwever, for real gases the heat capacities will differ between
the two states due to the substantial change in pressure, temperature, and species

composition. Conservation of mass and momentum equations yields the Rayleigh line:

C*l| CA

(6.5)
Where inP-v space the slope of the Rayleigh line is dependent on the incident
wave speedp . Conservation of mass, momentum, and energy, in addition to the

eqguation of state, yield the Hugoniot curve:

c1|cz
0
-

— s 0R"Y
(6.6)
For calorically imperfect gases, solutions to EG6. require knowledge of the
heat capacity ratig { asa function of pressure, temperature, and species composition.
In this analysis, Cantera used with appropriate mechanism file&air_highT for
hydrogen andgri30_highT otherwise, to model the chemical kinetics and
thermodynamics of the gases used. Equ&idn i s modi fi ed to make us

internal tracking of mixture enthalpy:

(6.7)
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The net heat added to the flor 35
30+

is tracked in Cantera through th 25|
o 20

formation and destruction of ga® 15t
10

VN ——Hugoniot (q = 0)

Hugoniot (g > 0)
—— Rayleigh Line

species, and is included withR in

5
01 02 03 04 05 06 07 08 09
s//sz1

Eqn.6.7.

Figure 64 examines thefigure 6.4: Hugoniot curves for stoichiomet
H2/O2 in P-v space. CJ and von Neumann pc

Hugoniot curves and Rayleigh lin&cluded.

for a stoichiometric LIO. mixture. Gas species match the reactants along the curve
with no heat releasa&€0), while species are in equilibriuconcentrations along the
curve with heat releasg¥0). The Rayleigh line tangent to the Hugoniot with heat
release >0) is shown in Fig6.4 with corresponding CJ and von Neumann points.
Solving for when Eqn6.5 is tangent to Eqr6.6 yields the folleving well-known

relationship for this minimum wave speed (the CJ spéet,

(6.8)

The simplest approach to model mixing limited detonation propagation is to
decrease the value Qgf as the fraction of reactants that chemically react decrease the
net heat available must decrease. Inspection of E@nindicates thaty & 1.
However,because the relationship betwgenandr is a function of the pressure,
temperature, and species concentrations, directly determining the decrdaseam

this approach is not tractable.
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o | [ a »| Well-mixed Chemical Product Species | o
Partially | Flow Reactants Iiiquilibrium I Partially
Mixed Divider yHeat Exchanger eacted
Reactants: I - Unmixed Heat Products:
w1 2 -~ | Reactants Addition Heated Reactants? o\, , =«
Y," ,0 p I d Y,"” ,06

Adiabatic, Constant Area
Figure 6.5: Partial mixture detonation model for constant area configuration.

Reactants: Products:
"Y1 ’ 1 d) "Yl ' ’ d)

Gas at: Equilibrate at: Gas at:
"Y’ ’ 1 d) "Y! ' "Ya ' ’ (b

Equilibrium at: . '
"Y, ’ ’ d‘) (03} (Eqgn. 6.9) Ei

Update "Y

Figure 6.6: Pseudocode for Cantera based iterative p
mixture detonation model.

A simple model to assess the decreadéirdue to reactant mixing is illustrated
in Fig. 6.5, and the corresponding pseudocode for Cantera implementation is in Fig.
6.6. The extent of mixing is quantified with the parameter, which represents the
mass fraction of gas in equilibrium at the final, partially reacted state. This fraction of
well-mixed reactants is equilibrated at some final state giveiYlaypd’ |, yielding a
species compositiow . The remaining fraction afnmixed reactants is brought to the
same temperature and specific volume; although these reactants are considered
chemically inert, heat transfer occurs between the two gas mixtures. The two gas
fractions are combined at constant temperature and spegoificne, yielding the

partially reacted mixture mass fractions:
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@ r J» p T Jo
(6.9)

As llustrated in Fig.6.6, the final temperaturéY is selected such that
conservation of mass, momentum, and energy occurs between the reaatints an
partially reacted products; the final specific volumas selected to find the tangency
of the Rayleigh line to the partially reacted Hugoniot curve.

Figure 6.7 displays select curves of constant equilibrium mass fraction for a

stoichiometric H/O2 mixture. As

35

~ g = 1.00 —
[ O p, the Hugoniot curve with *°| —— Rayleigh Line (v/¢y=1)
1% TR VA W \—— Locus of CJ Points
H H ~20F =0. ¢€ %

heat releasegf0) from Fig.6.4 is o | L _‘
recovered, and a$ © m the 0] % %a=025

. . lbsc):(),og .........
Hugoniot curve without heat releas 9 ‘

02 03 04 05 06 07 08 09

=y

viv
(g=0) is recovered. The locus oFigure 6.7: Hugoniot curves of partially react
stoichiometric H/O2 in P-v space. Rayleigh lir
mixing limited CJ points form  for full heat release and locus of CJ pc
included.

r p is shown in Fig6.7.

6.6 Results and Discussion

Mixing limited detonation wave speeds were calculater a number of
stoichiometric reactant mixtures and are shown in Fig. 6.8; Figure 6.8a shows the value
of these CJ speeds, while Fig. 6.8b normalizes the CJ speed with the expected CJ speed
for a wellmixed and fully reacted mixture of the same initaimposition. For all
reactant mixtures the CJ speed was the bulk sound speed of the reactants when the

equilibrium mass fraction was zero, and approached themvedid CJ speed for the
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mixture as the equilibrium mas 3000
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Figure 6.8: Mixture limited CJ speeds f
Figure 6.8b highlights thevarious stoichiometric mixtures.

difference between #0, detonations and all of the remaining reactant mixtures,
including H/Air. While all mixtures are initially highlysensitive to the amount of
equilibrium mass fractiorthe normalized wave speeds follow similar trend liass
equilibrium mass fraction ineases. For moghixtures this means that ™
produces aetonation propagating near 80% of the walked CJspeed for the
mixture.

In H2/O2 mixtures, however, 80% of the watlixed CJ speed is reached at a
much lower value off & UL In compaison to other mixtures, only amall
fraction of reactants in a #D. detonation need to react to produce substantial

detonation speedshe trend line for the KHO. case shows that only ~40% tife
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reactants need to contribute to Shocked Products Wave Motiony

Products

.. - \“\M‘?{?{/;\g/ Intg,
driving the wave taeach~90% of “"ace

Material Interface

the wellmixed CJ speed. Products o

) i Reactants
In a purely onalimensional

flow-field, such as ina pulse Constant

Area Regime

detonation engine (PDE), an¥igure 6.9: Significant flow features and regic

in simplified layereddetonation propagation.
unburned reactants behind these

Detonation Streamlines

mixing limited CJ waves wikkontinue mixing and burning. These subsequesnttions
would eventuallyinfluence the incidentvave, driving it towards the wethixed CJ
speed. Irthe RDE the inevitablexpansion of the specieéghind the detonation wave
limits the interaction ofthis delayed heat release with the incident wave.

Figure6.9 shows the flow features of a simplifiddtonation propagating through
a reactant layer, as RDE. This illustration assumes a planar detongpi@pagating
normal to a wall into reactants uniformly confingloove bythe combustion products
from a previous detonation transit; the illustration neglects uraformities inthe
shape of the material interface, the presence of transverse wadesther details of
detonation propagation. Fekample, an inclined detonatiavould produce an oblique
shock or expansion fan anchored at the detonationimtaliface, depending on the
angle of inclination.

An oblique shock and expansion fan are required where the detonation meets the
initial reactant/product materiahterface © maintain a pressure match across this
material interface. As a result the gas streamlines behindetbeation wave diverge

through this expansion fan. In this simplified configuration reactant streamlines are
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onedimensionalprior to their interactionwith this expansion fan. Bound by the
detonation wave, reactant injectiplane, and start of the expansionfarhh i s fAconst an
area r egi methe baseof theaannglar shanmeld approachezero length
for thestreamline that represents thetengl interface. Static pressure atetnperature
drop as the streamlingaverses the expansion fan, leadinga drop in chemical
reactivity; streamlines near the matenaterface, which quickly traverse tltenstant
area regime, likelgxperience cheital quenching.
The proposed partial mixingodel for mixing limited CJ speedsdsfinedwithin
the constant areaegime, where the flow is ordimensional.Unreacted reactants

within the model

passing through thes A
expansion fan in

Fig. 6.9, but it is

assumed tha

because of this

L 1 Il I Il 1 Il
= i 2500

expansion their he i 2000 ©

release will noti . 1500

. 1000t #(b)
influence the

Wave Speed (m/s)

s00( @

detonation we-

-~ . L

0
0 0.2 0.4 0.6 0.8 1

ﬁ.ﬂ.%.ﬂ.%. Equilibrium Mass Fraction,
(c) (d)
to themixing limited Figure 6.10: Schlieren of stoichiometric £14/O> waves at: (e
690 m/s,(b) 1030 m/s, and (c) 2230 mMercent of reactic
driving wave front estimated as 2%, 8%, and 82% for cas¢
(c), respectively. Wave speed curve for stoichiometptd0,
detonations shown in (d).

=)

propagation, leading
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CJ speeds in Fid.8.

Comparisons of the partial mixingnodel to experimental results for
stoichiometric GH4/O> detonationsare made in Figur6.10. For these testsases the
reactant composition adhe LMDE crossflow is held constant, but the degree of
reactant mixing and incident wave speed were variedsdiieren images in Fi§.10
correspond to (a) a blast wave, (b) a reaction zone closely coupled to a shock wave,
and(c) adetonation.

The schlieren of the blast wave indicate relatively weak compression of the
reactant crosflow. Luminescencémages of this configuration provided little signal,
indicative of little to no chemistry behind the wave. Usingtthesmitted wavepeed,
the mixing model indicates less than 2% of the reactants are releasingtbaedyives
thewave, which is in good agreement.

The wave front in Fig6.10b does not resemble that of a typical detonation, but
does include a steady reaction zatesely following a shock wave; transverse waves
are not present along the front and the reaction zone is relatiahy In this test case
the GH4/O- crossflow appears to fully react, but due to the inclination of the incident
wavefront, most of these aetions are occurring outside of the constant eegane.
Despite the crosBiow burning, themixing model indicates that only 8% e
reactants are releasing energy that is influencing the wave speed.

Finally, the wave front in Fig6.10c resembles thaf a typical detonation in
crossflow. The wave front is largelgormal to the propagation direction, with a slight
inclination of the wave front as the top of the reactant layapoached. The

detonation front itself is characterized by a thin reactzone and a number of
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transverse wave®ark spots in the schlieren image in the wake of the wave transit
indicate some reactants did not contributedriving the forward wave speed;
application of the partial mixing model suggests that approximat2¥ 8f the

reactants are contributing to the forward wave speed in this case.

_—
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0.2 0.4 0.6 0.8 1
Equilibrium Mass Fraction, 1

EQ

[T FPATATA LT T

Figure 6.11: Shado(\?v)graph images sfoichiometric CH/O> Wg.jv)es at (a) 790 m/s,
1500 m/s, and (c) 2310 m/s. Percent of reaction driving wave front estimated
22%, and 89% for cases {@), respectively. Wave speed curve for stoichiom
CH4/O2 detonations shown in (d).

Additional experiments of steady waves through stoichiometrig@Heactants
are shown in Fig6.11ac. As before, reactant composition of the crlssv in the
LMDE channel was held constant, but the degree of mixingrandent wave speed

were varied by controlling solenoid timing for LMDE and 4oletonator gasses,
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respectively. These three test cases correspond to (a) a blast wave, (b) a weak
detonation, and (c) a strong detonation transit.

The shadowgraph of tH#ast wave indicates a chaotic region of pressure waves
immediately behind the wa¥eont. Deflagration of the reactant crefésw in thewake
of the weak wave leads to the shedding of pressure whagsbecause the flow is
subsonic, reinforce the incidewave front. Because the combustion is occurring well
behind the wave front, however, the energy transfer is negligible, and as [&¥e afs
the CH/O> reactants arestimated to be driving the wave front.

The flowfield of Fig. 6.11b, correspondingotthe weak detonation, includes
many of the features expected of RBE flow-field as presented in Fi§.1 and Fig.
6.9. Despite the increase in wave speed, the wave front is pdited at points; from
Y=5-10d the front thickness continues to expand until it blends in withnthterial
interface between the detonation products and shocked background gas. This
broadening is likely the result of either tegpansion fan in Figs.9, or the result of
increasinglypoor reactant mixing as greater heights in the reactant crosSftmause
the LMDE reactants are not premixed and is filled transiently, the tobaddness
likely varies with crossflow evolution. Despite this, the wave propagat&s
approximately 60% ahe wellmixed CJ speed, with astimated 22% of the reactants
contributing to the forward wave propagation.

Figure 6.11c showcases a walkfined detonation wave. In this case the wave
front thickness is relatively thithroughout the crosiow layer, and the wave front
only curves back near the edge of the cftss where theeactants likely mixedore

thoroughly with background gasses. Numerous transverse waves charutewzase
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front, which propagates in excess of 95% of the weed CJ spe® and with

approximately 89% of the reactautisving the wave front.

6.7 Summary and Conclusions

We investigated the transit of detonation waves in reactantitoessof various
|l evel s of mi xedness, simulating tde evol vi
rotating detonation engine, and proposed a sipatéal mixing model to determine
the reduction in CJ wave speed as a functiorregictant mixing. Experimental
observations of partially premixed gaseous ethyt@ngen with oxygemonfinement,
and ofpartially premixedgaseous metharexygen with oxygen confinement, were
made using higispeedlow visualizations. Comparison the experimental results to
the proposed mixing model show good qualitatagreement with the amount of
reactants contributingp the wave propagation.

The simplified model proposes that under poorly mixed reactant conditions the
postdetonation products ammposed of two constituents: equilibrium products at
some temperature apdessure, and unreacted pockets of &mel oxidzer at the same
temperature and pressure. The unreacted fuel and oxidizeotdmntribute to the
global heat release, reducing the CJ wave speed. Conservation of mass, momentum,
and energy equations for a ommensionalflow, as well as the madsaction of
equilibrium products, uniquely determine the<péed.

Application of the onalimensional mixing model is possible in the RDE in the
immediate wake of thdetonation transit, prior to streamline divergence through an
expansion fanVisualization of RDE experimenténdicates that where streamlines

spend little time in this regime, near the top ofris&ctant layer, there isbmoadening
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of the reaction zone that may be the result of reaction quenching temperature
and pressure drajiroughthe expansion fan. This aggregate reduction in chemistry,
integrated acrosall reactant streamlines, ispresentative of the unreacted fuel and
oxidizer species in the proposed mixingodel. When comparisons of the
experimentally visualized wave speette made to the mixing model, the indicated
levels of reaction occurringithin this constantirea regime are within expectations.
The approach of using a simplified edinensional mixing model to estimate
the reduction in propagation speésl well suitedfor RDE operation. Flow in the
immediate wake of the detonatitransit is limited to constant areagimes, which
allow for use of such a model. The highality experimentaVisualizations allowed
for insights intathe coupling of the heat release witle wave transit, as estimated by
the mixingmodel. Additionally, this model ian important tool in understanding the
operability of RDE and its crucial dependermereactant mixing, whergustaining

wave motion is essential in achieving pressure gain.
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7.1 Concluding Remarks

Numerous experimental and computational efforts are underway with the goal of
improving the understanding and development of Rotating Detonation Engine (RDE).
Research is hindered on both fronts by the complex nature of the RDE flowfield;
experimental diagostics attempt teapturethe large amplitude and short time scale
measurementsecessarywhile computational efforts are limited by the extent of
available data for validation effortd.acking a simple closedorm analytical
framework to explain the miad of reported RDBbehavior research has advanced
through the comprehensive explorationtefativedesign.

A linear RDE analog, like thdxtended Linear Model Detonation Engine
(eLMDE) experimental facilityallows for the direct study of fundamentalgmomena
at the heart of RDE desigiReactant species of varied fumlidizer mixtures are
injected into a linear channel, subjected to a detonation wave frorrdatorator, and
the subsequent detonatiogactant interaction is examined using higlality optical
visualizations and timeesolved diagnosticalthougha linearfacility is limited to one
or two detonation transifger test, antherefored o es not r e dlonvfieldt he A st e
of a continuousdetonation in RDE, the resulting detonati@actat interactions and
the subsequent reactant refrggeld numerous insights into experimentally observed
phenomena in RDEExperimentally observed detonation modes, reactant conditions,

wave structures, and reactant refresh characteristics are all readily producible for
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fundamental study in the linearized facility. Additionally, the data generated by the
detonation transitsra a valuable tool in the validation, development, and support of
numerical works.

This approach to study the RDE flowfield was developed as a means to
experimentally study the fundamental features of a detonation wave propagating
orthogonal to discretelgpaced reactant jeteLMDE facility design was in part
informed by experimental and computational RDE combustors, and the resulting
detonation experiments arngertinent to analogous research effort3he direct
visualizations of these interactions havendestrated the significance of mixing in
regard to nearly every aspect of the RDE flowfiédgimplified model was developed
to demonstrate that poor reactant mixing, leading to long reactant induction time scales,
is one possible source of thgperimerdt | | ' y measured fAvelocity
to the onedimensional CJ wave speedsurrent efforts are underway to examine
additional features pertinent to RDE, such as the reignition process associated with the
countefrpropagating detonation wave mofe slapping/clapping) that often results
from high mass flow rate RDE operation. Therk presented here helps to explain a
number ofdetonationfeatures relevant to RDE, as well povide a tool for the

subsequent investigatio countless RDE flowfiel phenomena.

7.2 Summary of Contributions

High-quality optical visualizations of the RDE flowfield were captured for the
first time in a linear analog. Design of this novel facility, the Extended Linear Model
Detonation Engine (eLMDE), incorporated partially mixed and recessed injectors

charactestic of numerical studies from the Naval Research Laboratory, and geometric

de
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dimensions such as channel width, height, and injector size and spacing from existing
efforts at the Air Force Research Laboratory at WeRgatterson Air Force Base.

The eLMDE gemetry permitted the study of chamweinfined detonation
through partiallymixed reactant crosfow of various propellant compositions,
including H/O2, Ha/Air, CoH4/O,, and CH/O.. Schlieren, shadowgraph,
luminescence, and chemiluminescence imageseasietivavesvere capturedfor the
first time by Phantom v2512 camerdkuminated with a 640nm CAVILUX Smart
pulsed diode lasemat acquisition ratesof 30-500kHz Dynamic pressure and
photomultiplier measurementgerecollectedat 500750kHz.

In the absence of reactant crefsw, regular shock reflections were observed
from the discrete injector array. The generation and propagation of these transverse
features could be the sourcdluétriple points required to propagate a detonation wave.
Design & RDE injector geometries may benefit from resonance matching between
these injector reflections and the nominal transverse wave spacing in planar detonation
wavesthat occuras a result of welinixed reactant characteristics.

Visualizations of the detoriah waves yielded insight into the importance of-hon
uniform premixing between the fuel, oxidizer, and product (previous cycle) species
present in RDEHydrogenroxygen experiments in particular were sensitive to the local
crossflow composition; wave spds for globally stoichiometric croskw
compositions were observed to fluctuate in the range of-1800 m/s, or 454% of
the wellmixed and onalimensional Chapmahouguet (CJ) speed. Acceleration of
these H/O> waves to 85% of the wethixed and onalimensional CJ speed occurred

in tandem with anoticeablethinning of the reaction zone as observed in schlieren and



CHAPTER 7.CONCLUSIONS 10z

shadowgraph visualizations. In the case efi{O0. detonations, nostoichiometric
mixtures both at the jet tips and within the jet colevatd for the convection of
unburned reactant pockets into the Rpmbssure poaietonation region The
subsequent combustion of these pockets often produced pressure waves that interacted
with the incident detonation front. FGsH4/O2 cases wherthe reactant crosglow was
confined by combustion products, an abundance of product gas was able to decouple
the detonation wave. As observed in the luminescence, mixing of the fuel and oxidizer
species was limited to within the jet core, and jet to jet miwiag minimal. As a result,
a large quantity of nereactive product gas remained within the reactant layer.
Direct visualizations were made of triple points within the detonation structure.
In the case of HAIr detonations these features were tracked leydinsping of the
detonation front in schlieren images. These cusps appeared to propagate upwards and
away from the injector array, alluding to the role of the injector reflections previously
discussed. Due to a thinner reaction zone, #40. and CH/O. experiments
transverse wave features were directly observed along the wave front. Some of these
waves were generated by the volumetric expansion of reactant pockets burning
downstream of the incident wave, or by the strong ignition of reactants at tige jet
where transverse waves reflect off of the material interface with the background gas.
Propagation modes and heat release coupling were examined forblat®.C
and CH/O; detonations. Depending upon mixing characteristics and height of the
crossflow, robust, weak, decoupling, and decoupled detonations were observed. In the
case of GH4/O, detonations, these corresponded to 2230 m/s, 1030 m/s, and 690 m/s

waves, whereas i@H4/O, detonations speeds of 2260 m/s, 2070 m/s, 1425 m/s, and
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710 m/s were observedynamic pressure and luminescence/chemiluminescence
measurements both confirm that as the wave speed dexcseat®o does the front
uniformity. For both gas compositisntheshockflame interactions represented by the
lowest observed speeds (690 m/s and 710 m/s) resulted when an insufficient number of
triple points were present; for GKD: the critical number of triple points required to
propagate the detonatievasappoximately two.

First of their kind visualizations of the reactant refresh process following the
transit of a GH4/O. detonation yielded new insight. Initial reactant injection into the
channelresumed 5@ 5 ¢ s a f ttransit. Rehctant jgta remathdiscrete and
poorly mixed for another 100 ¢s; by this t
reactant layer were nominally uniform in appearance. Thorough mixing between
adjacent reactant jets and entrained back
Variations in the recovery characteristics of reactant jets was identified and attributed
to feed plenum acoustic excitation driven by the detonation transit of the injector array.

As a result of the observations made faf®4, H/Air, C2H4/O2, and CH/Oz
detonations, an analytical partial mixing model was developéad fmart explain the
experimentally ob peenomendrheimodel partitions neactdnesf i ci t o
into two categories, one is assumed to bemixed and chemically inert, while the
other is assumed to be waellixed and ha infinitely fast chemistry. Wave speeds
predicted by this model vary between the sound speed of the reactarftawoaad
the wellmixed onedimensional CJ speed typically calculated for reactant mixtures.

Resuls for GH4/O2 and CH/O2 detonations show good qualitative agreement between
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the experimental wave velocity, the schlieren or shadowgraph visualized fraction of the
wave front that isloselycoupled, and thanalytical model heat release coupling factor

The variety of experiments conducted in the LMDE and eLMDE facilities are
already proven as valuable tools for use in numerical model development, validation,
and investigation. Collaboration efforts include, but are not limited to, the work of
Schwer et al (2017) from the Naval Research Laboratory, Lietz et al. (2018) from the
Air Force Research Laboratory at Edwards Air Force Base, and Prakash et al. (2019)
from the University of MichiganContinued experiments in this novel configuration

will no doubt remain a source of insight into the physical mechanisms of RDE.

7.3 Future Wok

Several avenues of research logically follow from the effddsumentedn this
thesis. In general, these tasks either modifyddbldDE facility operdion, alter the
geometry of the facility, ovary the diagnostics used; the flexibility of the eLMDE
facility allows for numerous permutations in further research.

Additional optical diagnostics can be implemented to improve the understanding
of the RDE flowfield. Formaldehyde (GB) planar laser induced fluorescence (PLIF),
for example, is capable of obtainirey snapshot of the concentrations of 2OH
throughout the flowfield that can be used as a marker of heat release. Similarly, Raman
spectroscopy can be used to isolate the concentrations of various reactants within the
partially-mixed reactant crostow by measuring the stokes and/or the -atdikes
emission spectra of the gases. Together these two measurement techniques would
provide a wealth of information on the distribution of reactants and heat release

responsible for the detonation structures that haheeady been observed.
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Implementation of either a laser line or sheet is relatively trivial for the eLMDE facility;
the primary challenge with such diagnostics is ensuring precise optical alignment and
synchronizing the laser with camera system.

Adjusting the eLMDE hardware to permit multiple pdetonators allows for
several avenues of advance. Positioning botkdptenatorsat one end of the facility
may allow for two consecutive detonation transits with only a short period between
them; the current sgular predetonator requires 110 ms to refresh, and shorter
timescales of reactant crefisw growth either involve transient gas pressurization or
a combustion instability to regularly deflagrate the inflow. Placing thelerenators
at opposite ends tifie facility would instead allow for study of the courpeopagating
mode observed in RDE experiments. In this case understanding both the feed system
acoustic response and the reignition process of the detonation wave in the moments
following the wavewave interaction is of principal interest.

Alternatively, the eLMDE could be equipped with a varying area test section,
such as one with a geometric throat installed at the exit plane. In this configuration the
nozzling of the outflow could be varied to examine the role of the reflected oblique
shock on the reactant refresh process. The acoustic response of the propellant feed
systems coul@lsobe tailored by changing the insert that is currently installed within
this piece of hardware

Varying the injector and feed system geometries is another path of advance. The
current configuration used is highly thrdenensional as a result of the circular
injectors in the rectangular channel. Instead;islieictors could b machined such that

the reactant inflow is as twdimensional as possible, making the results easier to use
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is numerical study validations. Alternatively, the feed system could be modified to
support fully premixed reactants; in this configuration thencern over reactant
mixing within the crosglow is entirely eliminated.

Finally, of inevitable interest to the RDE community is the studgetbnations
driven by a liquid propellant. The nature of propellant breakup through the detonation
wave and how th droplet burns and couples to the incident wave front grext
interest. A variety of atomization techniques could be readily examinadctrtain
their efficiency in such an unsteady environment.

Although many of these suggestions would make for interesting studies on their
own, the incorporation of a numerical solver in parallel teglegperiments would be
a tremendous benefit. A sithg-side expemental and computational approach would
aide in improving the understanding of RDE; where the numerical metiwoels both
temporally and spatially resolved details of the flowfi¢lde experimental results will
continue tobe used as a valuable tool gnounding the numeric to the physically
observed phenomena, as well as in the continued generation of novel data pertaining to

the fundamental study of detonation structure in rotating detonation engine.
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A.1 CrossFlow Initialization and Control

Investigation of the fundamental structure of detonation propagatingainto
reactant crosfliow required preciseand repeatableontrol in the creation of a
detonablereactant layerThe approach in thidocument was to control the timing of
gas injectionthrougharrays of direct acting solenoid valves (Park&215SN2EF00)

controlled with a National Instruments CompactRIO controller (cB024). This

Figure A.1: Trimetric view of eLMDE CAD assembly. Fuel and oxidizer ¢
supplied to the side and bottom of the recessed premixing tube, respec
Transition piece for preletonator tube included (left).
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combination allowed for independent and controlled tinufidpe injectionof fuel and
oxidizerspecies fonumerous testing campaigns.

A trimetric view of the eLMDE facility with installed solenoid valves and
upstream gas reservoirs is shown in Fig. A.1; detonation propagation occurs from left
to rightin this figure The crosssection of the eLMDHacility is shown in Fig. A.2.
Regions A and B are separated by thedetwnator exit into the eLMDE channel,
regions C and D are separated by control solenoids, regions D and E by geometric
throats at the exit of the manifold into the recessed injectors, and region Abgridee
exit of the recessed injectors into the reactangular channel. Note that only the oxidizer
feed manifold is visualized in this cressction; the fuel feed manifold is identical in
geometry but occurs out of plane, as per Fig. A.1.

The timescale beteen subsequent wave transits in RDE geometriea theo
orderof 161 00 6s of mi croseconds, and is depende
composition, number of waves, and manifold backpres3ine predetonator used in

the eLMDE configuration was a PDiperating at approximately-19z, prohibitively

b B
—

EE\_IUE i 1E

AT Optically Accessible eLMDE Test Section
B 1 PreDetonator (PDE) Tube

Ci Fuel/Oxidizer Supply Cylinders

D i Fuel/Oxidizer Distribution Manifolds

E T Recessed Injector Tub&ptically
Inaccessible)

Figure A.2: Crosssectional view of eLMDE facility. Oxidizer supply for reacta
crossflow (regions C and D) are shown; equivalent fuel supply geometry oc
out of plane and intersects at base of recessed injector(teges E).
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slow for simulating steadgtate RDE timescales.sfa result facility operatiofocused
onthe generation dhe initial reactant layeesultingfrom the transient pressurization
of the reactant feed manittd. Due to the low backpressure dutinig processreactant
injection timescales werenghe orderofl-1 06 s of mi |l |l i seconds.
Ensuring that the fuel and oxidizer feed manifolds were not diluted by
contaminants prior to the transient pressurization reduie use of a purge cycle. In
Fig. A.2, all regions except for region C were initially filled with air. Immediately prior
to testing the solenoids for the fuel and oxidizer feed manifolds were opened, purging
air from regions A, D, and E and replacingith the respectve fuel or oxidizer for that
feed manifold. Upon closing these solenoids the-detenator purge, typically
nitrogen, filled regions A and B with an inert gas, removing the detonable gas from the
eLMDE test sectionThe predetonator region B,was then filled with a detonable
reactant mixtureSolenoids between regions C and D werenopened a second time,
generating a transient reactant crfiew layer in the eLMDE test sectioRinally, the
pre-detonator was ignited using an automotiverlspdug, and the resulting detonation

transit through the reactant crefsswv was visualized.

>l \Vj R
<l 5 S
i | > <V
ONF ‘ = N
. ——PDEC,H, /0,
o ——PDEN,
2 LMDE CH
B 4
S ——LMDE O,
c
(O]
I
w
OFF ‘
-1000 -500 0 500 1000

Time Relative to Spark Ignition (ms)

Figure A.3: Typical solenoid on/off sequence for @8- detonation experiments
Relevant timing components marked; spark ignition of PDE occurs att = 0.



APPENDIXA. OPERATION OF LMDE FACILITY 11C

The time sequence of solenoid on/off states are plotted in Fig. A.3, with
significant events marked. These regions correspond to: (I) the initial purge oélthe fu
and oxidizer feed manifolds; (I1) the filling of the pdetonator with a detonable gas;

(11 the second pressurization of the fuel and oxidizer feed manifolds, yielding the
reactant crosfiow; (IV) additional fuel and oxidizer feed manifold pressatian

time, to ensure continuous inflow following detonation transit; and (V) the pre
detonator purge phase following the detonation transit.

Of particular note is the short duration of the second pressurization of the fuel
and oxidizer feed manifolds [JI While the totality of the préest purge sequence is
approimately one second in length, this phase isoftheordetdf®s of mi |l | i sec
Additionally, theadditional fuel and oxidizer feed manifold tism@V) are not equal,
this difference in tiimg ensures that a largely fuel or oxidizer mixture that is not
detonable remains within recessed premixing tubes at the end of the test sequence. In
general the gas with the lower molecular weight is chosen to remain on the longest to
ensure it will not pol within these tubes.

The necessary sequence of solenoid on and off commands were accomplished
with a National Instruments CompactRIO device; programming of the FPGA made use
of the timed loop structure such that the state of the solenoids were updatattaif
40MHz. Microsecondevel accuracy of output control was possible for updating the
state of the solenoids for the reactant feed manifolds, as well -@eforeator gases,
spark timing, camera triggering, and other signals. To enms@amum progam
flexibility, most of the triggering signals were variable in nature; purge duration, time

between the end of purge and secondary pressurization, and other on/off states, could
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eLMDE CONTROL PANEL

2All Times in micro-seconds
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Figure A.4: Computer interface of LabVIEW FPGA Module for Natior
Instruments CompactRIO controller for the eLMDE facility. Solenoid on/
sequence for outlined channels depicted in Fig. A.3.

be easily modified to tune the reactant ctibo® characteristics and composition of
the eLMDE test section between tests. An exampteeoLabVIEW controller for the

eLMDE facility is shown in Fig. A.4. Note that thmutlined timingsin Fig. A.4

correspond to those illustrated in Fig. A.3.

In general the five control parameters for each gas channel correspond to

dur at i

0 n s -off@foff-amo

ALeaquence f

or

t he

corres

Individual device channels can be toggled on and off to quickly examine different

features of establighy the eLMDE flowfield. Additional program features include
generating a square LeMoltage Transistefl ransistor Logic (LVTTL) signal used to

synchronizing camera, laser, and solenoid sigtadgering a light source, triggering

a camera, triggering &abVIEW CompactDAQ system, and firing a second- pre

detonator.
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A.2 Standard Operating Procedure (SOP)

(Extended) Linear Detonation Rig Experiment
Advanced Propulsion Research Laboratory, University of Maryland

. Safety Precautions:

1. This experimeninvolves volatile flammable gases at detonable mixture ratios,
which can lead to an explosive rise in the local pressure (i.€5 IBnes).
Everyone participating in the experiment must be aware of the danger of
detonation testing. Review both the tesiqedure and the emergency shutdown
procedure.

2. When detonation experiment is in progress, all participants are required to wear
hearing protection and everyone must be outside of the test bay, a safe distance
away from the detonation test rig.

3. Prior to tesing, all valves and connections should be checked for proper
functioning and possible leaks. Inspect the supply line for each gas, carefully
noting various components involved.

Il. Test Procedure:

1. Carefully inspect all test equipment and instrumentations.eMake the test
control and data acquisition programs are ready and functioning properly.
Verify the accuracy of preest calculation, with special attention to the length
of the total test duration and the amount of detonable reactants involved.

2. Set the pessure values in the gas supply lines for proper flow rates, including

oxidizer, fuel, and purge gases.
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3. Make sure everyone is outside of the test bay and/or safely away. Start the test
programs, which control the sequence of solenoid valves opening®simgs
as well as the timing of the ignition, the automatic stop and the flow of purge
gas.

4. After each test ends, turn off the solenoid valves for fuel(s) and oxidizer(s) from
the switch box. Close immediately the manual valves for the fuels and the
oxidizer lines.

5. Each detonation test should end when the-ppogrammed sequence is
completed from the test control software. If the test continues after it was
supposed to stop, employ the EMERGENCY SHUTDOWN PROCEDURE
described below. Also, in case of uncoiiew reaction or unplanned disruptive
event, employ the EMERGENCY SHUTDOWN PROCEDURE.

6. At the completion of the tests, purge all gas lines, remove the spark plug wire,
and close all the supply gas bottles.

EMERGENCY SHUTDOWN PROCEDURE (PANIC STOP):

Turn off all fuel solenoid valves and close all fuel manual valvem no particular
order. Also, turn off or close all oxidizer valves as well.

IN CASE OF EMERGENCY: Fire extinguishers are posted around the laboratory

space. The easiest way to eliminate combustiated fire is to shut off all fuel supply.
If any undesirable flow conditions are encountered that needs to be abandoned
immediately, turn off or close all fuel solenoid valves and fuel manual valves. Call for

help.
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AppemBdEingi neering Drawings

This appendix contains the engineering drawings for the most important
components of the Linear Model Detonation Engine (LMDE) dsedhe hydrogen
and ethylene detonation experiments. The dimensions in all of these drawings are
provided in inches and the scale varies depending on the size of the part of assembly to

highlight different design features.
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ApperCcdEinggi neering Drawings

This appendix contains the engineering drawings for the most important
components of the Extended Linear Model Detonation Engine (eLMDE) used for the
methane detonation experiments. The dimensions in all of these drawings are provided
in inches and the scalenes depending on the size of the part of assembly to highlight

different design features.
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