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Abstract

In industrial explosions, the combustible mixture ofeecumulates on a ceiling, or forms on the

ground. An investigation into detonation propagation through a combustible gas layer in a narrow
channel bounded by an inert gas was undertaken using schlieren video and the soot foil technique to
obtain the detondion cell structure. A gas layer was generated as a premixed hydimgagennitrogen
gravity current over an inert gas, or by injecting hydrogen and oxygen separately into the inert gas from
a plenum located at the top of the channel. Both argon and gigrowere used as the inert gas. For the
gravity driven layer tests, the layer development time was varied to control the diffusion of the inert gas
into the layer. For times of 1$and less, the detonation propagated through most of the |ay¢ne

local argondiluted theoretical detonation velocity; where a CFD simulation carried out by a lab

colleague predicted the argon distributioRor longer times, where significant dilution occureddhe

leading edge of the gravity wayvthe detonationfailed before the end of the layer. Detonations through

a layer of reduced reactivitiere unstable with progressively earlier premature detonation failure
characterized by decoupling and reinitiatidsitrogen was shown to affect the detonation propagati

more than argon, as it produced a critical propagation distance corresponding to 1.5 s, above which time
the detonation did not propagate any further. A detonation failure criterion based on the calculated
induction zone length was found to predict te&tent of detonation propagation recorded on the soot

foil records and wasspecially accurate along the bottom diffuse interface of the layer.

The jet layer tests successfully produced a detonation propagating through the entire layer. Based on the
aOrdkd/ 3¢ 2F (G KS,amri$hé goyfuniforin2pgtch¥ apResrdnce of the cell structure, it was
demonstrated that there was a significant mixing issue, with detonable gas pockets formed leading to
unsteady propagation. Asymmetry in the soot foil recdrds the twosides of the channelemonstrated

that the high momentum oxygen jets dominated the hydrogen,jstgh that most of the combustible

mixture ended up on the hydrogen plenuside window.
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Figure 4.12: Soot impre®ns of two gravity waves with the same GWD through different inert gasses
with total propagation distance from the door notated. Top: Test 696 EJR ER= 1.0 GWD 2.5 s Aluminum
Foil, Ar. Bottom: Test 698 EJR ER= 1.0 GWD 2.5 s Aluminum FOil,.N2............ccccomiiiiiiiinnd 69

Figure 4.13: Detonation cell structure for argand nitrogen as the inert gas. Note these tests have
different GWD. Top: Test 804 EEJR ER= 1.0 GWD 2.5 s Aluminum Foil, Ar. Bottom: Test 703 EJR ER= 1.0
GWD 3.5 S AIUMINUM FOIl, N2 . ettt e e et e et e et e e e e e e et e e eans 70

Figure 4.14: Propagation distance detonation as a function of GWD in argon and nittagen.......71
Figure 4.15: ZND IZL as a functdbargon mol fraction from Metrow et al. [39]............ceiiiiiinnnnee 712

Figure 4.16: Select frames of schlieren video of the propagation of different mixtures of predetonator with
1.5 s GWD into Ar. a.) ER=1.0 b.) ER=2.0 ¢.) ER=2.5. a.) Test 806 BJR ER= 1.0 GWD 1.5 s Schlieren, Ar. b.)
Test 810 BJR ER= 2.0 GWExsISchlieren, Ar. ¢.) Test 716 BJR ER= 2.5 GWD 1.5 s Schlieren,.At3

Figure 4.17: Soot foil impressions on glass of gravity wave detonations with 1.5 s GWD, a.) ER 1.0, b.) ER
2.0. Both display the full height of the glass. Dotted line indicates half channel height. Top: Test 824 BJR
ER=1.0 GWD 1.5 Window Foil, Ar. Bottom: Test 829 BJR ER= 2.0 GWD 1.5 Window.Foil,.Ar...73

Figure 4.18: One cycle of the decoupdgnitiation process for an ER =2.5 test. Reinitiated detonation is
highlighted with the blue dotted line Sequential frames numbered in order. Test 716 BJR ER=25GWD
S SCNIEIEN, Al 74

Figure 4.19: Velocity of the detonation front of different ER into argon for 1.5 s GWD. Vertical lines
represent the edge of theamnera fieldof-VIEW............oooiii e 75

Figure 4.20Velocity of the detonation front of different ER into argon for 2.5 s GWD. Vertical lines
represent the edge of the camera fietd-VIEW..........oooooii i 76

Figure 4.21: Schlieren overlays depicting the reduced perpendicular detonation height and decreasing of
layer curvature as the detonation propagatésdugh the reactant layer. Test 829 BJR ER=2.0 GWD 1.5s
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Figure 4.22: Argon distribution across the channel at the following GWDs: a.) 0.3sb.)0.8sc¢.)1.3sd.) 1.8
s on the experimental time SCale [B8Q].........ciiiiiiii i e 78

Figure 4.23: Propagation distance detonation as a function of GWD in argon with simulationGjate [8

Figure 4.24: Velocity profile of the detonation through the galayer for ER=1.0, GWD =1.5 s compared
to the predicted velocity profile using argon dilution to calculate the CJ velocity. Test 806 BJR ER=1.0 GWD
SIS Yol o 1T (=T TR ANl = 3 1 P 80

Figure 4.25: Argon concentration predicted by the video analysis (blue) and CFD simulation (orange) at a.)
163.6mm, b.) 216.8 mm, c.) 267.3 mm, and d.) 312.6 mm from the door. Test 806 BJR ER=1.0 GWD 1.5 s,
Yol a1 =T TR AN = 3 N 81
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Figure 4.26: Overlays of the mol fraction of argon of the gravity wave layer onto transparent soot foil
impressions. a.) ER=1.0 b.) ER=2.0 [80]. Scale is mol fraction of Argest 824 BJR ER=1.0 GWD 1.5 s
Window Foll, Ar. B: Test 829 BJR ER=2.0 GWD 1.5 s Window Foil,. AL [81]-........ccooviiiieererrnnn. 82

Figure 4.27: Soot impression with winddwil video and simulated layer overlayed. Scale is mol fraction
of argon. Test 829 BJR ER=2.0 GWD 1.5 s Window Foil, Ar.[80]..........ccoooiiiii, 83

Figure 4.28: Overlay of the mol fractionrafrogen of the gravity wave layer onto transparent soot foil
impression of a 1.5 s GWD nitrogen test. Test 937 BJR ER=1.0 GWD 1.5 s Window Foil,.N2 [8Y4.

Figure 4.29: Comparison of the nitrogen and argon mol fraction on the channel wall at 1.5 s for a
stoichiometric H2O2 predetonator. Mte that the leading edge propagates a different distances in 1.5 s
and are aligned only for COMPAriSON [8L].......oiiiiiiiiiiiiiii e 85

Figure 4.30: Profile of the short plenum generated layer (white dotted line) from the EJR view. Solid
vertical lines indicate the boundaries of the uniform portion of the layest 5882 EJR 0.0155/400/725
GV 0.8 S, Attt s sttt kbt sttt t ittt e e et e s mnnns 89

Figure 4.31: Image of the jet layer visualized with high speed schlieren video for 19.5 ms JD, 200 kPa HRP.
The dotted line indicates the extent of the layer depth. a.) Composite of both views showing the full layer

b.) Upstream end enlarged c.) Wostream end enlarged. B: Test 856 BJR 200/725 Schlieren, Ar. C: Test
857 EEJR 200/725 SCNIEIEN, . Al ettt e e e e et e e e e e e 90

Figure 4.32: Propagation of a 200 kPa HRP test with 15.5 ms of delay through the EJR. Frames are equally
aLJ OSR ydo >a [LINIP ¢SaG cnm 9Ww..n®nmppKHINKTHP

Figure 4.33: Plot of instantaneous detonation velocity vs position in the view using the EEJR view for the
ideal case. Test 841K 0.0195/200/725 GWD 0.85 s, SChlieren, Al...........uuuiiiiiiiieeeiiiiiinnneeeeen! 92

Figure 4.34: a.) Soot impression on glass for an ideal case detonation showing a change in cell structure.
b.) Corresponding video of the same test showing the detonation front present. Test 848 EEJR
0.0195/200/725 GWD 0.85 WINAOW FOIl, AL ..uiriiiiiiitiee ettt et e e e e e eaeens 93

Figure 4.35: Pressure traces of anabdease jet layer detonations delay with argon as the inert gas. Note
that these are two separate tests at the same conditions and the temporal spacing between the two
detonations is not representavive. Blue: Test 929 EEJR 0.0195/200/725 GWD 0.85 srARditnifyr. Test

926 No View 0.0195/200/725 GWD 0.85 s AlUIMium FOil,.Alu...cooiiiiiiiieeeeeeeeeeee 94

Figure 4.36: Soot impressions of the tests for a.) 0.60 s (top) and 0.85 s (bottom) GWD. Test 904 EEJR
0.0195/200/725 GWD 0.60 sikdow Foil, Ar. Test 848 EEJR 0.0195/200/725 GWD 0.85 s Window Fail,

Figure 4.37: High speed schlieren video of 3 tests at 18.5 ms JD for different HRP: a.) 200 kPa b.) 300 kPa
OO0 nnn {thFhd® CNIYSa F2NI SIFOK GS&ad FNB SljdzZ fte& &L
s Sablieren, Ar. Test 860 EEJR 0.0185/300/725 GWD 0.85 s Schlieren, Ar. Test 889 EEJR 0.0185/400/725
GWD 0.85 S SCNI B EN, Al oo et 95
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Chapter IIntroduction

1.1 Introduction
The thermal efficiency of detonative combustiogicles coupled with an increased awareness of fuel

efficiency, has led to increasing interest in new detonati@sed propulsion and energy generation
systems. In a detonation wave, combustion is initiated by the adiabatic heating of reactants by a shock
wave. The release of energy in the reaction zone supports steady shock wave propadratiatical
difficultiesin harnessing energy from the supersonic detonative mode of combustion has resulted in most
energy generation systems operating on the subsonic deftag mode of combustion. Currently, the
gasturbine engine is one of the most widely used systems to convert chemical energy into usable work.
The inletairis mechanically compresséeéfore it enters the combustor. Fuel injected into the combustor

is buned as a stationary flame at roughly constant pressure, leading to an expansion of the gas through
a turbine[1]. Efficiencies of 60% are realizable with heat recovery systems and could approach 80% with
full use of the heate@&xhaust gasses for heating or industrial purpd&gs

Despite the progress in gas turbine efficiencies, detonaliased propulsion and energy generation
systems are theorized to have the capacity to be more energy denseeflictent [3]. Detonative
propulsion was investigated by Voitsekhovskii and Nicholls separately in the 1950s and 1960s but was not
fully developed due to a lack of understanding of the physics of detonations at the/4inig]. In the

1980s research was renewed for detonatioased propulsion in the form of the pulse detonation engine
(PDE). The PDE uses pulsed discrete detonations vented through aeraesh cylindrichcombustion
chamber to generate thrust. Issues with the low operating frequency, noise and vibration, and complex
valve system required to purge and refill the combustor limited the feasibility of the[6JDEince the

2000s research has shifted towards the Rotating Detonation Engine (RDE) as a system for steady
detonative propulsion. The RDE does not require the complex valving of the PDE and has a higher

operating frequency and power densi§]. Furthermore, the continuous rotating detonation wave must

1



only be initiated once for operatiofv] and the steady exhaust flow can be easily expanded through a
nozzle.

An RDE uses one or more continuous detonation waves patipggaround the inside of an annular,
hollow or diskshaped combustor. A flow of reactants is continuously fed into the chamber through
separate injection lines producing a layer of fogldizer mixture at the manifolénd baseplate to sustain

the propagtion of the detonation(s)3]. Generally, the oxidizer injection is located on the baseplate of
the combustor, with some configurations also injecting fuel through the baseplate, while other
configurations inject fuel from # combustor walls. Detonation(s) will propagate in the layer, producing
high temperature and pressure combustion products which expand downstream tine baseplate
towards the open end of the engine. At the exit of thegine,an aerospike nozzle can béaped to
increase the velocity of the ejected produ¢g.

Initially, simulations of rotating detonation engines employed the injection of premixed reactants in order
to avoid the complexity of the turbulent mixing proc¢8§[9] [10]. However, RDEs must separately inject
the fuel and oxidizer to prevent combustion in the plenum and injection lines that could be initiated by
the backflow & high temperature combustion products, known as flashbfkk]. Recently, some
numerical studies have been completed with separately injected fuel and oxidi2gr Many RDE
prototypes have beenested using various configurations, some of which allow for optical access for
chemiluminescence achlierenimaging, though this cannot be used for all RDE configurati8j$14].
Schlieren phaigraphy is often used to visualize detonation structures through their density gradients,
which allows both the leading shockave and coupled reaction zone to be observed. Linear
unwrapped,RDE$iave been employed to record the characteristics ofothettion waves in a single pass,
but they have mostly focused on chemiluminescence imadiblj16]. The single shot nature of the linear
RDE also allows the use of soot impressions to visualizeethdar structure of the detonations, which

cannot be performed in operational RDESs, since the detonations would pass over the impression multiple



times. Recently, a study performed our groupusedschlierenphotography and soot impressions in a
linear RDE analogue to visualize the detonation structure in a layer of premixed redd@pt3his
research seeks to expand on this technique by using separate injection of hydrodeoxggen to

characterize the effect of fualxidizer mixing on the detonation propagation.

1.2 Objectives
Thispaperis split into two mairstudies with independent objectives. The gravity wave s&gBks to use

high-speed schlieren photography and sootnipressionsto generate data for comparison with
Computation Fluid Mechanics (CFD) models to evaluate failure criterion of detonation with diffuse layers.
Using an overlay of soot impression and CFD contours, the critical conditions of the detonation can be
determined, while schlieren photography can be usedréok the shape and position of the detonation

front over time.

The jet layer testing uses lmear RDE analogue to analyze detonation structitm@ugh high-speed
schlierenphotography and soot impsssions Thesingleshot aspect antineargeometrymakes both soot
impression andschlierenimagingpossible The combustgrconsisting of impinging jets of separately
injected hydrogen and oxygen gadlows the study of mixing in the stratified reactdayer, which is a

key aspect of RDE development. The experimental data produced by this research can be used to validate

numerical models, as well as provide a point of comparison for other RDE experiments.



Chapter2 Literature Review

2.1Detonation Theory
The two distinct modes of combustion, deflagration and detonation are characterized by their speed

relative to the sped of sound. Deflagration is the combustion mode of subsonic flames; it consists of a
thin flame region where chemical reactions proceed. This thin region separates the unburned reactants
from the combustion products. Diffusion of radicals and thermal gnérom the flame into the reactants
sustains the flamé17]. In this way, subsonic combustion can be modelled as a diffusion jd@j,erhe
diffusion driven heating leads to a less abrupt consumptof the fueloxidizer and thus a lower

overpressure, as seen gure 21 [17][18].

Pe (1)
P (1)

Figure 21: Comparison of Pressuf€ime function fora.) Detonation wave (left) b) Deflagration wave
(right). The abrupt shock heating of the detonation produces a much higher preddiie

2.1.1 Mallard LeChatelier Theory
The first scientists to develop the distinction between deflagration and detonation Weittard and Le

Chatelier who recorded the acceleration of a flame up to the formation of a detonation wave using streak
photography[19] [20[® ¢ KS YIFI Ay &a02LIJS 27F (K Sed 3h® dcoyfatiion ofil 8 Q 2 N.
combustible gasses within coal min@g]. The MallardLeChatelier model stipulates that within a flame

the reactants are heated to the autoignition temperature, at which point chemical reactions begin to

occur in the mixture to start combustion and propagate the fld&d. The temperature increases further



as the reactants are consumed until the adiabatic flame temperature is reached at the end of the energy
release. The modelssumes a single dimension of heat transfer through a column of gas, approximating

the heat transfer tahe one-dimensional heat conduction though a Had)].

Uj
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Figure 22: Control volume for a steady state shock following the shock persped@2.

Extending this Himensional analysis to the shock waveFigure 22 allows for a similar analysis of a
shock wave moving through a tube of constant cresstional geometry22]. Reactants at state 1 enter

the control volume with the products exiting the control volume at state 2. Applyingsexwation
equations to the control volume vyields the following set of equations, neglecting viscous effects and
potential energy and heat loss effects to the tube walls for the conservation of momentum and energy:

Conservation of mass:

6" 07 2.1
Conservation of momentum:
0 0 6” 6 o (2.2)
Conservation of energy:
GT @Y A OT @Y (2.3)

Combining the conservation of mass (2.1) and momentum (2.2) equations, with the assumption that the

mixture is a perfect gagjelds the Rayleigh equation:

= (2.4)

Defining the shock velocity as a function of the pressure and densities allows it to be substituted into the

Rayleigh equation:
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Substituting this into the Rayleigh equation and rearranging yields a linear relationship between the

pressure and density ratios of the two states, known as the Rayleigh line:

(2.6)
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©

Combining the conservation ofamentum (2.2) and energy (2.3) equations allows the velocity terms to
be eliminated and yields the Hugoniot equation, which represent the change in internal energy across a

shock front:

Q 0 Q 0

_ 2.7
a5~ T’ @7)

C2
C-
|
|

n

Vol o)

Eliminating the chemical energy release tegmesults in the Shock Hugonif#3]. Further assuming the
specific heats remain constant between states 1 and 2 allows for the equation to be rearranged to solve

for the pressure réo as a function of density ratio:

(2.8)

Since both equations yield pressure ratio as the dependent variable, they can be plotted against each
other. Since the second law of thermodynamics prohibits an expansimkghe pressure ratio cannot

be less than lthusno state involving a shock wave can exist below the original state. The Hugoniot Curve
gives every possible end state for a given heat release, based on the conservation of mass and energy
relationshipg17]. There exists a Shock Hugoniot corresponding to zero energy release, and an Equilibrium
Hugoniots, corresponding to a unique energy release, q. The higher the energy release, the further an

equilibrium curve is shifted to thright of the Shock Hugoniot. The intersections between the Equilibrium
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(Figure 23a)[17].
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The CJ state (righfp2].

2.1.2 Chapmaidougiet Detonation Theory

The @apmanJougiet (CJYi KS2NE ¢l & RS@St 2 LIS/Rondhe rat of expldsiors il LIY | y

31 & B4 and Emile Jouget indMéO | v A lj dz§ R $25] to 8dsdrilie 2l6tohafiagn &nd deflagration
waves. The CJ detonation model assumes adimensional structure with instantaneous energy release,
with the speed of the wave depending on the energy redelasThe theory classifies three possible
detonation states obtained from the Rayliegfugoniot analysif26].

For the strong solution, shown as state ZFigure 23a, the reaction zone that follows the shock can be
overtaken by an expansion wave propagating in the products, which are subsonic relative to the
detonation front. Such an expansion would exist if the detonation initisited at a closedknd of a tube.

This leads to the eventual failure of the detonation wave. The products of the weak sokitijmg 23a,

& G I Yigke suprsonic relative to the front, and thus the expansion cannot catch up to the wave front.
¢tKS RSONBIFI&AS Ay SyYyidNRLE FNRY aGFdS w G2 adrkds

the strong nor the weak solution is a stable solatfor the state[26].
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For a given heat releasgthere is a unique solution where the Rayleigh line is tangent to the Hugoniot
curve, as shown ifrigure 23b. This corresponds to the unigu&Jstate, for which the entropy change
across the shock is a minimum. Any pressure ratio above the CJ state would produce a strong shock with
subsonic products relative to the front, while a lower ratio would produce a weak shock with supersonic
products. Atthe CJ state, the products are sonic, which isolates the detonation wave from perturbations
(such as an expansion wave) traveling at the speed of sound in the combustion products which allows for
a stable detonation.
The velocity of the wave at the Qdte is known as the CJ velocity. In the case of a system with a constant
ratio of specific heats the equation value can be approximated as:

o Q pzen (2.8)
TheCJ velocity provides a maximum theoretical velocity, that is approached in casestigranal and
frictional losses are minimizd@6]. Nonetheless, the CJ velocity is an easily calculable parameter that

predicts the speed of the detonation wave with reasonable accuracy.

2.1.3Zeldovich, von Neumann, DoriDgtonation Structure
The next significant development in detonation theory was independently developed by the Russian

Zeldovich27], the German Dorin§28], and the American von Neumafi29] during the Second World

War.

Shock Reaction zone CJ-plane

A
\ 4

A

Figure 24: ZND structure with the reaction zone bounded at the leading edge by the shock
and terminating at the CJ plang2].



The Zeldovich, von Neumann, Dori@dND) structure incorporates a thin reaction zone behind the shock
front which terminates at the sonic @lane as seen ifrigure 24. The reaction zonehtcknessh was

hypothesized to vary with the reaction rate of the systg3q].

— Ai |«
1 2.5
1 .. I
] sease=""
09 r \ e T
\ AL 12
P —
- 08 /\(-"“:,.
€07 AN 115 o
p | l' " "-.._‘_'_ a.
< | 4 .“-"""--.__h_ f:'l
ﬁ0°6 .:.—_o": ———‘-""'—-.__ - 1 !--
: [ i
05 + | - == }Mach number
. ——PIP2 {105
0.4 <" —TIT2
0.3 1 L i 1 1 1 i i 1 1 i 3 N 3 1 i e i i 0
0 0.05 0.1 0.15 0.2

Distance from shock (cm)

Figure 25: Mach number, temperature, and pressure of an atmospheric hydrogémmixture using
the ZND structuredapted from[17].

The application of the ZND model to calcul#lie variation in gas properties through the hypothesized
structureis shown inFigure 25. The gas is adiabatically heated almost instantaneously in the shock and
undergoes reactions until it reaches a chemical equilibrium at thglad®@. In the induction zong; the
temperature remains relatively constant, and only starts to increase due to exothermic recombination
reactions. Zeldovich further proposed that the reason CJ theory predicts velocities slightly above those
measured in gperiments was due to the loss of momentum due to wall friction and thermal transfer

through the chamber wallR7].



2.1.4 MultiDimensional Detonation Structure
The first major indication that detonations were not a steady -dim@ensional phenomenon was

proposed by Donald R. Whitg81]. White used interferograms to show that the detonation psibck

state was turbulent, and that theeaction zone and posthock state did not have homogeneous gas
properties, seen in the shifting of the fringeskigure 26. Note, a onedimensional @tonation would

have shifted the fringes an equal amount. The interferograms also captured a corrugated shock front,
evidence of the cellular detonation structure, seerFigure 26b [31].

Denisov and Troshin used the soot foil technique to investigate the structure of detonations in 1961.

- o

Figure 26: Interferograms by White fo detonations of 2H2 +O2 +0.92Xe at a.) 0.075 atm (left) an
0.04 atm with outlined corrugated wave front in red (righfp1].

Based on their findings, they developed a theory of colliding triple points createngetular structure
[32]. The technique involves depositing an even layer of soot on a thin piece of metal, which is placed
against the wall of the detonation channel. The triplkeints of the detonation wave displace the spot

creating a patterned outline of the detonation celEdure 27). The foils can then be removed and
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right: 50% nitrogen dilution, no dilution, 40% argon diluti¢83].

Figure 28: Cellular detonation structure, with thehick black lines representing the shock front, dott
black line representing the reaction zone, and gray lines representing the triple point pathways. Ve
of the shock along line FF is given compared te t&J Velocitj22].
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Figure 29: Comparison of the predicted and actual cell size using the ZND induction length predic
cell size for hydrogefair mixtures[34].

examined for cell size and pattern regularity, which are parameters related to the stabilithe
detonation wavd33].

An individual cell pattern begins when two trigheints collide, creating an overdriven detonation wave
(velocity higher than CJ value) at the apex of the ¢&fure 28 point A), which expands as the two
colliding points move in opposite directions. The detonation velocity drops during the expansion, and the
initially coupled shock and reactiazzone decouples, while the two diverging triggeints collide with
others nearby at the maximum width of the cdfigure 28 B&C). The collision fags the triplepoints to

begin converging, while the reaction zone decouples completely, and the wave slows ftithee(28

E). The triplepoints then collide agairF{gure 28 D), repeating the cycle. The struotfeatures a pattern
where adjacent cells are out of phase, with the lateral distance between {piets reaching its

YI EAYdzYz R Sied iheadacdnts (i NBzOds@aidisd its minimurfi7].

The average cellisi $= <3 F2NJ I IAGBSY YAEGdNBE Oly 68 O2NNBf |
calculated using a reaction mechanigm, with an experimentally determined proportionality constant,

A[22].
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1 oYy (2.9)
A comparisa of the predicted cell size to experimentally determined cell sizes of hydragenixtures
at 300 K and 650 K are showrFigure 29. The prediction is made using a value of A=51. The equation is
able to predict the cell size to a reasonable level, however it tends topneslict the cell size, especially
for stoichiometrc mixtureg34]. It should be noted that the cell size is presented on a logarithmic scale.
Figure 210shows that the valué for the hydrogerair mixtures decreases with the mixture temperature.
For 300 K, the proportionality constant of 51 seems reasonable, but at 650 K this constant seems to be
significantly lower. Additionally, tests at a higher mole fraction tend to tesulower proportionality
constants[34].
Dilution also has a strong effect on cell size, as se€igure 211. The dilution of hydrogeair mixtures

with increasng ratios of steam, results in larger cell sizes. This relationship follows an Arrhgreus
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Figure 210: The actual value of the constant A for each mixture compared to the predicted val
A=51 for hydrogerair mixtures at 500 K and 650[R4].

13



50 |

40 |

30

Cell size (cm)

20 |

10 -

0 h — f‘%;‘“.‘-“.. i " —l
0

i¢ 20 30 40 50

% steam dilution
Figure 211: Cell size for hydrogeair mixtures with steam dilution{34].

relationship, where theffect of dilution is minimal at low amounts, but influence increases exponentially
after a critical value is mé¢B4].

The effects of dilution depend heavily on the type of diluent used, with a higher specific heat resulting i
larger cell sizes, indicating the reduced detonability of the mixture. This is due to the diluents with higher
specific heats reducing the peshock temperature more than those with lower specific heats at the same
ratio of reactants to diluent$35]. Monatomic gasses have a lower specific heat than diatomic gasses,

which reduce their effect on the cell size, and can lead to more regular cell paf8&ins

2.1.5 Limits of Detonation
The detonationimits for a mixture of reactants are the critical conditions for which a-sedtaining

detonation can form and propagate. The conditions affecting the formation of a detonation cover both
initial conditions of the fuebxidizer mixture and the geometricoundaries of the apparatus. Initial
conditions include state of the fuelxidizer mixture: the fuel being used, the concentrations of each
species, the nature of the ignition system, and the thermodynamic conditions of the miRute
Differing fuels will have different limits based on their chemical strucf@&. Varying the equivalence
ratio or adding a diluent changes the availability of usable fuel toreating substances, introducing a

limit to detonability[36] [34]. Lower pressures result in less reactants presemich can be used as a
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detonation limit, while changing the initial temperature for a fixed pressure can furthertaffese limits
because of lower fuel densit{d4]. Geometric boundaries affect the detonation propagation limits.
Detonations with larger cell sizes require a larger tube diameter to propagate, which introduces a limit for
detonation based on the size of the tube. The obvious limit would be that a detonation could not occur in
a tube smaller than its cell size.

The geometric limits for detonation propagation in non uniform mixtuaesmore difficult to quantify.
Varied concentrations of reactants and difus lead toa non-uniform cellsize whichmakes it difficult to
apply the traditionatriticalcellheight and diametecriteria, since the cell height changes drastically along
the boundary where the detonation fai[88]. Further, the irregular structure of the visualized detonation
cells, coupled with unsteady propagation near the detonability limits can further complicate this criterion
[39].

2.1.6 Layer Detonations
The behavior of detonations moving through a mixture of reactive gas bounded by an inert layer was

examined in detail by Somme40]. Sommers used parallel jets of gas to reduce tifiislon, whereas

subsequent studies separated the gas with a thin film baf4ig}. Recently there have been examinations

into the behavior of detonations in systems where the fuel layer (often a liquid) is separate from the
oxidizer[42]. These studies have examined the explosion of the Fukushiindd A OKA Qa ' yAG&a wm |
as the probable contained explosion in Unit 4; where a layer of hydrogen is thought to have formed on

the ceiling and dmnated with the air in the unit§43] [44].

A study into the critical height of detonations in channels by Rudy dd%).was performed using a

separating film{45]® ¢ KA a4 &GdzRé FdzNIKSNJ SEIF YAYSR GKS NBt I GA2:
height,h*, and defined the parametdr'k < | & ( K S [46]NahrtaichibnietriddBnditiodsitigey

critical ratio was found to be 3 for a layer height of 0.0848], therefore a minimum of three cells were

required to be present for the detonation to sustain itself. For compositionfréan stoichiometric, the
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critical ratio increase@é5]. The critical ratio appears to also depend on the layer height, as for a 0.6 m

layer, the critical ratio was foundtob#k <T'mo® ¢ KA A& 61 & T2 dzyaRge 6fB.030 NB f
m - 0.6 m[47] [48]. The thin film separation prevents the mixing of gas across the boundary but also
provides some level of confinement that can affect detonation propagation. Eurtore, the physical

boundary does not accurately represent the conditions within an RDE, where the injected gasses mix with

the products of the previous detonation cycl&s.

Lieberman49] performed a unique experiment to study detonation propagation in a stratified layer of
fuel-oxygen generated by a gravity current. Two fluids positioned beside one another with different
densities will interact due to gravity to forhmorizontallayers, with theheavier fluid flowingoelow the

lighter fluid and visa vers@rigure 212) [50]. The speed of the gravity current canrepresented by the

equation:

y"
6 6 "O— (2.10)
developed by Benjamipd Ay JABOBERSNBREE Aa || O2yaidlyids KIF@Aay3
half the height of the channel and h is the height of the wave gener@&ld The model used to predict
this velocity neglects the diffusion of mass and momentlmthe experiment, the interface between the

fluids is notsharp;a concentration gradiendevelopsdue to diffusion.

L

A
v
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v
Figure 212Y + A adzr t AT FGA2y 2F GKS 3ANIXr@Ade o6+ @S LK
gasses as well as the diffusion of each gas at the bound&6y.
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The two fluids in a horizontal chael were initially separated by a vertical gate (ethylenggen on one

side and nitrogen or oxygen on the other side) that was retracted to start the experiment. By varying the
delay between the retraction of the gate and the arrival of the detonatiaitiated at one end of the
channel, Lieberman was able to characterize the effect of the diffuse interface on the structure of the
detonation wave.The detonation propagating in the fuekygen layer, highlightetly yellow inFigure

2.13, is curveddue to thediffusion of the diluent from above. The dilution of the fiedygen increases

the induction timemaking the wave thicker further away from the lowsall, leading to decouplingf

the detonation wave to a shock and trailing reaction frgs2]. The study used nitrogen and oxygen as

diluents to form a norreactive layer above or below the combustible layer which producedfgigntly

Figure 213: Schlieren images with gravity currenDetonation propagates from left to right, the yello
on the bottom represents the fuebxygen layer of height/o under nitrogen.Delay of 0, 1, 2, 3 secon
for a, b, c, d, respectively9].
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different results. This could, however, also be due to oxygen changing the equivalence ratio whereas
nitrogen was acting as a ngeractive diluen{49][39].

Liberman proposed that the decpling of the detonation in the gravitgiriven layer corresponded to the
location where a dramatic change in the ZMBDuction zone length (calculated based on thassumed

local composition) occurrefd?2].

Bauwens and DorofedB3] proposed a general detonation propagation failure criterion governed by the
cell sizegradient (or equivalently the induction length gradieni)e criterion proposes a limit for the
propagation of a fanar detonation wherein the increase in cell size cannot increase by more than 10%
over a distance equal to the cell siz# fdx <0.1)[53]. Melguizo et al. [41] applied the criterion to the
numerical simulation of the Liebefmn et al. experimentsThe numerically produced soot foils are shown

in Figure 214, where the contours depict the cell size gradients. Based on thesttatture obtained,
Melguizo et al. determined that the failure criterion varied depending on the thickness of the interface
between the reactant and inert layers, with an average of 0.54.

Both a criticalZNDinduction zone lengthZNDIZL) and the Bauwen®orofeevgradientcriterion were
investigated by Metrow et al. usinGFD to predict the composition distributiaand soot foils from

experimentd39]. The experiment nominally used a reactant layer of stoichiometric hydrogggeninto

a) t=1ls:
1000

TR

600 [

Figure 214: Numerical soot foils ofjravity layer detonationg38].
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Figure 215: Application of both the ZND IZL (red) and Bauwd@wofees (black) criteria to a soc
impression from an experimerjt0].

argon they found that both the ZND IZL and the Bauw&wofeev criteria was effective in predicting
the failure along the bottom edge of the detonation, but could potdict failureat the leadingedge of

the layer Figure 215) [50]. The failure of the model to predict the failure at tleading edge was likely a
result ofinaccurate CFD modelinghd design of the dodied to turbulent mixing initially after opening.

A sharp increase in channel width upstream of the door caldd haveaffected these experimen{89].

The experiment also used nitrogen dilution to change HyeivalenceRatio (ER) of the reactant layer
without altering its gravity wave behaviour. Nitrogen dilution varied the reactivity of the mixture
uniformly, leading to larger, less regular cells thghout the layer. At low ER (200 les9 the detonation
propagated the same length, but at ER 2.5 the detonation fails §8]y This supports the calculations
summarized inTable 21, which indicate identical gravity wave behaviour for the different ERlly,
argon initially in the test section was replaced wilitrogen and carbon dioxid®iatomic nitrogenand
triatomic carbon dioxide gabave higher specific heathan argorwhichseverelyreducedthe detonation
propagationdistancewhen compared to the argon tests. This was a result of more heat being absorbed

by the diluting gas, which led to a lowergieshock temperature and detonation guenchifg9].

Table 21: Summary of the various mixtures and inert gasses used by Metrow dB4l.

Test  Test section inert  Predetonator mixture (gH PE—;IP—‘ )2
gas Equivalence ratio  Hydrogen (mol)  Oxygen (mol)  Nitrogen(mol)
1 argon 1 2 1 0 1.18
2 argon 1.5 3 1 0.625 1.18
3 argon 2 4 1 1.25 1.18
4 argon 2.5 5 1 1.875 1.18
5 nitrogen 1 2 1 0 0.90
6 carbon dioxide 1 2 1 0 1.28
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2.2 Rotating Detonation Engines
Traditionally most propulsion and combustibased energy generation systems have used isobaric

combustion (deflagration) to convert the chemieadergy in their fuel to usable woik4]. However, as
emission limitations have become more prevalent, significant investigation has been carried out to
develop combustors that are driven by a detonative process due to thedse in thermal efficiency that

the process provide$s5] [56]. Detonationbased combustion systems have a theoretical increased
thermal efficiency of over 20%, over conventional combustion sysfewith an overall increase of
efficiency up to 13% in unoptimized systems using Rotating Detonation Combustor§5&[&])

The first rotating detonation engines were developed by Voitsekhogshkil. [4], who aimed to create a
continuous detonation for the purpose of understanding the importance of transverse waves in a
detonation structurg57][4]. The prodiction of the continuous detonation waves using acetylenggen
prompted a study by Nichol[§] to determine the feasibility of a propulsion system based on continuous
detonation [5]. Although Nicholls found that the concept of rotating detonation wave propulsion was
conceptually viable, the limited understanding of de&tion waves and the difficulty of using separate
injection of fuel and oxidizer prevented the study from producing a viable prototype. With the advances
in computing technology facilitating more comprehé&ivg& computational models and the improvements

to detonation theory, a significant amount of research has shifted towards the[B8PE

2.2.1 Pulse Detonation Engines
Prior to the interest in the RDEs as a method of detonaktiaged propulsion and energy generation, the

PulseDetonation Engine (PDE) was investigated heavily. A pulse detonation engine generates thrust
through the propagation of repeated discrete detonations through a combustor. The combustor is
generally tube shaped, with the ignition and injection systems & end, opposite an opening at the
other end of the tubg6]. Reactants are injected into the tube, filling it with a combustible mixture. A
flame is ignited in the ignition section, which accelerates and transitions to detomatith the help of

obstacles. This detonation then propagates through the combustor, consuming the reactants. This
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detonative combustion produces a high pressure at the closed end producing thrust for the $gktem
After anexpansion wave travels the length of the tube, the now atmospheric pressure, but still high
temperature products are purged to prevent autoignition of the new reactants introduced during refilling
[59]. After purging, the systa is refilled, and the cycle is repeated.

Although the shock tubéke detonation mode of the PDE is well understood, there are several issues with
the design that resulted in reduced interest from researchi8tsThe low fregency of thrust generation

is the main issue with the system, with PDEs operating around frequencies-2i10261z. This low
frequency, coupled with a large part of the cycle wasted by purging and filling the combustor results in
lower thrust than an RDEB0]. Issues with the complexity of the system, especially regarding reducing fill
and purging times, has further hindered development. The pulse for which the engine is named, creates
issues due to the unsteady exit profile cted by the discrete waves. RDEs, with an operating frequency

in the kilohertz regime, do not suffer from this isqG¢

2.2.2 Mechanical Design and Operation of Rotating Detonation Engines
The RDE achieves detonatibased canbustion in a much less complicated manner than the PDE. The

continuous detonation wave used in an RDE removes the need for repeated reignitions of the system. In
an RDE the detonation wave propagates continuously around the annulus of a combustion chamber
perpendicular to the thrust output of the engine. Compared to the PDE, which has a detonation traveling
parallel to the direction of thrust, the RDE is able to nullify many of the issues associated with the PDE.
The continuous detonation prevents the ribéor purging and short ruap times associated with PDES,
while the more consistent release of power reduces the issues with the exit pf6file The main

complication with the RDE configuration is the increased complekigyoular detonation propagation,
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Figure 216: RDE operating configuration with the detonation flow pattef61].

and the generation of a suitable combustible layer for the detonatigorapagate through54] [56]. Due

to the compact geometric configuration of the RDE, cooling has also been a significant concern, with most
prototype tests being limited due to thermal conce82]. A common configuration for an experimental

RDE is seen Egure 216, with the structure of the detonation, decoupled stitoand contact surfaces
labeled[61].

The injection of fuel and oxidizer into the RDE is simplified by the interaction between the injected gasses
and the highpressure combustions products. Fuel and oxidizer can be contihumjected into the
combustor, with the speed of the detonation determining the fill time between detonation arrivals, and
thus the height of the layer. When a detonation travels though the layer, high pressure products will
initially block the injectiomf further fuel oxidizer until the expansion of those gasses relieves the pressure,

allowing a refill of the combustion chambdtigure 217 shows thisnteraction and the structure of the

RSG2ylFGA2y FyR NBFOGIYG I &38NJ[62) Nuinifal simOlatiGny by A O 2 T
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Schwer and Kailasanafthl] have shown that for a single detonation propagating around the annular
combustor, 13% of the injection nozzles are blocked by this pressure increase, with 63% of nozzles choked.
The rest of the nozzles were in a transient state, with pressures that werehough to inject gasses in

but not to choke the flow. This case was for an injection pressure ratio of 10, with an area rati¢1df]0.2
This area ratio is close to the range of 0.3 to 0.6 for injector throat to base glateused in successful
experimentg63].

The contact surface, shown Figure 217 occurs as hot combustion products inaet with the freshly
injected reactant layer. This interaction leads to the burning of some of the reactant layer outside the
detonation. This both reduces the efficiency of the system through the less efficient burning and reduces
the height of reactantshat the detonation can propagate through. This deflagrative burning has been
found to consume up to 20% of the fuel in experimental RDEs, thus limiting it is an important part of
maximizing the efficiency of the systgB¥]. The detonation structure, with a front perpendicular to its
propagation and an attached oblique shock, is very similar to the structure of the gravity wave detonation

observed in the Lieberman et al. gravity current experinidét.
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2.2.3 Injection Schemes
Since the injection of gasses does not need to be regulated by any valves or siysiems, the

mechanical design of the RDE can be very simple, without moving parts in its most basic form. This
simplicity allows for a smaller engine, especially in the combustor, which coupled with th@dwgr

output, makes RDE configuration extrempbwer densg56]. This does not make the design of the RDE
simple, as the geometry of the RDE greatly affects performance. The factors affecting performance include
the addition of aerospike nozzles to the outlet of the corstaw, the ratio of injector area to the cross
section of the combustor and injection configuration. Injection configurations have included parallel
injection of fuel and oxidizer radially or axially such as those by Nakagamjletjahown inFigure 218

[14]. Other configurations have used impinging jets, such as those by Biglefe&] &h. Figure2.19[65].

Other geometric considerations, such as the minimum outer diameter for teacalza G A 2y OK Il Y 6 S NJ
found by Hansmetzger et al. also must be considered in RDE @&4jgn

The production of a well mixed layer to support detonation propagation is a key factor in the development

of RDEs. The need to pnazk this layer in a short amount of time to support the multiple kilohertz
operating frequency of RDEs is a significant challenge. A variety of injection schemes have been used in

experimental RDES, as seen in Figré§, 2.18, 219, and 2.21

fuel injection
fuel plenum  combustion chamber w oxidizer injection

burned gas |- 2
o glass plates
\ burned gas

- - » vl
( >optical path
oxidizer injection fuel plenum
oxidizer plenum ™ fuel injection m:

oxidizer plenum

Figure 218 Annular RDE configuration with parallel injection axially (Left). Disk configuration
parallel injection radially (Right]3].
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Figure2.19: RDE configuration with impinging jets of fuel and oxidizer to promote mixjé§].

Despite the need to understand the mixing of reactants in the fresh layer, many of the early numerical
studies on RDE injection systems utilized a premixedduelizer mixture. This is often done to produce
Fy GARSIFf & 1 &SN T2 Nschérgey follmikihgibtyeenippodubtKahd theheBFaBtNES y
layer][8].

A computational study by Liu et al. varied the injection configuration of an RDE with a premixed fuel
oxidizer mixture to determine the effect on the reactdayer produced and the stability of the detonation
wave[8]. The study found that increasing the injection area led to a more stable detonation. Having too
large a gap between the injectors was found to lead to a mixed lafyfresh reactants and products,
which weakened the detonation by reducing the homogeneity of the layer. The survival of the detonation
was found to be governed mainby the flow rate of gas into the chamber, as even with poor mixing,
given enough fuel, #h detonation would sustain itself. This study also found the initiation for subsequent
detonation waves was due to explosions at the contact surface between the hot products and fresh

reactants[8].
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Figure 220: Response of hydrogen fuel (dotted) and air (soligjectorsin a simulated RDEL2].

A recent study by Sato et 4l.2] simulated a RDE with separate hydroggninjection. This stug had

some important findings related to the injection scheme that could not have been made by a premixed
simulation[12]. The study found that the response of the fuel and oxidizer injectors to the passing of the
detonation wave was significantly differenEigure 220 shows this asymmetry in jet response. The lower
density hydrogen fuel is more heavily affected by the detonation initially, but is quicker to recover, while
the denser air has a reduced effect and recovery. This led to significant variations in eqévalémc
within the reactant layer{12]. This phenomenon of asymmetrical response of the injectors to the

detonation wave was experimentally observed by Nakagami [@4al
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In experimental RDEs, impinging jets are most often, but not alwaygloged to aid mixing. However,

with few numerical models of the layer mixing from separate injection, the ideal configuration has not
been found. A variety of injection configurations have thus been developed. Kindracki@tlalsed an

open oxygen slit to inject oxygen axially with radial fuel jets to promote mixing between the two gasses.
The fuel jets issue from small diameter holes with tight spacing to promote a homogenousHiayee (

2.16) [61]. Other RDE experiments have also had success with perpendicular impinging irfggfion
Bigler et al[66] successfully used pairs of impinging jets mounted on the combustor head wall to produce
a viable layerKigure2.19) [65]; while other experiments have used a combination of head wall and
annulus injection to promote mixing in a similar fashiéig(re 221) [67]. Goto et al[68] used a triplet
configuration with two fuel jets impinging on a single oxygen jet from batctions[68]. Nagakmi et al.
successfully used a configuration of parallel jets in a disk style RDE in order to visualise the detonations
with schliererphotography[14]. This injection schematis presented ifrigure 218[14]. Overall, a variety

of successful injection geometries have been tested in RDE prototypesiore study into the mixing of

the separately injected gasses is required to determine optimal configurations.
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Figure 221: Injection configuration for RDE using an axial slit orifice from the head wall an
impinging fuel jet on an angle from the annulys7].
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The area ratio is an important factor when designing the injection of an RDE. This parameter represents
the fraction of the combustor head Warea to the total area of all injectors. A larger area ratio increases
the performance of the engine by reducing the pressure loss through the injectors. This pressure loss is,
however, important to reduce the backward flow of the hot combustion producto the fueloxidizer
plenums. Too large an area ratio leads to too much disturbance after the detonation wave propagates
past the injectors and too much disturbance in the plenum, which reduces the speed at which the reactant

layer can be refreshedpiiiting performancg63].

2.2.4 Propagation Modes
The simplest form of propagation in an RDE is that of a single detonation rotating through the reactive

layer in the combustor. With sufficient mass flow rates of fuel and oxidizer, the layer can support another
detonation before the original wave complete cycle. A second detonation wave may then propagate
through the layer. If the layer is not replenished fast enough, one of the detonations will fail and the
system will return to a single rotating waye7]. The process of gerating a second wave can repeat
leading to a series of waves propagating in the combustor, with up10 @aves being observdé4]

[65]. Itis also possible for the generated waves to moveéroipposite direction of the initial wave, where

they will reflect off each other and reverse direction when colliding. It is thought that these waves will
eventually develop into a single wave; though it is not confirfie]. At lower pressure ratios between

the plenums and combustor, the detonation wave will not travel around the annulus, but will instead
pulse axially, with a detonation traveling down the length of the combustor, reflecting as a shock wave at
the nozzle andraveling back to reinitiate the detonatids6] [67]. This creates a motion very similar to

that of a pulse detonation engine, however the frequency of the pulses exceeds most current PDE models,

with pulses in the kilohertz regima].

2.25 Linear Rotating Detonation Engine Development
The geometry of the rotating detonation engine makes it difficult to visualize the detonation structure in

detail. The research by Nakmi et al.[14] used a disk shaped RDE with optical access to overcome this
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after an initial combustion event in the channel to generate the combustion products atmosphere. This
linear geometry makes it much easier to visualize the detonation praj@gusingschliererphotography

through an optically accessible rectangular crssstion channel.

Burr et al.[15] conducted experiments with a linear RDE ussahlierenand CH*/OH* radical
chemiluminescence to visualise the detonation structure using geerixed jets of a variety of gas
mixtures Figure 222) [15]. Hydrogen, methane, and ethylene were mixed with oxygen or air to create a
layer of reactants through which a detonation propagates. The exymnt showed the feasibility of the

linear RDE for more detailed analysis of detonation waves moving through a jet layer. These detonations
had a similar structure to the gravity wave detonations observed by Liebefa8nwith a detonation

front perpendicular to the propagation in the reactant layer, which decoupled into an oblique shock where
there were insufficient reactants to support the detonation. The structure of these detonations can be

observed irFigure 223[15]. This configuration allowed for visualization of the wave structure but did not

detonation wave
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Figure 222: Linear RDE apparatus used by Burr et[48].
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Figure 223: Schlieren (a) an@H*/OH* radicalchemiluminescencéb) of the detonation waves travelin
through the reactant layef15].

allow for the capture of the detonation celkracture, as the system cycled multiple times in one
experiment to better simulate the hot products in an RDE, which prevents the use of soot impressions

' y20KSNIJ adzy 6 NI LILISRE w59 gl & dzaSR o6& {OKgAyy Si
chemiluminescence method with unmixed jefhis system rapidly produced detonations in the reactant
layer, to mimic the high operating frequencies of RDEs. The study determined the cycle limit for various
equivalence ratios of natural gasygen layer§l6].

A linearRDE analogue was used by Metrow et al. to obsainlierenand soot luminescence images of
detonation structure[10]. This experimental setup used a gravity waviven predetonator, with
premixed jets to produce the reactaltyer. Soot foils were obtained to track the cellular structure of the
detonation, which was then compared to numerical simulations of the-dxalizer layer. These were
used to verify the effectiveness of the Bauwebdarofeev criterion for detonation flure in a noruniform

layer[53].
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Figure 224: Schlieren images of the detonation for 0.030 s (a), 0.014 s (b), and 0.01319]c)

This apparatus used a cold inert gas to produce the unreactive layer, which allowed the use of soot foils,
which woutl have been disturbed if the tests were run in rapid succession to produce a layer of hot
combustion product410]. The effects of jet layer development time on the detonation structure are
presented inFigure 224 [10]. The 0.030 s case is very overfilled, with a layer near the full height of the
channel, which led to the detonation decouplingyéow in the channel. The limit case of 0.014 s had a
more representative structure for an RDE, with a significant layer of inert gas present. The detonation
decoupled into an inert shock at roughly half the channel height. For a development time uedanit)

as seen irFigure 224c, the detonation failed early, with a new detonation initiated which propagated
through the premixed reactant plenum ldiang to the wedge shape in frames 4 and1®]. Soot
impressions, such as those recordedrigure 225, provide a more diiled look into the structure of the

detonation as it propagates through the layéo].
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Figure 225: Soot impression of a test with premixed jets and a 0.014 s development [ir@g
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2.3 Summaryf Relevant Review
The focus of the two studies within this thesis is to provide experimental data in the form efbégu

schlieren video and soampressions which will be used to characterize the detonation phenomena and
verify numerical models of the studies performég other members of the research group. Of key
importance for the gravity wave studies are the characterization of the gravity wave phenomenon by
Benjamin[51] and the experiments and ZND IZL failure criteria by Lieber#@h The more recent
detonation failure criteria based on cell size gradients by Bauwens and Dofdfeandthe numerical
modelling of those criteria by Melguizo et @8] are of great importance to the study of this phenomena,

but will be evaluated by other members of the lab grotlipe jet layer tests will be evaluated based on
these failure criteria once further work has been done to refine the CFD simulations déaybe
development. Once the simulation of the current jet experiment is complete, the injection configuration
will be improved through the simulation and evaluation of other RDE injection schemes, such as those by

Bigler et al.[65] and Goto et al[68].
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Chapter3 Experimental Apparatus

3.1 Overview of Apparatus
The apparatus was based around an existing combustion channel with a rectangular cross section. The

channel was fitted with a manifold to inject gasses and produce the reactant layer, which was fed through
existing instrument ports. The apparatus is inteddo represent an unwrapped RDE. Since the apparatus
was not initially filled with highemperature products, it differs from other linear rotating detonation
engine studies. This apparatus will be referred to as a Linear Rotating Detonation Engineuédnalog
(LRDEA), to distinguish it from its aforementioned counterpdr§ [16]. A predetonator was used to
generate a steady detonation in a premixed fo&ldizer mixture, isolated from the tesecion by a
sliding door. The mixture was ignited at one end of the predetonator by an automotive spark plug which
generated a detonation through flame acceleration aledlagration todetonationtransition(DD7.

An RDE features a detonation that propagates through a layer of reactive gas injected into the products
of combustion from the previous cycle. The apparatus replicated this configuration by injecting the fuel
and oxidizer into a channel initially filledthvia quiescent inert gas to replicate thieert combustion
products.

Two different types of experiments, jet layer and gravity wave detonation tests, were carried out with the
same experimental setup. When the sliding door is opened a gravity curreartesaged where the lighter
hydrogerroxygen predetonator mixture flows above the heavier inert gas preloaded in theséesion.

During a gravity wave tesFigure 3la) the development time for the gravity layer is controlled by apre

set delay (see Section 3.4) which allowed the layer to develop as the slug of predetonator gas propagated
into the Field of View (FOV). As the gravity layer developed, a diffuse int&sflacened between the two
gassesand after the preset time a detonation would reach and propagate through the gravity |dyar.

these tests no gasses were jetted into the test aregoArand nitrogen were used as the inert gasses.

In a typical jetayer detonation tes{Figure 31b), the intrusion of the hydrogenxygen predetonator is
limited so as not to affect the detonation propagation in the injected hydrogad oxygen layer that
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forms before the detonation arrives. The gravity current was allowed to develop forseptene before
ignition, with enough time for the layer to overlap with the upstream edge of the jet layer to ensure the
detonation can transition between the two layers. Valves feeding the jet plenum open, creating a flow

into the plenum which feeds the jef®r a preset time before the detonation reaches the layérhe
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Figure 31 Breakdown of the key elements of a.) gravity wave tests b.) jet layer tests.
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hydrogen and oxygen flow out through their separate jets, displacing the argon to create a detonable

layer, which the detonation passes through.

3.2 Combustion Channel
¢tKS O2YodzaliAzy OKFIyySt O2yarada 2F F2dz2NJ YFAY O2Y

combustion lab. The predetonator consists of four 0.61 m channel sections, which can be sealed from the
optically accessible testection and dump tank via aisolating sliding door. Each section of the
predetonator is equipped with fenetype obstacles to promote flame acceleration to O0b9]. Both the
test-section and dump tank consist of a single 0.61 m channel section, witlteroal obstructions The
predetonator section is filled with a hydrogeritrogen-oxygen mixture, while the dump tank and test
sections are filled with an inert gas. The test and predetonator sections are separated by the isolating

door. Figure 3 shows a simple schematic of the channel, configured for g T€%t
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Figure 32: Simple schematic of the combustion channel. BR is blockage ratio. Adapted[ff@m

3.2.1 Predetonator
The predetonator section of the channehws/used to generate a detonation wave which could be coupled

to the LRDEA jets during testing. The initial flame was created by a 50 mJ coil over plug on (Nissan
3280264) discharge through an automotive spark piig.

To redice the development length for the detonatipfencetype obstacles were employed, which
promoted flame acceleration and DII7][72]. Thefirst channel sectionvasequipped with 89 mm high

(66% blockage ratio) obstacles spanning the width of the charamel,the next two channels were
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equipped with50%and 33%wobstaclesn order to achieve the minimum distance for flame acceleration

[70]. The channel aredlockage ratio (BR) is defined as the ratio of unobstructed channel hdight,

compared to the total channel heighi as seen irFigure 33[17] [69]:

o6y o
o)

The height H of the entire predetonator was 76.2 mm. The final section of the predetonator assembly had
a reduced width of 25 mm. The tesédion had a width of 12.7 mm, and a height of 63.5 mm in order to
accommodate the hydrogen and oxygen plenums at the top of the channel. The transition to these
dimensions was accomplished by the upstream reduEegufe 34), which reduced the channel to the
required dimensions. The length of the insert was roughly ¥ the length of the fourth predetonator
channel. This allowed the detonation wave time tdjust to the smaller crossectional area and
permitted the inert gas gravity current to propagate without change in esession. Note, for the gravity
wave tests with long delay times the inert gas would reach the change inseosisn, but it is bedived

this did not affect the layer that developed in the tesdction. The reducer was designed to withstand
repeated impacts by detonation waves, but to also reduce the influence of the reflected shock produced

08 WYOdzidAy3dQ (KS RERAVANOESY SKBSWYL ¥FAFVFHOBRAZQ 27

(4.1)

h

Figure 33: Configuration of the fencaype obstacles and relative heights. Adapted frdi®9].
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off the end wall of the reducer.

The predetonator section had 3 sealed access points which each had separate functions for setup and
testing. The main filling point near the spark plug was used to flow gas in and out of the channel and was
also connectedd the vacuum system. The 50% BR section was equipped with an absolute pressure
transducer to monitor the pressure in the tube during test setup and was protected by a ball valve during
testing. The isolating door separated the predetonator and opticali@estduring test setup and was
opened during the tests to produce a gravity wave.
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Figure 34: Upstream re@lucer with key elements notated.

3.2.2 Isolating Door
The isolating door assembly was originally designed by a previous student [85] to accommodate a 25.4

mm wide opening and was built robustly to withstarebeated detonations passing through it. It was
constructed of 6061 Aluminum, with 25.4 mm housing on either side of the sliding 25.4 mm thick door.
The door used a series of BUNAOTrings to maintain a seal.-fngs were located on the shaft which
pulledthe door in and out, as well as on both faces that the door slid on. The door aperture had grooved

edges to prevent damage to therihgs during movement. The door was fastened together with grade 8
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fasteners, and then fastened between the final predetmmasection and the tessection using the
existing bolt pattern with the same fastendi®)].

For these experiments, the door was modified to reduce the effects of the door on the gravity camcent
detonation wave transmissh into the test sectionThe size of the aperture of the door was reduced to
match the channelidth, and reducers were added that extended into each side of the housing to reduce
the channel width (SeEigure 34 for the upstream end). This resulted in a continuous channel width from
the upstream reducer to the end of the windows in the testtion.

The thickness of the door was reduceditoit the volume of gas within the door aperture. This was done
to reduce the extent of the turbulent mixing between the predetonator gas andrike gasinitially in

the doorcavity, as the volume of gas slid anposition. The old door assembly was modified by designing
the thinner moving door with the apertureF{gure 36, green) and adding a stationary acetal
homopolymer filer piece Figure 35, red). Gring seals were added to seal between the door, filler, and
housing pieces.

The door was further equipped with a balangiohannel that transported the compressed gas ahead of
the door to an expansion volume on the other side of the door. This prevented the gas from being forced
through the QGring seals and into the test chamber, and conversely prevented the newly formeaheol
from producinga vacuum. This is illustrated Figure 35. Drawings each component of the assembly are

included in Appendix C.

38



+2f dzvy f AR2  HJ
0 SKAY 2y 0 NRBf
KS &Kl
t dza K A
MBPYY 02 2LJS
cOYY
2 LISY
. FEF Yy OA
KIFIyySt
+2f dz
NB Y 2 ¢
dza K AY
2 LISy
{dare
Uf L3S 2 YLINE & ¢
2 f dzy S

Figure 35: Isolating door in the sealed and opened positions with one housing removed. Green
moving door. Red is the filler piece.
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3.2.3 Optical Tes$ection
The testsection has opticallaccessible plexiglass/glass windows $chlierenimaging, and soot foil

incandescence visualization. The glass windows can also be replaced by opaque windows for mounting
foils and pressure transducers. The height of thaagtchannel was reduced from 89.0 mm to 63.5 mm

by the injection assembly that fastened to the top of the channel. The width of the channel was 25.4 mm,
but any channel width could be produced by changing the thickness of the windows which protruded
inside the channel width. For these tests, the effective channel width was 12.7 mm. A reducer was added
to the downstream side of the door to fill the 96 mm distance from doevnstream sidef the door to

the right edge of the windows to keep the channel dirsiems consistent

The outer portion of the optical windows was constructed of acrylic, which prevented (and contained) any
shattering of the inner glass and provided the bulk of the thickness, at 38.1 mm nominally (thickness
varied 0.5 mm across the piec@&he inner portion of the window was 12.7 mm thick glass, which was
more heat resistant and provided a flat, even surface for the channel, without the waviness of the acrylic
sheet. The interface between the glass and acrylic was uneven, with a varyingtaohair between the
pieces. The offset cut into the acrylic was performed by the McLaughlin Hall Machine Shop, using the glass
as a flat surface to baghe offset cut into the acrylic which resulted in an even width of the entire channel.
The twopiecewindows were fastened along their parallel edges using a layer of electrical tape to prevent
movement and to bind the pieces together, followed bg ayers of Nashua 0.3 mm thick aluminum foil
tape to protect against heat and tearing. The layer of tapstructed a small portion of the top of the
schlierenview, while the bottom edge was hidden by the 6.35 mm high obstruction caused by the plate
which seals the windows from the atmosphere.

A50.8 mm thick acryliplate was used to mount the aluminum fsifor tests it was 0.750 mm thinner to
accommodate the thickness of the foils attached for the tests and keep a constant channel width. This

window was also equipped with a pressure transducer to measure pressure in the channel.
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A two-piece aluminum pleam assembly occupied the top 25.4 mm of the channel. For the gravity wave
tests, the bottom plate of the plenum was replaced by a blank with no holes. For jet tests, the jet plenum
assembly was mounted to the top of the plenum, with both the hydrogenaydjen gas lines connected
through an instrument port. For jet tests the hydrogen and oxyfiewed into the plenum assembly
through separate 3.2 mm diameter holes machined into a standastlumentplug that wagpositioned

inthe instrument port. The cressection of the two plenums was 3.2 mm x 3.2 mm. The plenum assembly

also hadwo locations where theénternal plenum transienpressurewasmeasured.

3.2.4 Dump Tank
A 171 mm high by 121 mm wide dump tank was located after thesestion, with the puose of

absorbing and weakening the detonation wave. It was filled with the same inert gas as tisedésn,
which forced the detonation to decouple into a shock wave, which was weakened by the increase in width
from the testsection before it reflectd off the end wall of the tank. A valve protects the vent line for the

channel, and the downstream balancing line connects to this part of the appafitus€ 3).

3.3 Gas Injection System
The gas injection systemasthe core of the jet experiments. This system generated the reactant layer

through whichthe detonation propagated. Producing a layer in which the hydrogen and oxygen mixed,
without too much argon dilution was key in producing a layer that could sustain detonation propagation.
The Gas Injection System was divided into three components betiheegas cylinders and thg@lenum

in thetest-section channel.

3.3.1 Gas Injection Feed
The gas injection feed consisted of all the piping between the gas cylinders and the solenoid valves,

illustrated inFigure 3B ¢ K S  ¢Natioral pipe Thread)ort solenoid valves were 12 VDC powered,
with a 4 mm orifice, purchased from Princess Auto (SKU 81928gh). speed video measurements
indicated he vales took 6 ms to stampening andvere fully open after 15 m®Rigid stainlessteel tube

GAOUK 'y AYOUSNYLFf RAFYSGSNI2F mMnody YY OMKHE (dzoAy 3
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The tubing ran 1600 mm uninterrupted to a check valvegidmefore the cylinders to prevent backflow.

A fast response piezoelectric pressure transducer and dial gauge used to measure the static fill pressure,
were attached to the hydrogen feed line. This tube acted like a shock tube driver, whereby when ¢he valv
was opened a constant pressure is maintained at the valve for a period time for the head of the expansion
fan to travel to the check valve and a compression wave to travel back to the valve.

The check valves were Swagelok brand valves with a 69 kPa cracking pressure. Just before the check
valves, 2 ball valves were connected to allow the two lines, and plenums when the solenoid valves were
open, to beindependently accessed by the vacuum and venting system via the control panel. The gas
cylinders were connected to the check valves by flexible tubing to facilitate the moving of the channel

without having to move the gas cylinders.
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Figure 36: Piping Schematic of thgas injection system outside the channel.
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3.3.2Solenoid to Plenum Injector Assembly
Beyond the solenoid valve, all of the piping for the injection assembly would be initially filled with inert

gas. As such, it was important to minimize the volume of this piping to reduce the amount of inert gas
OKIG ¢2dd R ySSR (G2 0SS RA&ALIIFIOSR 08 (KM AYRBEOSGBRCI
threads on either end, was designed and manufacturefill the volume outlet port on the downstream

AARS 2F SIFIOK a2t Sy2AR @It @Sy gAGK I 0o®dH YY OMKYyEL
outlet of the solenoid valve and the aluminum injector plagshown inFigure 37. The plug received the

adapters at an angle, which was required to fit both solenoid valves spakalyré¢ 33). The 3.2 mm gas

flow path in the plug turned vertical to fit both channels through the narrow passage into the channel,

where the gas flow paths aligned with two holes at the top of the plenum assembly. Aal ace

homopolymer gasket was located between the bottom of the plug and the top surface of the plenum

assembly. A BUNN Oring sealed the plug onto the bottom of the teséction instrument port. Since

=== ===9

Jlansdi

Threaded receivers ﬁ
for the reducers

3.2 mm diameter 4ﬁ
channels

O-ring seat J

Gasket sealing fac

Figure 37: Wireframe view of the injector plug with key features labelled.
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both seals were on bottom faces of the part, the measnents for the heights between the two seals
was important to ensure both would function properly. The seals were designed such that the gasket seal
compressed first, since this seal was harder to verify, whereas a failure iniing €eal would prevent

the channel from beingealedfor vacuuming, which would be easier to detect.

3.3.3 Jet Plenum Assembly

i

MY Yl dzo

!
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Figure 38: Photograph of key components of the jet injection assembly where the connection t
channel is made.

The plewum assembly consisted of two plates bolted together with a BlNgasket sandwiched
between, similar to that adopted in Metroyw0]. The top plenum plateFgure 3, blue) seated the
bottom of the injector plug, sealed by a gasket described in 3.3.2, allowing the hydrogen and oxygen
gasses to flow into thbottom plenum plate. The bottom plenum platBigure 3, red) received the gas

and allowed it to flow into the 3.2 mm x 3.2 mm plenum which fed the. j€he laser cut BUNMK plenum

gasket Figure 39, grey) matched the pattern of the channels in the bottom plenum plate, sealing the
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channels from eacbther and from outside of the plenum assembly. The two 610 mm x 73 mm x 12.7 mm
plenum pieces were secured together by a series of counterstBikfésteners which threaded into the

top plenum piece. Two 1R4 fasteners secured the plenum to the top of tiest-section channel.

The bottom plenum plate produced a series of jets through 1.3 namdter holes (No. 55 drill size), 10.9

mm long, spaced 4.8 mm (center to center) apart. The two sets of jets impinged on each other at an angle
of 30° off the vertical, where the two sets of holes were 3.3 mm apart (center to center) at the bottom
face ofthe plenum assembly. The original, shorter plenum assembly had a total length of 281 mm,
consisting of59 pairs of holes, and was used for preliminary testing and development. The extended
plenum assembly had a total of 83 jet pairs over a 438 mm lengthveas otherwise identical to the
shorter assembly. This extended plenum was used for the majority of the tests, whereas the shorter

plenum was mainly used for the initial development of the experiment. Both bottom plates of the plenum

Sy KeéRNR3ISy
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Figure 39: Exploded view of the components of the plenum assembly, with the white lines showinc
of gas from through the components.
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Figure 310: Wireframe view of the two lengths of plenum used in the experiments. Extended ple
(top) and short plenum (bottom).

assembly are shownof comparison inFigure 310. Detailed drawings of the plenum assembly
components can be found in Appendix B.

Symmetrical holes for the hydrogen and oxygen were used to make the feeds swappable, which allowed
one set of pressurransducergo capturepressureransientsfor both gasses. The jets from each plenum
lined up with one another, and did not offset, assaligned injection has been found to reduce mixing
and lead to worse&letonationpropagation conditions in the lay¢86]. The angle of the jets was chosen

to force a collision of the gasselse to the plenum lower platevhich would induce the mixing of the
gasses as soon as possible.

For the gravity wave tests, a blank plenum was used, since no gasses were injected into-$ieetient

This was done by removing the gas injection assembly and replacing it with a plenumblsagh no

holes. A separate sealing assembly was inserted to seal the injection hole.
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3.3.4 Transient Injection Pressures
To characterize the hydrogen and oxygen flow to the plenum, and to aid in CFDingafethe layer

development piezoelectric pressure transducers were placed in the plenum arahe of the feed lines
just before the solenoid valvé&igure 311). The pressure trace recorded in the oxygen feed line just
before the solenoid valve shows a sudden drop after about 5 ms. This delay includes the time for the
solenoid valve to start openirgnd the time forthe head of theexpansiorfan to travel from the

solenoid valve to the pressure transduc&he distance i800 mm, taking a speed of sound of 326 m/s
at 20°C, the time is 0.92 mdThe pressure drops with several oscillations reachingiab00 kPa

(gauge) after 75 ms. The pressure then starts toaigbe flow of oxygen through the check valve is
initiated once the head of the expansion fan arrivii®te the detonation reaches the test section after
about 20 ms, so after this time théofv through the valve is of no consequence to the experiment. For
the hydrogen, the speed of sound is 1270 n#ts the pressure starts to drop almost immediately after

the valve starts to open. The ensuing pressure drop is smoother than that in the oxygen.
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6 L 400
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Plenum Gauge Pressure [kPa]
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Figure 311: Pressure readings of hydrogen and oxygen injection at 200 HRest 849 EE
0.0195/200/725 N/A Schlieren, Ar. Test 851 EEJR 0.0195/200/725(SF) N/A Schlieren, Ar.
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With the pressure transducer located 343 mm from the plenum jihet maximum pressure reaches 4

and 10 kPa (gauge) for hydrogen and oxygen, respectively; indicating that the plenum orifices are not
choked. Moving the pressure transducer closer to thenpm inlet, i.e., 114 mm from the inlet, produced

a maximum pressure of 20 kPa and 28 kPa for the hydrogen and oxygen, respectively. Since the hydrogen
and oxygen pressure drops over the length of the plenum, this affects the mass flothmaigh the

orifices located at different positions in the plenum.

3.4 Electrical and Timing Systems
The electrical system consisted of a series of devices which acquired data and sent signals through the

system to trigger events within the test process at specified times. Data acquisition was done through a
Nation Instruments Signal Express workflow vattbAQ(Data Acquisitiontard to capture data from
multiple piezoelectric pressure transducers (PCB 114A24), ion probes and the door trigger button. Signals

were sent from the DAQ to trigger the camera, solenoid valves, and spark e 312 gives a
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Figure 312 Electrical schematic of the experimental apparatus.
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schematic of the electrical system used in testing. Note valves 14 and 15 are located on the piping diagram

provided inFigure 316, Section 3.6.

3.4.1Signal Express
The core of the electrical system was a personal computer with a National Instrumes@$33@MAQ card

installed running Signal Express workflow to control equipment during testing. The program could run
multiple commands simultaneously lyrouping them. The program had the following sequence of
commands, where numbers denote a new grouping of commands, and letter commands run
simultaneously within their group:

1. Receiving and recording trigger time.

a. DAQmx Acquire: The DAQ waited for a 5INhfpedge signal from the door micigwitch,
engaged when the door was fully open, before proceeding further. After the program
detected a 250 m¥all in the signal voltage it would move on to the next sequence (2.).

b. Save to ASCII/LVM: As the DAQ detethexdsignal it would record readings from the
switch in absolute time, so this signal could be compared to the arrival of later
measurements.

2. The program waited for the specified Gravity Wave Delay (GWD), varied from 0.25 s t0 4.0 s.
3. Output signal and acqre data.

a. DAQmx Generate: The program sent out a 5V signal to the delay generator, 12 V solenoid
valve relay, and SA& camera. This pulse was 60 ms long, which would keep the solenoid
valves open beyond the arrival of the detonation wave, ensuring gasabs not cut off.

The solenoid would open 6 ms after the signal was sent, and be fully open by 15 ms after
the signal was sent.

b. DAQmx Acquire: The program acquired data through 5 channels at 2MHz:

i. Window mounted PCB 114A24 pressure transducer
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ii. lon probes(,2)

iii. lon probes (1,3)

iv. Feed Tube PCB 114A24 pressure transducer

v. Plenum-mounted PCB 114A24 pressure transducer

c. Save to ASCII/LVM: The data was saved as a .txt file with 300 000 readings for each
channel, using absolute time.

It was found that for tests performed with this sequence of operations that an unavoidable internal delay
occurred during the running of therogram, which added a 0.48 s delay between the 2nd and 3rd step in
the program. Data was therefore recorded as the sum of these two delays (i.e. a 0.25 s delay became a

0.73 s delay).

3.4.2 Triggering Devices
The 5V signal from the DAQ system travellethi delay generator, solenoid valve relay, and theZSA

camera. It reached all this equipment simultaneously. The @ayided powerfrom a 12V power supply

to the solenoid valves, which started the flow of the hydrogen and oxygen through the plenaigrdwuity

wave test this relay was deactivated, since no jet layer was developed. The&@#era received the 5V
signal and immediately began writing data to its internal drive. A center trigger setup was used so that
the camera would record data prieo and after the signal was received, ensuring the test successfully
recorded.

The delay generator delayed the signal to the spark sysigrighgave the solenoid valves time to open

and develop the jet layer. The offset between the opening of the jetsthr arrival of the detonation

was the sum of the delay generator setting, the spark generation time, and the acceleration of the flame
through the predetonator. The jet delay time was set to between 10 ms and 20 ms, which gave the layer

enough time to deelop, but not overfill the tessection before the detonation wave arrived.
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3.4.3 SA Camera Setup
The SAZ camera was controlled through the Photron Fastcam Viewer (PFV) software and was critical for

recording highspeed video of the detonation passitiyough the optical tessection. The camera was
operated at 240 000 frames per second with a shutter speed of 0.16 ps. This framerate allowed the
capture of the detonation structure throughchlierenand soot incandescence videos. A detonation

moving thralza K § K O loivisiNwagia vieWw kot |8ast 20 frames, from which the speed was

calculated.

3.5 Optical Setup

3.5.1 Schlieren Imaging
Highspeedschlierenphotography was used to visualize the detonation structure through the density

gradient created by the detonation and shock wave fronts. 3titieren system relied on a system of
mirrors to direct beams of parallel light through the tessiction. Density gradients bend this light, which

then appeared dark, as the beams of light at that location did not reach the camera. A pinpoint source of
light was created using a bright LED bulb which was focused through 2 lenses and cut between 4 razor

blades. This pinpoint light source was reflected off a parabolic mirror to produce a beam of parallel light.

Razor blade

Diverging lens

Condensing lens 7 e ]

Flat mirrors Combustion Channel Parabolic mirrors

\ (dialllCTCI‘ 254 nnn)

e+ T T L L et

SA-Z camera —>E:]<E ------- T

Razor blade

Figure 313: Schlieren setup used in the experiments. Adapted F[a6j.
This parallel light was then reflected through thptical section of the combustion channel using a pair

of flat mirrors before it was focused back down to a point by a second parabolic mirror. The light was cut
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with the edge of a razor to improve the sensitivity of the system before it entered thé &era.Figure

3.13 shows the optical setup of the experiments. It is noteworthy that with thgi€te windows there

was a small amount of distortion, esgially aroundhe right and left edges of the view, which reduced

the view width from 254 mm to 240 mm. This distortion was a result of the waviness in the acrylic surface
of the windows.

Velocity measurements were obtained from the videos by countingrtbeement of the detonation front
through the view angle using PFV to gather to the location of the detonation front manually for each
frame. A scaling factor was used to convert the pixel measurements to distance across the field of view.
This could be aoverted to the instantaneous speed of the detonation by dividing the movement of the
detonation between 2 frames by the time between frames, generating an average detonation speed at

each location.

3.5.2 Aluminum Soot Foil Imaging
The use of an aluminum soot foil prevented the simultaneous captuseldferenvideosinceit blocked

the schlierenlight from travelling through the channel. Placing the foil on the hggrceside of the
channel allowed the video recording of the daation passage via the incandescence of carbon soot as it
was heatedby the combustion. Theschlierensystem was kept in place, with the mirrors being used to
direct the image into the camera, however the razor blade was removed, and often replaced with a
neutral density filter to limit the light intensity entering the camera lens. Pictures of the foils were taken
after testing to record the cell structure, with a bendable ruler being used to account for bends in the foil.
These bends were introduced byrfes that occurred after the detonation had passed across the foll,

including the reflected shock from the dump tank.

3.5.3 Glass Soot Imaging
Some tests were performed with direct sooting of the glass window to allow for simultarsahlisren

and carbonincandescence imaging, along with a recorded cell structure. These tests produced videos
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showing shock waves as well as area of combustion where the soot incandesced, which provided a unique
look at the detonation structure.

Since the cellular structureald to be cleaned off the windows between tests, the only record of the
structures were photos taken immediately after testing. Due to the thickness of the windows, it was
impossible to lay them against a surface, since the soot pattern would project awhado each layer

of window material which resulted in an unusable image. Instead, the window was supported upright,

with a white background and sufficient uniform light from the background to remove shadow effects. Due

Camera

Figure 314: Visualization of the distortion in soot impression photographs.
to the thickness of the glass anHet placement of the camera with respect to both the glass and the

background, the image is slightly distorted, seetfrigure 314, where two lines of egal length on the

Jfda aKz2g dzZJ Fa G2 RAFFSNByG fSy3aiaka 2y GKS LIK:
GKS 20§KSNJ FLIISFNAY3I & MpkMcé OHO Dy EMdrebvideoK A a oI 2
from thesetests with the soot impression photographs.

3.5.4 Optical Views
The total length of the view that could be accessed through the window was 445 mm, which was

significanty larger than the 240 mm limit on the view for the masohlierenmirrors. Tests were

performed with differentFOVwithin the optical sectionTestswere repeated with different FOVs to
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Figure 315: Locations of the three views uden the experiments.
capture the full length of the phenomenon. It was important to track the location of the FOVs with respect

to an anchor point, so that data from different tests coulddmnpiled Asa result,three different FOVs

were developed for testing, and every test had the video FOV recobsfigure 3.14 The FOV was
changed by moving the entire combustion chanashllyforward or backward. This was easily achieved
because the channel was supported on a set of carts. The limits of each FOV were marked on the
combustion channel using temporary markers.

Gravity wave test used athree FOVs, however most of the tests were conducted within the BJR
(Beginning of Jet Remi) view, as the most thoroughly analyzed tests were conducted with a Gravity Wave
Delay (GWD) of 1.5 s and 2;8t& former of which decoupled at the rigleidge of this FOV, making it a
perfect location for velocity measurements. Most testing with thersiplenum was conducted using the
EJRENd of Jet RegiorJOV since it could be used to determine whether the detonation propagated
through the entire layer or failed early. For the same reason, most of the extended plenum testing was

performed using theEEJRExtended End of Jet RegioRpr both plenums, tests were conducted with

54



other FOVs, both to visualise upstream phenomena, and during early testing where the detonation did

not propagate into the FOVs further downstream.

3.6 Operational Procedure
The successful execution of tests using the combustion channel required the flowing and mixing of

different gasses through a series of connected piping. This required a significant number of ball, metering,
and solenoid valvedsigure 316 shows the relative location of all 23 valves, pressure transducers, and
other equipment that was used in the preparation and running of experiments. It should be noted that
valve 9 is a solenoid controlled by a separate lab computer, as it was part of another apparatus, but was
used here as the mixing tank for its highmessure rating. Valves 14 and 15 are the solenoid valves which
allowed gas to flow into the channel dog testing. Valves 11 and 22 were sacrificial valves which are used
to absorb the impact of the detonation wave and protected the sealing valves 10 and 21, respectively. A

detailed operation procedure is included in Appendix A.
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Chapterd Results and Discussion
A gravity wave develops due to the difference in densities between the hydrog@yennitrogen

predetonator mixture and the inert gas in the test section. The initially separated gasses interact once the
isolating door is opened. The denser inert gasdargr nitrogen) will flow below the lighter predetonator
KeRNRIASYy O2y il AyAy3ad YAEGdZNBE Ay GKS dzZLJAGNBFY RANBC
roughly half the height of the channel penetrating into the optical section, with diffudioren mixing
occurring across the interface. The penetration speed of the combustible predetonator mixture layer
slows slightly as it moves along the channel due to frictional losses at the channel walls. The composition
in both layers is affected by diffusiafi massacrossthe interface, as well as turbulent mixing introduced

by the opening of the isolating door.

The gravity wave forms an integral part of the experiment as it represents the interface between the
premixed predetonator, and the jet layer formdyy the injection of hydrogen and oxygen into the test
section. Ideally, the gravity wave develops to the point where the leading edge of the predetonator
reaches the jet layer, providing a continuous combustible gas pathway for the detonation to propagate
through. It is also important to investigate the effect of the location of the gravity wave leading(eglge
varying theGWD to prevent the gravity wave frortoverdriving the detonation through the jet layer.

The gravity wave also provides a predictalitieal stratified layer geometry to study detonation
propagation. The results obtained for a longer GWD can be compared to the propagation through the jet
layer that is more difficult to model since it involves turbulent jet mixing. The gravity wave layer
experiment provides the opportunity to precisely control the reactivity of the detonable mixture through
nitrogen dilution of the predetonator hydrogeoxygen. Since the layer composition distribution can
accurately be predicted by CHbDallows the laye detonation propagation to be modeled and compared

to soot foil data from the experiment, and to check the various ZND induction length criteria proposed by

Liberman et al[52] and Bauwens et aJ53], such as was done by Metrow et [3].
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The resultsare presented intwo sections. In Section 4.4nly the results from the gravitywave
experiments are providedThese experiments can be treated as imdependent study of detonation
propagation through a combustible gas layer separated from an inert gas by a diffuse interface. This
fundamental study can be considered as a baseline for the jet experiments, the results of which are
presented in Section 2, where the composition of the layer is less unifand more difficult to predict

numerically

4.1 Gravity Wave Detonations

4.1.1 Stoichiometric Gravity Wave Detonation Propagation in Argon
Experiments were carried out with just aagity wave (no hydrogen/oxygen jets), where the layer consists

of premixed fuel andxygenand diffusion driven mixing with the inert gas occurs across the layer
interface. In this section, results obtained from the baseline case of a stoichiometric kyelirggen
predetonatorwith argon initially in the test section are presented. The structure of the detonation wave
is best viewed from higkpeedschlierenphotography, sed-igure 41b. The schlieren system is not
sensitive enough to see the layer thickness in these images, but it lies roughly at half the height of the

FOV.The detonation wave is curvad the layerdue toa vertical gradient in argon concentration. The
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Figure 41: High-speedschlieren images, & showing a detonation propagating in a gravity layer
generated by a HZ2 predetonator into argon from selected frames) Imain features denoted by
lines. Test 806 BJR ER=1.0 GWD 1.5s Schlieren, Ar.
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triple-points and associated transverse waves are difficult to make out in the images because they are
very closely spaced. Below the layer bottom interface, the detonation decouples into an inert shock
followed by a contact surface, as denoted Fiigure 41b. Turbulent mixing of the hot detonation
combustion products and the shock compressed argon occurs at the contaateulrfidividual frames of

the highspeed videoKigure 41a) can be used to track the vertical position of the decoupling point, which
corresponds roughly to the heighdf the detonable layer at any axial position, as the detonation
propagates across tHeOV This tracking is useful for validating the detonation propagation failure criteria
reviewed in Section 4.1,4vhere the experimental results are compared to simullageavity currents.

The speed of the detonation front as a function of the distance travelled down the channel was also
tracked from the higkspeed vieo. Dividing the number of pixels in the schlieFgd\by the known length
provided a scaling for the images. This was done for multiple tests to confirm the accuracy of the value.

Each schlieren video was then viewed fralneframe, and the »coordinatepixel of the detonation front
3000
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Figure 42: Instantaneous velocity of a detonation wave through a stoichiometric layer in the BJR
with CJ velocity for reference. Vertical black lines denote the edges of the FOV. Blue indicates th
front, while orange indicates location of the reaction zone after decoupling. Test 806 BJR ER=1.
1.5 s, Schlieren, Ar.
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Figure 43: Instantaneous velocity of a detonation wave through a stoichiometric layer in the BJR
with CJvelocity for reference. Vertical black lines denote the edges of the FOV. Blue indicates the
front. Test 788 BJR ER=1.0 GWD 2.5 s, Schlieren, Ar.
leading edge (along the top wall) was recorded. The average velocity betweerinziohes was calculated
by measuring the distance the front moved between frames, then multiplying by48é)@0 Hz capture
rate of the camera. The detonation front progressed up to 13 pixels for each frame, this yields a possible
error in the velocity measurement of 200 m/s. The CJ detonation velocity for a stoichiomet®@ H2
mixture was calculated usingdtShock and Detonation Toolbox, a CANHEa&d progranfiz4] [75].
Using his method the measuredspeed of the detonation wave for a 1.5a8d 2.5 sGWD is shown in
Figure 42 andFigure 43, respectivelyThe speed of the detonation does not exceed the CJ velocity for
undiluted stoichiometric hydrogefoxygen in either case. The scatter in the velocity data is associated

with the limited number of pixels used in the velocity calculatibhese tracked velocities are useful for

the verification of numerical models of the detoia passing through the layer.
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The detonation enters thEOVat approximately 2600 m/s, in both cases, significantly lower than the 2840
m/s CJ velocity. This lower value can be attributed to frictional losses in the narrow channel. Inthe 1.5 s
GWD case, the detonation maintains its velocity until 225 mm, whexaterage velocity drops slightly.
Just before 300 mm, the detonation velocity begins dropping rapidly, with the detonation decoupling into
an inert shock andeaction front flame) near the 340 mm mark, with the velocity of tldecoupleflame
representedby the orange markers iRigure 42. Thiswas a result of the detonation passing through the
leading edge of the gravity layer, where the argon enfshction rapidly icreasal, leading to the
decelerationand failure of the detonation wave. The sudden drop in the reaction front velocity can be
used as a criterion for the failure of the detonation wa¥er the 2.5 s GWD case kigure 43, the
detonationdoes not fail in the FOV amdopagates at roughly a constant velocity until about 200 mm and
then deceleratesslightly, exiting at approximately 2300 m/#\gain, his slight deceleraton can be
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Figure 44: CJ Velocity as a function of argon mol fraction for a stoichiometric hydregeygen mixture
Calculated using the Shock and Detonation Toollpo4].
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the test section. The CJ velocity of a stoichiométsdrogeroxygenmixture diluted with an argon
calculated using the Shock and Detboa ToolboX74], isprovidedin Figure 44 .

A soot foil obtained for a stoichiometric hydrogerygen predetonator, and argon is providedHigure

45. The detonation leaves behind a cell struetthat can be used to identify the detonable part of the
layer. The celfilled region shows a layer height that decreases from half the foil height at the right edge
to a quarter the height at the point of failure. This taperiyer shape is caused byiscous effects
(diffusion of momentumg KA OK A& y23 LINSRAOGSR o6& .Sya2lYAyQa
Most of the layer produced very small detonation cells. Larger cells are located in areas where large argon
dilution is expected, resultingn a lower postshock temperature and longer induction time, for example,
along the bottom interface. The detonation eventually fails as the wave passes through the entire length
of the layer, with very large cells at the leading edge, see indeigure 45, indicating high amounts of
argon dilution that eventually result in the detonation decoupling into a shock wave followed by a flame,
see Figure 4la, image 4. When the detonation fails, the triph®@ints weaken in strength and the

trajectories fade away. At the layer bottom interface, for the lowest trijgleint there is no opposing

Figure 45: Soot foil impression showing the cellular structure of a gravity wave detonation.
Scale in incheslest 804 EEJR ERFGWD 25 s Aluimium Faoil, Ar.
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triple-point (moving upwards) to interact with, so it trails off and fades leaving a wispy streak, seen in the
Figure 45inset.

The soot foil technique is the best way to capture the detonation cell structure associated with the triple
point trajectories. However, it does not provide any information on the detonation front shape as it
propagates througlthe layer. Kellenberger and Ciccarflib] showed that the soot is lofted off the foil
directly behind the detonation wavand heated to a very high temperature by the combustion products
such that the soot incandesces, i.emits light. In this way, the intense ligbéptured on a videgan be

used to identify the detonation reaction zone where high temperatures are reached.

Figure 46: Highspeed incandescence video of a soowwthdow test showing the oblique shock al
illuminated trailing contact surface. Frames 833 apart. Test 823 BJR ER=GWD 1.0 s, Window Fc
Ar.
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Kellenberger and Ciccarelli also showed that depositing the casbohonto the surface of the glass
window allows for the simultaneous capture sithlierenvideo thatcan be used to identify shock waves.
The schlieren video captured tie detonation propagating over a window lightly coated with soot is
provided inFigure 46. This image shows the location of the detonation reaction zone but also shows the
obligue shock and the trailing contact surface separating the hot combustion products from the shock
compressd argon. In the first three frames, the detonation propagates at roughly a constant velocity and
the reaction zone light emission is very strong. The detonation fails in the last two frames, where the
shock wave decouples from the reaction zone forgna lame with lowerintensity light emission.

Between frames 4 and 5 the faint reaction zone barely moves in the time between frames.

Figure 47: Direct window soot impression with thechlieren video overlged to track a gravity wav
detonation. Test 824 BJR ER=1.0 GWD 1.5 s, Window Faoil, Ar.
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Overlaying the schlieren image and the detonation cellular structure, Byure 47, shows the curved
shape of the detonation front propagating in the layezgion with cellspnd detonation decoupling into
anobligue shock and contact surface below the layer. The rela@tnwéen the detonation curvature and

the layer height is examined further in Section 4.1.4.

Tests were carried out with a stoichiometric hydrogmtygen pedetonator for a range of GWD times.

The decoupling of the detonation was detected by three different approaches: 1) end of the cell structure
on the soot foil, 2) separation of the detonation into a shock and flame on the schlieren video, 3) sudden
dropin the reaction front velocity detected in the fa@ibot incandescencédeo. The propagation distance

was measured from the downstream edge of the isolating door, which is 96 mm upstream of the right
edge of the foil. The measured detonation propagatidstahce obtained from the three approaches are
provided inFigure 48. The data points from theell structure on thesoot foil and thesootincandesceoe
videoare from the same tests, as expected the data point pairs are in close agreement. The schlieren and
soot foil-baseddata, obtained from different tests, also show excellent agreement and the full data

follows a clear trend. For GWD times less than 1.5 s the detonation propagdigtance increases linearly
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Figure 48: Propagation distance detonatioms a function oflGWDin argon.

65



with GWD. This i® be expected if the detonation propagatebrough the entire layer and the leading
edge of the layer propagates at a constant velocity.

Equation 2.10, &sed on the inviscid Benjamisil] theory, predicts a velocity of 840 mm/s.

6 6 - (2.10

Based orthe experiments for GWRL1.5 s, assuming the detonation propagaterough the entire layer,

the gravity wave propagateat 200 mm/s. The observed speed was below the predicted value, likely due
to the large frictional losses in the very narrow channel.

Fa longer GWD times thigend in the datais nan-linear. Thigs the result oslowing of the gravity wave
front due to frictionor the failure of the detonation to propagate through the entire layer dilation of

the hydrogeroxygen by argon beyond thegpagation limit It is likely a combination of the two; but the
latter eventually dominates since the detonation propagation distance asymptotes to roughly 55&mm
there is no reason why the layer should stop growing in length.

Pressure measurements we made for two gravity wave tests, sé@ure 49. Pressure tracea was
obtained at a location well within the predetonator layamd traversed by the detonation wameressure
trace b was obtained approximately 12am downstream of where the detonation decoupldé@essure
tracea (seeFigure 49a) shows a typical detonation profile consisting of a rapid rise at the front followed
by a Taylor expansion, with a small secondary rise in pressure associated with the reflected shock passage.
The CJpressure ratio o® is below the CJ detonation pressusé 18.6 for a stoichiometric hydrogen
oxygen pressureand much lower than the von Neumann peakis is consistent with the lower measured

detonation velocity. The decoupled detonation produces, pressaieeb, a much lower pressure of just
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Figure 49: Pressure traces of gravity wave detonations a.) typical coupled detonation b.) deco
detonation. Temporal spacing between tests is not representatiae). Test 927 ER=1.0 GWD 2.z
Aluimiuim Foil, Ar, PCB Upstreanight Side.b.) Test 928 ER=1.0 GWD 2.25 s Aluimiuim Foil, Ar
Downstream, Camera Side.

under 6 times the initial pressure over a longer time span, with the reflected shock producing a

comparable pressure rise immediately after hecoupledshock.

4.1.2Stoichiometric Gravity Wave Detonation Propagation in Nitrogen
In thissection, results obtainegvith nitrogen initially in the test section, instead of argon, are presented.

Argon, being a monatomic molecule, has a relatively low specific heat of 0.52Kkdhich does not
significantly vary with temperatur§z7] [78], compared to nitrogen, a diatomic molecule, that has a
specific heat of 1.039.323 kJ/kgK within a range of 27318000 K[79]. As a result, the diffusion of
nitrogen into the layer should havesamilareffect on detonation propagatioin terms of the velocity,
seeFigure 410a, but a much stronger effect othe reactivity, which is predicted in by the much earlier
sharp increase in ZND induction length, showfigiure 410b [70]. The fact that nitrogen is less dense
than argon leads to a lower theoretical gravity wave propagation speed of 640 mm/s, compared to the

840 m/s for argon ecording to Equatiof.10.
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Figure 410: a.) Calculated CJ Velocity as a function of argon and nitrogen dilutiorChlgulated ZN
Induction Length as a function of argon and nitrogen dilutipro].

Frames from higispeedschlierenvideo presented irFigure 411, show the difference between the
detonation propagating in a layer of hydrogerygen geerated above nitrogen and argon. In the first

images taken of the detonation wave entering th@V the reaction zone for the nitrogen case is much

thicker. An inert gas that diffuses into the combustible mixture will absorb energy during the adiabatic

bAGNRISY | NBE2Y

Figure 411: Select frames agchlieren video for nitrogen and argon as the inert gas. Left: Test 68¢
ER=1.0 GWD 2.5 s Schlieren, N2. Right: Test 694 EJR, ER=1.0 GWD 2.5 s Schlieren, Ar.
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Figure 412: Soot impressions of two gravity waves with the same GWD thfdﬁah different inert ¢
with total propagation distance from the door notated. Top: Test 696 EJR ER= 1.0 GWD 2.5 s Al
Foil, Ar. Bottom: Tes698 EJR ER= 1.0 GWD 2.5 s Aluminum Foil, N2.

shock heating of the reactant mixture, so gasses with a higher specific heat have a lowshpadst
temperature, resulting in ®nger induction zone lengttseeFigure 410b.

The detonation in the nitrogen test also fails earliertlie layer while for the argon the detonation
propagates through the entireOV The earlier failure of the detonation for the nitrogen tesds a resit

of a stronger dilution effect for nitrogen, and a shorter layer length due to the lower density of nitrogen.
The structure of the detonation (before decoupling occurs in the final two frames) for the nitrogen test
shows large irregularities in the re@amt zone compared to the test with argon. This is because the
nitrogen dilution produces larger detonation cells within the layer that show up as transverse striations
behind the shock. In the lower half of the channel, the decoupled detonation produggs la
discontinuities in the contact surface. The soot foils provide a longer distance to track the detonation
wave propagation than the cameROWthat is limited to 225 mm. As can be seerfFigure 412 (same

test conditions as the tests iRigure 411), the propagation distance based on the lengthtloé cell

structure is significantly longer for the argon test than the nitrogen test.
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Figure 4i3: Detonation cell structure for argon and nitrogen as the inert gas. Note these tests
different GWD. TopTest 804 EEJR ER& GWD &5 s Aluminum Foil, Ar. Bottom: Test 703 EJR ER
GWD 3.5 s Aluminum Foil, N2.

Figure 413 allows a better comparison of the cellular structure that propaghthrough layers with
different inert gasses. The nitrogen gas diffusing into the lpyeducedlarger cellsas expected from the
data in Figure 4.11Nitrogen dilution also produces a more irregular detonation cell structure compared
to argon dilution.This irregularity is the result of a higher sensitivity of the reaction rate to temperature,
governed primarily by the higher activation energyeaohitrogendiluted mixture compared to argon
dilution [33].

The detonation propaagtion distance for tests carried out with a stoichiometric8&2 predetonator and
with nitrogen as the inert gas is showrHigure 414 (argon dataalso shown ifrigure 48) for comparison.
Similar to that observed in the argon datagiravity currents of 1.5 s or leghe detonation propagation
distance increases linearly witBWD. For the nitrogen, the gravity wave velocity in this linear region is
120 mm/s, compared to 200 mm/s observed for argon. Both observed velocities are lower than the 840
mm/s and 640 mm/s velocities predicted by the Benjamin model for argon and nitragspectively.

Again, this deficit is likely due to frictional losses in the narrow channel.
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Figure 414: Propagation distance detonatioms a function olGWDin argon and nitrogen
Although thedetonation propagation distandacreasesith increasing GWDor nitrogenthe maximum

is achievedor a GWD oR.5 s, after which the distandevelsoff or even decrease slightly. This limit,
which occurat roughly300 mm occurs earlier than in the argon case due to the strongectadf nitrogen

as a diluent. Beyond the limit at 2.5 s, the detonation propagation distance reduces slightly, which is likely
aresult of further diffusion of nitrogen into the layetoser to the doorltis possible thaa similarslight

decreaseover a larger length scaleould be observed for argon if the FOV was lengthened

4.1.3Effect ofPfredetonatorReactivity on Detonation Propagation
The effect of the premixed predetonator mixture reactivity on the detonation propagatiooutyin the

layer was investigated by diluting the predetonator mixture with nitrogen. To isolate the effect of mixture
reactivity from the rate of spread of the layer, the density of the predetonator mixture was kept constant
by adding a proportional amourdf hydrogen with the nitrogen, se€able 41 for the test conditions
investigated. The added nitrogen diluted the hydrogetygen mixture, and the adddd/drogen raised

the hydrogeroxygen equivalence ratio (ER). Both diluting the predetonator mixture with nitrogen and
increasing the ER reduce the mixture reactivity, as shiovAigure 415 and increase the detonation cell

size. Note that for these tests the length and height of the layer as a function of time was the same for all
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Table 41: Predetonator compositions and predicted gravity current speeds using Equatiol

Inert Gas ER Mixture Composition Molar Mass| Velocity
Hydrogen | Oxygen | Nitrogen | [g/mol] [m/s]
Argon 1 2 1 1] 12 0.34
Argon 1.5 3 1 0.625 12 0.84
Argon 2 4 1 1.25 12 0.84
Argon 2.25 4.5 1 1.563 12 0.84
Argon 2.5 5 1 1.875 12 0.84
Nitrogen 1 2 1 1] 12 0.64
MNitrogen 1.5 3 1 0.625 12 0.64
MNitrogen 2 4 1 1.25 12 0.64

the predetonator mixtures. The ratef @argon diffusion into the layer is not expected to change much
because hydrogen is the minor component and the diffusion of argon into nitrogen and oxygen is very
similar (both diatomic and very similar molecular weight)

For the ER=2.0 predetonator laydme detonation propagated similarly to the undiluted stoichiometric
(ER=1.0) predetonator tests, with a steady structure consisting of a coupled detonation at the top that

curved through the layer and decoupled in the argon below,Fgare 416a and b.The detonation has
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Figure 415: ZND IZL as a function of argon mol fraction from Metrow et[&B].
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Figure 416: Select frames of schlieren video of the propagation of different mixtures of predetor

with 1.5 s GWD into Ar. a.) ER=1.0 b.) ER=2.0 c.) EREPT®st 806 BJR ER= 1.0 GWD 1.5 s Sch

Ar.b.) Test 810 BJR ER= 2.0 GWD 1.5 s Schlieren)Aest 716 BJR ER= 2.5 GWD 1.5 s Schliere
a slightly thicker reaction zone and larger scale perturbations are observed along the contact surface for
the ER=2.0 predetonator layettue to the larger detonation cell size in the layer. In the bottom images it
can be observed that the detonation decouples slightly sooner in the channel for the ER=2.0. On the other
hand, the detonation for the ER=2.5 predetonastartsto decouple alnost immediately upon entering
the FOV. Note the layer extends back to the door and further back into the last predetonator section

(channel section 4)The early detonation failure is due to the very low reactivity of the layer and not the

height of the lger.

e - e

Figure 417: Soot foil impressions on glass of gravity wave detonations with s GWDa.) ER 1.0 b.)
ER 2.0. Both display the full height of the glaBxtted line indicates halfltannel height.Top: Test 82
BJR ER= 1.0 GWD 1.5 Window Foil, Ar. Bottom: Test 829 BJR ER= 2.0 GWD 1.5 Window Faoll, ,
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Despite minimal differences in the detonation front structure observed in the-Bpgedschlierenvideo,

major differences in the cellular structure between ER 1.0 and 2.0 are observed in the soot foils displayed
in Figure 417. The detonation in the ER=1.0 predetonator layer produced very small, uhifeized cells.

The ER=2.0 foil shows that the detonation travelled roughly the same axial distance, as observed in the
schlierenvideos offFigure 416, but thecell structure is very irregular. The structure consists of larger cell
containing smaller cell substructurk.is not clear if this irregularity is due to a higher nitrogen content in

the predetonator, or because the layer height can accommodate vevycédls. The cell structurg@egion

in the ER2.0 foiltapers down in heighélong the top walmore than that for the ERL.Q, as seen by the

gap between thdine denoting half channel heightand the bottom edge of the cell recondFigure 417.

This isdue to the increased sensitivity of this mixture to the argon dilution along the bottom edge,
shown by the lower tolerance to argon dilution for the ER=s26n n Figure 415. Note, the horizontal

line in the bottom half of thé-igure 417b does not appear on the foil, i an artifact of the photographic
setupdescribed in Section 3.5.3.

For ER=2.5 detonation propagation is unsteady, where the detonation fails and then reinitiates: The re
initiation occurs at a hot sposeeFigure 416¢ image2, that typically fornsbetween the decoupleghock

and flame along the walFkigure 418 shows the reinitiation process for the ER=2.5 detonation shown in
Figure 416cby including more frames. In the first image, the detonation wave is very close to decoupling

near the top wall, the reaction zone is vehyck, and the velocity of the shock has slowed. In the second

Figure 418 One cycle of the decouplinitiation process for an ER =2.5 te&einitiated detonation i:
highlighted with the blue ddted line Sequential frames numbered in order. Test 716 BJR ER= 2.t
1.5 s Schlieren, Ar.
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frame, a detonatiorforms froma hot spot near the topf the channel, where the least amount afgon
would have diffused. The detonation propagates forwarder-taking thedecoupledshock, and a the
same time the detonation propagates downward in the compressed mixture between the shock and
flame surgig the leading edge of théetonationfront forward between frames 1 and 3. By the fifth and
sixth framesthe leading edge of the detonation begins to decouple again and the part of the detonation
propagating down also fails as it encounters a higher aggmtentration leading to failure of the wave

as the reaction zone completely decouplasnii the leading shock. Numerical simulations of the
Lieberman et al[52] experiment by Melguzio et dl38] showed that detonation reinitiation results from

the collision of triplepoints, reflected off the boundaries of the channel, in an area of unreacted mixture.
The highspeedschlierenvideo imagesvere processed to track the location of the detonation front in
each frame of the video for various equivalence ratios in the argon experiments. The detonation speed is
plotted for 1.5 s and 2.5 s GWDRigure 419andFigure 420, respectively. The ER=1.0 datdigure 420
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Figure 419: Velocity of the detonation front of different ER into gon for 1.5 s GWD. Vertical lin
represent the edge of the camera fielof-view.
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Figure 420: Velocity of the detonation front of different ER into argon for 2.5 s GWD. Vertical |
represent the edge of the cameraeld-of-view.
is the same as that shown in Figure 4.2. The vertical black lines indicate the extenFE@\tHEhe Shock
and Detonation Toolboxvas used to calculate th€Jvelocities for compasion [74] [75].The steady
detonations produced by layers of ER 2.0 and lower are represented with a trendline to show the average
speed of the detonation changing over the length of the view angdil a sharp decrease due to
decoupling occurredror ER between 1.0 and 2.0, and a GWD of 1.5 s, the detonation speedtdeuply
until just before the end of th&OVand then suddenly drops off, theosition of theshockis plottedfor
the failing wave For the GWD of 2.5 s the length of the layer is longer, and the detonation does not fail
within the FOV The average velocities at 150 mm from the door for the 1.5 s delay case are 2700 m/s,
2650 m/s, and 2450 m/s for ER 1.0, 1.5, and 2.0, respectively. For the 2.5 s GWD case, the speeds are
reduced to 2675 m/s, 2600 m/s, and 2425 m/s for each case. [igtis drop in speed is associated with

the increased time for argon to diffuse into the layer further diluting the mixture, and in the case of ER=2.5

preventing detonation propagation for a GWD of 2.5 s. The chaotic nature of the propagation for the
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higherER layers is highlighted in the plot by connecting the data points with lines as the speeds var

wildly between frames. For GWD of 1.5 s the detonation does not ever propagate steadily and features

two main reinitiations. The second of these initiatignjust after 225 mm, is seen in the frasbgframe

of Figure 418. It is very likely that for this mixture, ER=2.5 is the limit for propagation, whighsavith

the findings inMetrow et al. [73]. For ER 2.25, the detonation enters th®Vfor both GWDs very

unsteadie T NB O2@FSNAYy3A Y2YSydadlrNAf& o06SF2NBE RSO2dzL) Ay3 I
typical ofdetonation propagatiomearthe propagation limit.

It is notable that the velocity of the detonation decreases as it travels through the layer of reactants in all
cases. This deceleration occurs before any signs of failure of the detonation structure lzes sen in

the schlierersoot impression overlay iRigure 421. This deceleration is associated with an increase in

argon concentration along the top wall and a reduction in the heifhthe cell filled regionThis is

Figure 421: Schlieren overlays depicting the reduced perpendicular detonation height and decre
of layer curvatureas the detonation propagates through the reactant layérest 829 BJR ER=2.0 G
1.5 s Window Foil, Ar.
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manifested inFigure 421 as a reduction in the height of the detonation front and increased curvature,
also observed in the experiments by Liberman et al. and Metrow €& 2I[73].

Tests were completed using nitrogen as the inert gas, with the mixtures preserifallim41. The effects

of the lowered reactivity were much more pronounced for these cases. For the ER=1.5 case the
propagation distance was significantly reduced. A decouglatiation mode was not observed, but
detonations were unable to sustain far enough into H®Vto confirm their presence. By ER.0a
coupleddetonation did not enter the FOV.The much stronger effect of varying the ER for nitrogen
resulted inno further testing, as the 120 mm distance between the isolating door and the beginning of

the BJR view made it impossilitecontinue with this testing.

4.1.4 Detonation Velocity Deceleration and Failure Criterion
Metrow et al. [80] [73] performed CFDsimulations to predict gravity wave development, considering

viscous effects and multicomponent mass diffusion across the layer boundary. Vahid Yousefi Asli
Mozhdehe, a coauthor in the Metrow et al. paper, performed updated 3D Fluent simnsaitncluding
the modifications to the channel used in the present experim@&®0]. The argon distribution along the

channel centreline at four instances for stoichiometric hydroga&ggen into argon is provided Figure

Figure 422: Argon distribution across the channel at the following GWDs: a.) 0.3sb.)0.8sc.) 1
1.8 s on the experimental time sca]80].
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