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Abstract

This studyused self-luminous highspeed photography tasualizequasidetonation propagation
and deflagratiofio-detonation transition (DDT) intaeansparentound tube equipped with repeating orifice
plates Experiments were conductedaromhbustion channel consisting of a 3.46square channel with a
7.6 cm by 7.6 m crosssection connected to a 1.6 cylindrical channelfilled with orifice plates.
Rect angu-tymi oF sswea edtallesl on the top and bottom of the square chavitieh 3.8
cm opening between therfwo sets of orifice plates with different diametedsrepresenting different
blockage atios (BR) were teste(d=5.33 cm for 50% BR and 3.81 cm for 75% BRfice plate3.
Stoichiometric hydrogenxygen mixtures at initial pressures 460 kPa were ignited at one end of the
combustion channel.Average propagation velocities were derived fro shocktime-of-arrival
measurements usimessure transducers in the square channel aneshagd video filmed through the
round tube.

As established in literaturex substatially higher orificediameterto-detonationcell-size ratio
(d /) was observed for the 75% BR tedals/€B4) than the 50% BR testd (=&4) and é¢b®Ol di 6s
criterion for the DDTlimit. Video footage revealed that this difference may be attributed to a difference in
neatrlimit detonation initiation modes: at 75B&R, detonation initiabn occurredon the orifice face after
shock reflection, whereas at 50% BR, detonatidiation occurredn the tube walbetween orifice plates

Synchronized igh-speed video and soot foils allowed for the classification of epetsination
propagation modes. At 50% BBsinitial pressure increasgi@dstflame propagatiotransitioned tsingle
hotspot wall ignitiondetonation tomulti-hot-spot wall ignition detonatignand finally to continuous
detonation propagatiod similar progressiorwas observedt 75% BR, except that obstacle face ignition
detonations occurred between tastflameand singlenot-spot regimesandcontinuous detonationgere

not observed aibe strength concerns limited the maximiaitial testpressure



Foracontinuous detonation, a higher average velocity was observed in the round tube than the
square channel, which can be attributed to the effect of wave curvature during detonation diffraction past

an obstacle (2D diffraction in the square chanoetgared to 3D diffraction in the round tube).
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Chapter 1

| ntroducti on

There are two types of sgifopagating combustion waves: deflagrations (more commonly known
as flames) and detonatiodost engineering apmlations involving combustion employ the deflagration
mode, e.g. burners and combustorBeflagrations propagate at subsonic speeds with a slight drop in
pressure across the wave. Propagation of a laminar deflagration occurs via the diffusion of maats and he
across the flame front, and therefore the propagation speed is governed by the mixture transport properties.
The propagation speed can be significantly enhanced by turbulence. For example, in stoichiometric gaseous
fuel-air mixtures, a laminar deflagrah propagates at approximately 1 m/s, while a turbulent deflagration
can propagate at several hundreds of metres per second. In a laterally confined space, such as a channel
equipped with repeating orifice plates, a deflagration is often preceded lujreylshock.

A detonation wave travels at a supersonic speed and consists of a chemical reaction zone coupled
to a lead shock wave. Combustion occurs via adiabatic shock heating, where the shock compresses the
reactants generating high temperature andspreghat triggers autignition of the compressed reactants.

In stoichiometric fuehir mixtures, detonations travel at thousands of metres per second and produce a very
high dynamic overpressure (approximately 20 bars). For these reasons, detonatiengrpaser threat to
industrial safety than deflagrations and have prompted research interest for hundreds of years.

Due to the large amount of energy required to directly initiate a detonation, detonations usually
develop from a deflagratidgi]. With the presence of turbulence generating obstacles, a deflagration can
accelerate, and under certain conditions, a deflagradidetonation transition (DDT) casccur.

Historically, the driving forcebehinddetonation research has always beedesire to immve
industrial safetyln 1883, Mallard and Le Chateligt], authors of the original detonation studies, were
concerneavith the riskof uncontrolled explosions in coal mines. Coal mines allowed air, methane gas and

volatile hydrocarbons to mix, forming a highly combustible mixture which cbeignited byan accidental
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spark. Moreover, the structure of the mine spadtvided ideal conditions foa flameto accelerate down

the shaft, and potentially undergo DDT. The 1979dwstti at the Three Mile Island Nuclear plant generated
greater investment in DD&and detonatiomesearch as fears grew that had DDT occurred, the nuclear
containment system could have been compromised leading to nuclear radiation exposure. More recently,
the 2005 Buncefield Fuel Depetplosiondemonstrated that even natural features in an-apestenario,

such as grove oftrees, can facilitate DDT.

Although still the primary concern of the field, the study of detonations has evolved past its origins
in industrial safety. In attempts take advantage of the nearly constant volume efficiency afdtumation
process (compared the constant pressudeflagratiorprocessjor propulsion purposes, Pulse Detonation
Engines (PDESs) use controlled detonaditm generate thrugl].

Detonation propagation and DD Tubeen studied in round tubes equipped with repeating orifice
plates since the first flame acceleratdtudiesconducted by Chapman and Wheeler in 32 /Detonation
propagatiorhas been studied extensivétyopaqueround metaltubes equipped with orificglatesusing
nonoptical diagnostic techniquewith the exception of onstudy that used elearPlexiglas tubg4]. In
this setup, detonation propagation has been primarily classified according to average combustion front
velocity derived from timeof-arrival measurementaken at regular intervadédong the combustion channel
[5]. More recently, soedfoils, which provide information ometonation structurdave beemsedinside
the combustion channel between obstacles to better understand detonation profgdgation

Various visualization studé]7] [8] [9] [10] have been undertakersing Schlieren photography
through glass windowis rectangular channels equipped with repeatingtacles Schlieren photography,
which requirescollimatedlight, cannot be performed in a round tube as the curvature of the tube distorts
the light. However, even traditional higipeed photography has not been completed in round tubes
equipped with repsing orifice plates.

Theprimary objective of this research is to use-gatfinous highspeed photography to visualize

detonation propagation in a transparent round tube equipped with repeating orifice plates. To capture the



combustion phenomenon, twynghronized, higtspeed CMOS cameragreusedwith supplemental soot
foils for some testsTwo sets of orifice platewere used to compare the effectaveablockage ratio and
orifice opening sizeThe effect of blockage ratio dhe onset of DDT has ba established11] (more

reactive mixtures are required for the onset of DDT at higher blockage taiidsg not been explained.
By conducting a visualization study, differences in the initiation or propagatemhanismf quast

detonations may be observed, which nacount for theeffect of blockage ratio on DDA secondary
objectiveis to compare the effect hfechannel crossectiongeometry(square versus roupdn detonation

propagationon the same apparatus.



Chapter 2

Deton&aheony

2.1 Detonations

From a onealimensional control volume analysis performed in the 1890s, our understanding of
detonation wave structure has evolved to today, where it has been establistetbtisionsareactually

complexandhighly threedimensionaktructures.

2.1.1Chapman-Jouguet Theory

Chapmari12] and Jougu€itl3] independently developed a method for calculating the velocity of
a detonation front. Built upon Rankif@é4] a nd Hu g[b5Sh analysi® of nowreacting gases, the
ChapmanJouguet (CJ) Theory was based on solving the conservation of mass, momentum and energy
equations for aefinedcontrol volume. By ascribing control volume with an inlet and outlet sufficiently
far up and downstream of the combustion wave, Chapman and Jouguet modelled detonations as one
dimensional compressible flow. Their model assumed sistadg flow within the control volume and that
energy release from combustion occurred instantaneously at the shock wave. Adsgemreihl, State 1
refers to the reactants entering the control volume and State 2 refers to the combustion products exiting the
control volumeThe model assumes inviscid, steady flow, with no heat loss through a constant area channel

and that State 2 is at chemical equilibrium.

PJ)P.%T.’*”LE-Ié“—] P.pp T,

Figure 2.1: Schematic of onedimensional detonation waveg16].The control volume is indicated by a

dashed line. The frame of reference is fixed to the combustion wave.



The derivation of the CJ velocity begins with the stestdye, onelimensional, inviscid
conservation equations, given iguations 2.1, 2.2 and 2.3.

Conservation of mass:

"0 "0 (2.1)
Conservation of momentum:
0 0 "6 06 0 (2.2)
Conservation of energy:
Eé Q E() Q (2.3)
C C
where the enthalpy, h, is defined as
d oY Y (2.4)

Ideal gas behaviour, governed by the ideal gas equation of state (Equation 2.5) is assumed.
0 "Y"Y (2.5)

The heat release, g, written as

nod d (2.6)

can be combined with Equations 2.4 and 2.5, allowing the conseredienergy equation to be-veitten

as

g() oy i Po ey 2.7

Assuming constant specific heag,
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and combining the conservation of mass and energy equaiquatipons2.1 and 2.7, respectively), yields
the Hugoniot equation (Etion2.9). Note thatnot all intermediatenathematicabteps are showikor a
given heat release, the Equilibrium Hugoniot equation represents all possible equilibriatateadStat

2).
s P P (2.9

The Rayleigh equation (Eation2.10) is obtained by combining the conservation of massgfitm?2.1)

and momentum equations (&agion2.2). When pbtted on a pressusmlumeplot, the Rayleigh equation
represents the thermodynamic path the reactants (at State 1) follow to become products (at State 2) across
the combustion wave, for a given wave front velocity.(Tihe Rayleigh line (Egption2.10) represents a

straight Ine with the pressure ratio and the inverse density ratio as variables. For a given initial state, the
slope of the Rayleigh line is proportional to the square of the wave velocity.

6 "4 (2.10

C-xl CA

Given the initial conditions @ o, To), there are not enough equationsy&tipns2.1, 2.2, 2.3 and
2.4) to solve the five unknownsi (P, 2, T2, and 4). Chgoman and Jouguet differed in their approach to
this problem, but both considered the Hugoniot and Rayleigh lines. By necessity, Stater(&tate 2),
must satisfy both the Hugoniot and Rayleigh equations. This is graphically represented as theadntersect
of the Equilibrium Hugoniot and Rayleigh lines. For most given front velocitiggliiis intersection occurs
at two points, | Riduee2.2 State 2 eprasents th strang detorzation ¢ase and State

2 0 presents the weak detonation case.
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Figure 2.2: Plot of Equilibrium Hugoniot and Rayleigh line, adapted from[16]

The strong detonation case occurs where the outlet flonegirtiducts is subsonic relative to the
wave. Ultimately, this case is not stable as the expansion waves generatetaktvall of a tube
(necessary because of the-uzpeér d ovalnac iwteya kreens tt rhiec tlie
the detoat i on front . The case of the weak detonati on
supersonic relative to the detonation wave, is impossible because it represents a decrease in entropy from
State 1 to 26, vi ol atinigs.the Second Law of Ther mo
There is a unigue solution (one value @f where the Rayleigh line is tangent to the Hugoniot
curve. This point, shown ilrigure2.3, is referred to as the CJ state. Although, Chapman and Jouguet made
different observatiosm about the CJ state, they both concluded that the tangency condition yields the
detonation wave velocity (also known as the CJ velocity). Their conclusion was corrobasitgd

experimental data available at the time.



Equilibrium Hugoniot

CJ state

Figure 2.3: The C-J state located where the Rayleigh line is tangent to the Equilibrium Hugoniot,
adapted from [16]

Chapman observed that the CJ state corresponds to the minimum detonation velocity, khewn as
CJ velocity, as the Rayleigh and Hugoniot curves do not intersect for velocities less than the CJ velocity.
He argued that this must be the detonation velocity as it was experimentally demonstrated that there exists
a single detonation velocity for &gn mixture and set of initial conditions. Jouguet observed that the CJ
state corresponds to sonic flow in the producisrglative to the detonation wave. Jouguet also observed
that this state corresponds to the minimum entropy increase from Stef¢alet@.

There are actually two points where the Rayleigh Line is tangent to the Hugoniot curve, as seen in
Figure 2.4. Tangency occurs at one point on the upper amdhe lower branches. The upper branch
represents states with pressure increase (pressure ratio across the wave greater than 1), and the lower
branch represents a pressure drop (pressure ratio across the wave less than one). Therefore, the upper and
lower branches represent the detonation and deflagration modeitieaCJ tangency points represent the

minimum detonation velocity and the maximum deflagration velocity, respectively.
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Figure 2.4. Plot of Hugoniot and Rayleigh curves showing tangency on the detonatioand

deflagration branches[16]

To solve for the CJ velocity, the heat release term, q, is first transformed to a per unit mass basis

by normalizing with the square of the fresh gas speed of sbendyEquation2.11.

(2.11)

=
€=

The CJ velocity is obtained via an equation arrived at by equating the pressureftRijon(fhe Rayleigh
(Equation2.10) and Hugoniot (Egtion2.9) equations, and incorporatingiagjon2.11. This combination

allows the desity ratio to bedeterminedhccording to Egation2.12.

o o (2.12

U

The unique solution, corresponding to the CJ State, is obtained when the square root teaiom Z#2

equals zero. Rearranging, to solve for the Mach number at the CJ siatgivies Eqation2.13.
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There are two different solutions to d&gion2.13. The slution generated using th@gtive term yields
the minimum detonation velocity and the solution generated usingetiaiveterm yields the maximum
deflagration velocity, shown iRigure2.4.
Although the CJ Theory accuratelyeglicts detonation front velocity, it does not account for the

finite time-scale in which combustion occurs. This limitation was addressed by the ZND model.

2.1.2The Zeldovich-vonNeumannDoéring (ZND) Model

In the 1940s, Zeldovicf17], von Neumaniil8] and Dbring [19] (ZND) independently developed
a more advanced model of a detonation wave. Known as the ZND model, their model gave structure to
Chapmard ouguet 6s b lvalame (stowrxirFiguce 8.4). The Isteady, ondimensional ZND
model consists of a lead shock wave coupled to a reaction zone ending at the CJ plane.

Figure 2.5 shows a schematic of the ZND detonation nhodé&h the Chapmaidouguet control
volume outlined by a dashed line for comparison. In the ZND model, the inlet to the control volume (State
1) is a lead shock, travelling at the CJ detonation velocity. The outlet of the control volume (State 2) is the
CJlplane, at which point the flow is sonic relative to the lead shock, and chemical equilibrium is achieved.
A finite, inviscid reaction zonevhere energy release occugsists between the shock and@dne where
all the energy release occurs. Theordticéhe choked condition is approached asymptotically; however,

practically the end of the reaction zone is defined at the point of maximum rate of energy release.
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Figure 2.5: Schematic of the ZND detontion wave, overlaid with the CJ control volume. Shown in

wave fixed frame, adapted from[16]

For most fuelair mixtures with high activation energy the reaction zone consists of a long induction
zone coupled to a relatively ath recombination zone. The induction zone is a constant temperature and
pressure region immediately following the lead shock where free radicals are formed. The recombination
zone is the region where the free radicals combine to form the final prodwtimbiistion. Due to the
exothermic reactions occurring, the temperature increases over the recombination zone to reach equilibrium
temperature at the CJ plane. A typical temperature profile over the reaction zone is shiyunei.6.

The | ength of ¢ isasuallyddfined asithe distance froen,the pad shock to the point of

maximum temperature gradient.
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Figure 2.6: Profile of the reaction zone for a stoichiom&ic -hydrogen air mixture at SATP showing
Mach number, temperature and pressure ratio as a function of distance from the shock. The

i nducti on z hRwmled. EBigug dapted M 16]

The ZND induction zone lengténd temperature, pressure and velocity profiles over the reaction
zone can be calculated. This is achieved by combining the conservation equations with an equation that
describes the rate of chemical reaction. The reaction rate is proportional to tbet mthe fuel and

oxygen concentration multiplied by a rate constant that takes on the Arrheniussfavm(inEquation

2.14),

Ty ne &) 2.19
0 OYAQD — (2.
OYADD T

The empirical constants A, b, angldte defined for the elementary reactions in a detailed chemical reaction

mechanism. The reaction zone profile showRigure2.6 was numerichly gener ated wusing t

Detonation Tool boxd developed by ShepB®rd et al
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The CJ detonation velocity represents the theoretical maximum velocity that a detonation
propaates at, uninfluenced by boundary conditidrerly into detonation researchwasexperimentally
shownthat a detonation wave propagating in a channel does not travel at the CJ detonation velocity.
Experiments showed that the maximum detonation vglegis typically 12% below the CJ detonation
velocity in largediameter, smooth tubesnd that the velocity deficit is inversely proportional to initial
pressure and combustion channel diamfer

In 1940, Zeldovich suggestdaat the experimentally measured detonation velocity deficit was due
to momentum and heat loss to the channel wall from the reactiofZdn@&his means that the velocity
deficit is proportional to the reaction zone len@therefore, factors that increase the reaction zone length,
such as reducing the initial pressure of the mixture, lead to a greater velocity deficit. Heat and momentum
loss are wall effects, therefore the detonation velocity deficit decreases with theldhamsverse length
scale, e.g., diameter for a circular tube. Zeldovich proposed that the velocity deficit is proportional to the
wall drag divided by the momentum flux. In 1959, [F24] developed a more correct model fog thelocity
deficit, using boundary layer effects. He modelled the flow in the reaction zone as-a@usisiv moving

flow in a diverging channel.

2.1.3Three-Dimensional Detonation Structure

The steady, onrdimensionalCJ model was successful in predicting ttetonation velocity within
the experimental error of the time. But by the late 1950s and early 1960s, growing scientific evidence
showed that detonation wave structure was actually -thireeme nsi onal , and | ocally
interferometry imagesf@ detonation wave uncovered turbulence behind the detonatiofZ2pntsing
the soot foil technique, Denisov and Trosf@3] showed that the detonation front was composed of a
leading shock wae with shock waves propagating in the transverse direction. They proposed that the
transverse shock waves define trip@nts that traverse across the detonation front. The -pilgs
represent the confluence of three shock waves (the Mach stemgithent wave and the transverse wave)
and a stream line, as discovered by Ernst Mach and shdvigure?2.7.
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Figure 2.7: Schematic of a triple point showing the trasverse wave,ncident wave and Mach stem

[16]. The arrows indicate propagation directions of the shock waves.

It is now well established that a detonation wave is composed ofpopi¢es propagating in alternating
directions along a twoiehensional front. This structure can be seen in a Schlieren photograph, shown in
Figure 2.8, taken of a detonation wave propagating in a narrow channel. The reaction zone, which exists
behind the shock waves moving in the ovedaiection of detonation propagation (i.e. the incident shock

and Mach stem ifigure2.7), is also visible in the Schlieren image.

Figure 2.8: A Schlieren photograph showingthe corrugated detonation front, adapted from[24]
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The mechanism behind detonation propagation can be understood by considerifgpitniple
trajectories over timeH{gure2.9). Thisschematic shows the shock waves, their direction of travel, and the
reaction zone thickness. Interactions between triple points, which also correspond to thie tafision
of adjacent transverse shock waves, generate very high local temperaturessancepmproducing a local
explosion. These collisions govern a pattern of detonation initiation, decay-aitchteon, and the velocity
and strength of the lead shock follows this pattern accordingly. This series of processes occurs over the

length of me detonation cell, labelled. in Figure2.9.

Figure 2.9: Schematic showing an ideal detonation front propagating left to right and its triple point
trajectories. Solid dark lines represent shock waves, dotted lines represent the end of the induction
zone where recombination reactions start. £shows the characteristic cell length ane-indicates

detonation cell sizg25].

Consider thdormation of a single detonation cell, labelled at its vertices by Points A, B, C and D.
The start of the detonation cell, Point A, is formed by the collision of two transverse waves (not shown in
diagram), which reflect and propagate away from each othées.collision generates a strong lead shock,

the Mach stem, which is coupled to the very short reaction zone (essentially a curved detonation wave).
15



Initially, this detonation wave travels at approximately 1.6 times the CJ detonation velocity, butsveaken
over time as the reaction zone grows thicker (the induction length increases with decreasshggbost
temperature). Points B and C mark collisions of the transverse shocks with the transverse shocks in the
adjacent cells. At these points, the transatsocks reflect and begin propagating towards each other and
Point D.

Over the second half of the cell (Points B and C to D)lghgshock becomes the incident shock.
The incident shock continues to weaken, slowing to approximately 0.6 times the iGatidateelocity. At
this point, the reaction zone has decoupled from the lead shock, and locally the detonation has become a
shock followed by a deflagration. The end of the detonation cell, Point D, is formed by the collision of two
transverse waves, witigeinitiates the detonation. A strong Mach stem is generated at Point D and a new

detonation cell begins to form.

2.1.4Soot Foils to Understand Detonation Propagation

Experimentally, triplepoint trajectories (such as those showifrigure2.9) are inscribed on soot
foils, | eavinsgc al ald sgatntcearinveofofdeslhl s. Soot foils a
which are lightly coateavith soot and installed inside a combustion chamber with thedsite facing
inward so that it is exposed to the combustion. The detonation cell algthdplloquially known asize),

&, can be measured from soot foils andDewsm#d t o ch
cellsizeic s i nversely proportional to a mixtureds react
of the mixture. Stable miures, such as hydrogexygen diluted with argon, have very regular cellular

patterns displaying uniform cell size across the foil, while unstable mixtures have greater variation in cell

size and irregular cellular structure. Stoichiometric hydremeygen is classified as an unstable mixture

[26]. A soot foil showing the detonation cell size is showRigure2.10.
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Figure 2.10: Soot foil obtained for a hydrogen-oxygen mixture diluted with argon showing regular
detonation cells[27]

Soot foils are instrumental tain understanding detonation propagation and helped explain an

interesting propagation phenomenon knowdasi -hghd spi nb. Detonations nea

(the 1 imit bel ow which | ess reactive -meaturses ni

mechanism in smooth, round tubes. This propagation mode is characterized by a detonat{atsdron
known as a detonation head) moving i#Hmeadhsaslpi adl
first observed in 1926 by Campbell and WoodHesd, based on the unique pattern that developed on their
soot foils Denisov and Troshif23] realised that singlaead spin is not governed by a different mechanism
than the other detonation modes they had observed. Instead, in the case-besidggin there is a single
triple point propgating down the tube, unlike in mutiead detonations where two or more triple points
collide and propagate down the tube.

However, soot foils have their limitations as demonstrated in the study of another interesting, near
[ i mit phenomentoonniatd ganlslébapiTnhgi sdepr opagati on mode
propagation with intermittent detonation initiation and subsequent failure. In long, smooth tubes, the
spacing between detonationindtiations is often on the order of hundreds of tulmerditers, making the

galloping phenomenon difficult to observe in shorter tubes and very challenging to study due to the size of
17



soot foils required. Galloping detonations are primarily observed in unstable mixtures. To effectively study
galloping detonatios, visual techniques or higamporal resolution velocity measurements are required,
such as [2%sudyetgallaping detenations using laser Doppler interferometry to track velocity

fluctuations within a roughvalled tube.

2.1.5Critical Tube Diameter

The critical tube diameter¢,ds the minimum tube diameter from which a detonation wave can be
transmitted into an unconfined space filled with the same gaseous mixture, without(fisgioning to
deflagration) Expansion waves are generated as the detonation wave exits the tube and diffracts around the
corners into the unconfined space. These expansion waves weaken the lead shock, and ultimately the
detonation, causing a reduction in the pslsdck temperature asdengthening of the reaction zone. If the
reaction zone becomes sufficiently long, it will decouple from the lead shock and the detonation will
become a deflagration. This transition will occur at the outer portions of the detonation wave first, where it
diffracts the full 90°. The diffraction processes which make the detonation wave curve also reduces the
postshock temperature. The detonation along the channel centreline will fail last, as it undergoes the
smallest diffraction. If the tube diameter isdethan the critical condition, the expansion waves reach the
centreline and the reaction zone and shock will fully decouple even at the centreline. At this point, the
detonation has failed. This scenario is shown in an open shutter photogFéguire?.11a, and is referred

to as sukritical.
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Figure 2.11: Open-shutter photographs of a detonation being transmitted from a channel into an
unconfined space showing)athe sub-critical case where the detonation fails completely and b) the

supercritical case where the detonation reinitiates as a cylindrical detonatidB0].

For a test performed in a tube diameter much larger thasritloal diameter, the detonation wave
survives the diffraction process. This case, showFignre2.11b, is referred to as superitical. In this
case, when the expansion waves reach the centreline, the gekdahdetonation wave curvature is not
significant enough to decouple the shock and reaction zone.

For a test performed with a mixture in a tube diameter equal to, or barely greater than, the critical
tube diameter, the decoupling process starts, atanation is reinitiated behind the lead shock. Near the
centreline, local overdriven explosions occur in the shuted region of unburned gas between the
decoupled reaction zone and lead shock. The detonation sweeps along this region and rdiaitiates t
detonation frontFigure2.12 presents a sketch of the detonation failure anditiation mechanism at the
critical condition. The local explosion centre grows in a detonation bubble which propagates ble¢ween t

reaction zone and shock.
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Figure 2.12: Sketch of failure and re-initiation mechanism of a detonation emerging from a tube
into an unconfined spacg30]

The critical tube concept was first explored in 1957 by Zeldoy&H who determined the critical
tube diameter was related to the width of the induction zone. In 1963, Schelkin and [32kiproposed
that tre experimentally measured detonation cell size was proportional to the theoretical ZND induction
zone length. This realization allowed Mitrofanov and SolouKkBB] in 1965 to link the critical tube
diameter with the detonatiarell size. Mitrofanov and Soloukhin observed a correlation between cell size
and critical tube diameter of approximatelyyd 1 3 & f or | o w-oyyger de®natiorsinaoccrelt y | e n
tubes. Knystautas et 4B4] verified ths experimental observation and confirmed that this relationship
holds for many common fuglir mixtures. It was also shown experimentally for a detonation wave
propagating in a round tube, the detonation propagation velocity approaches the CJ deteloatigras
the tube diameter approaches 136@&. Essentially, t
confinement boundary conditions have no effect on the detonation propagation. The correlation between

critical tube diameter and detonationl s&ze is purely empirical, as there is no current theory to explain it.
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Similar detonation transmission studies were performed in rectangular channels. Instead of the
critical tube diameter, the parameter used was the critical channel wiglito(vespading to the narrow
dimension of the channel. Mitrofanov and SolouKB3] and Edwards and 4B5] observed that the critical
channel width correspbé6h8adi hordord clhapraeles, t and
line with the less severe 2D diffraction.

In 1984, Liu et al[36] demonstrated the equivalenestween an experiment in which a detonation
is transmitted into unconfined space through a round orifice plate at the end of a smooth tube, and one in
which the detonation is transmitted from a smooth tube with a diameter equal to the orifice diameter. They
also performed experiments with different shaped orifices and found that for a rectangular opening the
critical condition changed with the opening aspect ratio. Specifically, for a rectangular opening with a small
aspect ratio the critical condition wasuhd to be d= 13, where d is the hydraulic diameter; whereas,
for a rectangular opening with large aspect ratio the critical condition was found ¢e I3k M his finding
was at odds with the findings of Mitrofanov and SoloulBi8] and Edwards and dB5].

To address this discrepancy, Benedick ef3l] in 1985undertook a comprehensive study of the
effect ofatwo-dimensional versuathreedimensional geomet on critical channel width. They conducted
largescale experiments in a rectangular channel with a variable channel height, using hilr@geh
acetylene air mixtures. By varying the aspect ratio of the channel, (where an aspect ratio approaching
infinity represents a true twdimensional case), they determined that for adimoensional geometry the
critical channel width is appr oxi n3lt Eisgorrelaton cor r @
applied for aspeattios (L/w) of approximately 5 to 34, where L/w = 34 was the largest aspect ratio tested.
For a square channel (aspect ratio of 1), theFvil 0 &= cr i t e MheaesultsagBpelnieeds .c k 6 s
experiments are summarizedrigure2.13, a plot of critical channel height normalized to detonation cell

size as a function of aspect ratio.
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Figure 2.13: Plot of critical channel height normalized by detonation cell size as a function of chael
aspect ratio[37]

2.1.6Detonation Initiation by Shock Reflection

In classi@l critical tube diameter studies, such as the disEsissedh Section 2.1.58he detonation
wave istransmited into unconfined space, meaning theare no walls downstream of thabe exit
However,if solid boundaries are presettie reflection ofa shock wave generaéigh temperature and
pressure in which local autgnition, andpossiblyDDT can occuf38]. For exanple, ashock which reflects
off an obstaclgor endwall, will propagate backwards into the region of-peated, unburned gas between
the lead shock artdailing deflagration39].

To study the role of shock reflection iretdecoupling and recoupling of detonations, Pantow et al.

[40] usedSchlieren photographiy a modified version of the classic critical channel width apparatus. Their
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apparatusonsisted of two channels mated together wheetandtion was formed in a smaltectangular
channeland then propagateadto a larger rectangular channklshould be noted that instead of critical
channel width, they were finding critical channel heightahd that the expansion in their apparaitoly
occurred in the vertical direction as the smaller and larger channelsfitleeesame widthThe detonation
underwent2-D diffraction, instead of @ diffraction in the case of a round tube, and shock reflection
occurred on the top and bottom sudgaof the larger channélests were completed using stoichiometric
hydrogeroxygen mixtures diluted with varying amounts of argon and nitrogen to study the effect on
different mixture stabilities. Like the critical tube studies, there were three outdomegtonation
transmission depending on the critical channel height.

For a test with a channel height equal to or greater than the critical condition, a sequence of
Schlieren images is presentedHigure 2.14. Note, Schlieren phtography allowshe visualization of
density gradients associated with shock waves and reaction frottis first image of the sequenéggure
2.14a, the detonation is seen emerging from the smaller channel and diffrattitigelargerchannel The
detonatiordecouples on the top and bottom sidasto diffraction, seeFigure2.14b. Howeveralong the
centerlinethe detonation does not fadeeFigure2.14c. This is an gample of the supercritical condition
(channelheight larger than the critical height), where the shock reflection on the top and bottom surfaces

of the larger channel plays no role in the successful transmission of the detonation.
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Figure 2.14: Critical or supercritical case where the detonation begins to fail, but is reinitiated by
transverse waveg40]

A sequence of Schlieren images representing a subcritical channel rejgieisented ifrigure
2.15. In the first image of the sequen&ggure2.15a, a planar detonation is seen emerging from the smaller
channel and beginning to fail, as indicated by the thickening of tletioeaone. By the second image,
Figure2.15b, the detonation is failing due to diffractiomer the entire surface, includiagthe centerline,
viathe mechanism described in Sectioh.5 In Figure2.15¢, the lead shock reflectdf the top and bottom
channel walls, generating a strong Mach stieat becomes a detonation waVéedetonatiorpropagates

into the region of heated, unburned gas between the shock and deffagratseen iRigure2.15c. If the
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shock reflection off the channel walls did not occur, as in critical channel width tests, the detonation would

have failed and not reinitiated.

Figure 2.15: Schlieren photograph showing a planar detonation being transmitted into an expansion,
subsequent failure of the detonation and then detonation ramitiation upon Mach reflection on the
walls [40]

The final casepresentedh Figure2.16, shows a detonation that fails and does not reinitiate despite
shock reflectioroff the channel wallsThe detonatiopshown emerging from the smaller channdfigure
2.164, is failing in the next imageRigure 2.16bas seen bthe lead shock wave and the trailing decoupled
reaction zone across the entire frdrte detonation has completely failed by the third im&ggre2.16c,

wherethe thick reation zonehas fallen very far behind the lead shock
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Figure 2.16. Sequence of Schlieren images showing a detonation emerging from a smaller channel

and failing completely once through the expansioft0]

2.2 Deflagration-to-Detonation Transition in a Channel Equipped with Orifice Plates

Under certain conditions, a combustion wave may transition from the deflagration mode of
combustion to the detonation mode. This change is knowdeftagrationto-detonation transition (DDT).
However, once a deflagration has transitioned to a detonation, it is not locked into this mode, and can
transition back to a deflagration. This occurs when the lead shock decouples from the combustion front and
it is said that the detonation has failed. This section explains the flame acceleration process leading up to

DDT and reviews previous DDT studies in a channel equipped with orifice plates.
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2.2.1Flame Acceleration in an Channel Equipped with Orifice Plates

Prior t o Chapman and[3Wlaeesatceleralian wds $tddied is lbng, dmeoth
walled tubes. Chapman and Wheeler discovered that they could generate much faster flame acceleration by
installing repeating orifice plas in their tube, spaced one tube diameter apart. In their new experimental
configuration, they observed flame speeds 40 times higher for the meihani&ture compared to their
previous experiments.

In 1940, Shchelkip41] pioneered an alternative method of inducing flame acceleration. Dubbed
the Shchelkin Spiral, Shchelkin installed a metal coil on the inside of the tube to enhance turbulence and
thus fl ame acceleration. Al t ho u gihcontribstiongopthe fiedd| i s
was his proposed mechanism for flame acceleration. He realized that the turbulence in the unburned gas
ahead of the flame caused an increase in the flame surface area and therefore volumetric burning velocity.
In these earlystudies, noroptical flame diagnostic tools were used to determine the average combustion
front velocity and study flame acceleration. In subsequent years, shadowgraph, Schlieren, PLIF and
traditional highspeed photography has facilitated a better uraiedgtg of the flame acceleration process
in the leaeup to DDT.

A schematic explaining the mechanism of flame acceleration in a channel equipped with repeating
orifice plates is presentedfiigure2.17. The channlas closed at both ends and filled with a quiescent fuel
oxidizer mixture. A weak igniter initiates combustion in the fogdizer mixture at one end of the channel,
generating a laminar flame which propagates down the chafiger¢2.17a). In a phenomenon called
6fl-Aamkdi ng,Fygure2i7,tha intioduction of largecale turbulence increases the surface area
of the flame which leads to an increased volumetric burning rate. The incredseettvic burning rate
produces a larger velocity in the unburned gas ahead of the flame, which in turn increases the volumetric
burning rate, completing the positive feedback loop that leads to flame acceleration. At the same time, a
series of compressiowaves are generated as the flame pushes the unburned gas ahead of it. At
approximately 300 m/s (the speed of sound in the reactants), these compression waves merge to form a

leading shock (shown in black). Flarskock interactions introduce flame instatieé that further increase
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the volumetric burning rate. Once the deflagration accelerates to approximately half the CJ detonation
velocity, it is referred to as a faame Figure2.17c). Although, fasflames travel supersonibarelative

to the stationary observer, they are still considered deflagrations because they have a subsonic velocity
relative to the flow ahead of it. Furthermore, the combustion occurring is still governed by heat and mass
diffusion. Eventually the fadtame can transition to a detonation, showfigure2.17d. If the conditions

are conducive, the detonation can continue to propagate down the channel aslatqgnason, shown in

Figure2.17e.
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Figure 2.17: Schematic showing typical flame acceleration in a channel equipped with repeating

orifice plates[16]

A typical flame acceleration profile, such as the one showrigre2.18, can be generated using
flame-time-of-arrival measurements. The profile shows two cases: one where the laminar flame accelerates
to become a fadtame but never undergoes DDT, and one where DDT occurs. In the fisstwhere a
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fastflame is produced, the velocity plateaus just below the isobaric speed of sound in the products. In the
second case, where DDT occurs, the final combustion wave velocity falls between the theoretical CJ

detonation velocity and the isobasipeed of sound in the products.

Theoretical C-J detonation velocity

Quasi-detonation

Average Velocity
(over 3 obstacles) | Isobaric speed of sound in the products

Choked flame

Distance

Figure 2.18: Typical flame acceleration profile for flow in an obstructed channe[16]

2.2.2DDT Limits

Flame acceleration profiles such as thdsewn in Figure2.18 can be used to determine DDT
limits. The DDT limit is defined as the least reactive mixture in which DDT will occur. DDT limits are
significant because DDT will not occur in mixtures that are less reactivathhdimit. This is important
from an explosion safety perspective in industrial pipe design, for example, due to the high overpressures
associated with the DDT event as well as the resulting detonation.

DDT limits are typically determined by plotting thererage quasiteadystate velocity as a
function of mixture reactivity. A mixtureds react
resulting in a lean and rich limit. The reactivity can also be varied by changing the initial pressure, and
therefore quantity of fuel, in the combustion chamber. DDT limits are both a property of the mixture and

the combustion channel in which the tests are being completed. Currently, these limits are found
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experimentally, but ongoing research is being comglitelevelop numerical models using Computational
Fluid Dynamics (CFD) and chemical kinetics to model when DDT will occur for a given mixture.

A plot of the average velocity measured at the end of a 10 cm diameter tube filled with repeating
7.5 cm diameteorifice plates for hydrogeair as a function of hydrogen mole fraction is showRigure
2.19. Peraldi et al[42] proposed three quasieady combustion wave propagation regimes: slow sidson
flames, fast supersonic flames and qubtonations. Lowvspeed turbulent deflagrations travel below the
speed of sound in the reactants (approximately 300 m/s).-dpiged turbulent deflagrations propagate
between the speed of sound in the reactamdsthe products (approximately 1000 m/s). Qdasbnations
propagate at velocities between the CJ detonation velocity and the speed of sound in the products. The
velocity deficit relative to the CJ detonation velocity depends on the mixture reaciiateter of the tube
and the orifice blockage ratio. The blockage ratio (BRhésratio ofthe channel crossection obstructed
by obstacles to the total channel cresstion A wave that propagates at the CJ detonation velocity implies
that it is unaffeted by boundary conditions, which is possible if the critical tube criteria is met. The most
reactive mixture haa stoichiometric composition, which for hydrogain corresponds to a 30% hydrogen
molefraction. The leffimost and righinost white dashednesin Figure2.19 represent the lean and rich

DDT limits, respectively.
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Figure 2.19: Plot of DDT limits for hydrogen-air as a function of hydrogen mole fraction[43]

Although the detonation limits are typically defined by a detonation velocity exceeding the speed
of sound in the products, there is some ambiguity in this definition. In his overview of detonation
phenomenon, LE&0] discusses the difficulty determining limits for unstable detonations particulaew gi
the challenge posed by galloping detonations. Galloping detonations travel at an overall average
combustion front velocity of a fast flame (below 8peed of sound in the products) but DDT still occurs,

albeit infrequently.

2.2.3DDT Studies in Obstructed Channels

In 1986, Peraldi et g42] performed the first comprehensive study of DDT in round tubes equipped
with orifice plates. They completed tests using a broad range ochifuehixtures under Standard
Atmospheric Temperature and Pressure (SATP) in three 18 m long tubes with a 5, 10 and 15-cm inner
diameter. The orifice plates used had a 43% blockage ratioandCés&p man and Wheel er 6s
the orifice plates were spaced one tube diameter apart. The obstacle spacing and blockage ratio were
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selected to generate maximum flame acceleration and final propagation velocity. The average combustion
front propagatio velocity was determined using tiro&arrival measurements from equally spaced ion
probes installed along the tube.

Based on their experiments, th@ypposed a simple DDT criteriotine orifice diameter, d, must be
greater than the detonationcellsize(e. d/ & O1) for a detonation to fo
observed that in a round tube with orifice plates, a getsination can sustainably propagate with a
velocity deficit as high as 40% below the CJ detonation velocity. Experimerntadly demonstrated that
the propagation velocity asymptotically approaches the CJ detonation velo&§ as g, the same
empirical relationship developed from the critical tube diameter experiments.

Kuznetsov et al[11] studied the effect of obstacle blockage ratio on DDT in various diameter
round tubes equipped with repeating orifice plates of different blockage ratios. They tested a range of
blockage ratios from 0.09 to 0.9 and observed that DDT was more likely to aciulrels with smaller
blockage ratios. Thiékelihoodo f DDT occurring was apparent in the
varied from 0.8 to 5.1 for BR = 0.3 to BR = 0.6. They also studied the effect of obstacle spacing on DDT
and determined that increasing the obstacle spacing increadie@ltheodof DDT occurring.

Ciccarelli and Crosf6] conducted a series of experiments in a 10 cm diameter round tube using
hydrogenrair mixtures at SATP. A CJ detonation was generated in the unobstructed first half of the 6.1 m
long channel and transmitted into the second half, which was filled with repeating orifice plates to generate
a quasidetonation. Thénnerdiameterof these orifice plates was varied from 3B.26.2 mm to study the
effect of blockage ratio. Flat soot foilseve installed along the channel centreline between orifice plates
and curved foils along the tube wall to study the gdatbnation propagation mechanisms.

The curved soot foils produced interesting ceflydatterns never before observed, a sample is
shawvn inFigure2.20. Based on thedeils it was proposed that for orifice diameters smaller than the critical
tube diameter (d < 13@&), the detonat i odintidteaatl ed du

Oh-spotsd on the tube wall t Hecoupldddeadng shock. dhede-bovi ng r
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spots are recognizable on wallo o t foils as 0pe alkgure220 fenr whiehda by ar
triangular pattern of detonation cells originates and spreads. An overdriven detonatitatésliat the

hotspot that propagates circumferentially around the tube wall and forward in the direction of the shocked
reactantsFor very reactive mixtures, detonations were initiated at multiple locations along the tube wall

andmerged together as sem Figure2.20.

Figure 2.20: Soot foil from [26] a stoichiometric hydrogenair test using a BR=0.44 showing two hot
spots on the wall and emanating detonation cells. The vettil dashed lines indicate the position of
rods used to secure the orifice plates.

For less reactive mixtures and mixtures near the limit, detonations were initiated at a single hot
spot on the wall between orifice plates. The authors also noted thatiXtures very close to the
propagation limit, the detonation did not need to reinitiate at-@pgmiton the wall between every set of
obstacles, as established by the absence of detonation cells on some foils at tests at the limits. Ciccarelli
and Cross di not observe singleead spin.

The variation in soot foils (and recorded cellular structure) located between adjacent orifice plates
led Ciccarelli and Cross to conclude that even very reactive-datsiations are very transient in terms of
0 d e t aetohationh 6tructure. Finally, they noted that the average-dessnation propagation velocity,

determined -ofpr é6f hamé memsurements was inversely pl
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upstream orifice plate and the location where therdgion was rénitiated, that is, the closer the hot spots
form after the orifice plate, the faster the average detonation velocity.

In 2001, Lieberman and Ld44] conducted experiments usinghiglp e ed O6streak photoc
observe wave propagation of argdifuted stoichiometric oxyacetylenemixtures in a clear plastic tube
equipped with repeating orifice plates. A rotating drum camera was used to capture the light from the narrow
slit along the channel centreline. Thighaique provides detailed detonation front velodaga but the
narrow slit provides very limiteglisual informationat the channel centrelirteat can be used for better
understanding of the detonation propagation mechalzperiments were conductedard m long, 50.8
mm diameter round tube using two sets of orifice plates corresponding to a 45% BR and 55% BR. The
distance between orifice plates was vatetiveen % tube diametéd) to 1 tube diameteThe present
research usesld orifice plate spdng. In the quasietonation regimd,ieberman and Leebserved minor
fluctuations in qusi-detonation velocity over between obstacérp but the velocity was approximately
constantBetween a pair obbstacls, the streak photographgcorded a elocity decrease as the wave
propagated through the orifice plate followed by a sharp acceler@timpattern of velocity decay and
regenerabn occurred over the rangeifice plate spacingd.D to 1D). In thefastflameregime Lieberman
and Lee observed recurring bright spots between orifice platehich were coincident with or very
slightly behindthe leading reaction front, fa 1D orifice plate spacingo study the effect of mixture
regularity on detonation failure mechanisms, the adijoition of the stoichiometric mixtures/as varied
with highly diluted mixtures representing very regular mixtuiieso different failure mechanisnfer
regular and irregular mixturegere observedn very regular (heavibArgon diluted) mixturesdetonations
failed due to severe curvature of the detonation frisnitrregular mixtures, detonation failure resulted from
detonation diffraction past the obstackusing coolingf the detonation cells.

Soot foils were instrumental in determining the 3D structure of a@y@©a detonation wav@3];
however, they only show the tripfmint trajectories along the wall foil and do not provide any information

on the shock and reaction fronts. The invention of 4sigbed CMOS cameras and an intenedtetter
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understanding detonation structure and propagation has led to the increased use of rectangular channels
with fencetype obstacles in DDT studies. Rectangular channels with flat glass windows allow for the use
of Schlieren photography to visuaithe shock waves and reaction fronts. Because the Schlieren technique
requirescollimated light, it cannot be used in round tubes due to their curvature and resulting light
distortion. Teodorczyket al.[7], and Kellenberger @aCiccarelli[9] completed studies using higpeed,
high-resolution Schlieren photography to visualize the structure and propagation mechanism of a quasi
detonation wave. Boeck et 4lL0] used simltaneous Schlieren and PLIF photography, and recently
Kellenberger et al[9] used Schlieren photography filmed through transparent glass soot fgéénta
better understanding ditonation propagation.

Given the challege posed by galloping detonations to defining detonation limits, the ability to
observe the detonation phenomenon is extremely valuable when developing detonation limits. Galloping
detonations would not be apparent using-optical timeof-arrival velociy measurements due to the

averaging of the velocity over a distance, but would be clear using optical techniques.
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Chapter 3

Experi ment

3.1 Overview

In this study, the propagation mechanisms of gdasinations in a round tube equipped with
repeating orifice plates ag investigated. An optically clear cylindrical channel was designed to attach to
an existing square crasgction combustion channel. Premixed stoichiometric hydrogggen mixtures
at initial pressures between 4 and 60 kPa were loaded into the comlmlistimel and ignited at one end.
Equally spaced fenegype obstacles in the square channel and orifice plates in the round tube were used to
promote flame acceleration. Two sets of orifice plates were used to study the effect of blockage ratio, BR,
versusobstacle opening size, d, in the round and square channels. The 50% BR orifice plates maintained
the same blockage ratio as the square channel, while the 75% BR orifice plates had the same obstacle
opening size as the square channel. The average combliugtibvelocity in the round tube was measured
by tracking the combustion front using higheed video. In the square channel, this velocity was obtained
using the shock timef-arrival at two fastesponse piezoelectric pressure transducers. Two sylimdadon
high-speed cameras were used to observe detonation propagation in the round tube, and in select

experiments soot foils were installed in the end of the cylindrical channel.

3.2 Combustion Channel

The combustion channel consists of three sections: a 3dgnaluminum square channel, a 1.55
m long acrylic cylindrical channel and a square csEsgion dump tank. For some low pressure tests the
dump tank was removed and replaced with an optically accessible end flange. A Solid Edge model of the
combustionchannel with the optical end flange is presente&igure 3.1. The cylindrical combustion
channel was designed to mount to the existing square combustion channel via a transition flange.

Initial tests were completed with five segnts of the square channel (including one optical section)
and a single cylindrical channel of length 69.2 cm. However, to ensure -stadelya second cylindrical
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segment was installed. To allow for the extension of the cylindrical channel given tieecepatraints,
one noroptical segment of the square channel was removed. Previous tests indicate that a four and five
segment square channel are equivalent, except for tests performed at 10 kPa where DDT occurs in the five

segment channel but does noturda the foursegment channel (a faiime enters the cylindrical section).

SA-Z field-of-

SA-5 field-of-view

Figure 3.1: Solid Edge model of the combustion channel with the optical end plate installed

3.2.1Square Channel

The square amnel consists of four 61.0 cm long modular sections and one 63.5 cm long optical
section, with a continuous 7.62 cm by 7.62 cm square interior-sea$i®n. It was designed by a previous
studenf44] and machined kmouse fron 6062T6 Aluminum. The square segments were bolted together
at the endlange and sealed using BUNArimgs. A model showing a catway of the interior is shown in

Figure3.2.

Figure 3.2: Solid Edge model of the square channel showing the interior crosection
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To promote flame accelerayped absdt &OMes aweme niu

top and bottom of the square channel, as showigure3.3. The 1.3 cm thick, 1.91 chighand 7.62
cm long obstacles were spaced one obstacle length apart (7.62 cm) and formed a blockage ratio of 50%.

The blockage ratio is defined as

o
_<
O

ol

(3.1)

where d, is the opening between obstacles Hiskhe channel height, as showrFigure3.3. There is a

3.81 cm opening, d, between the fence type obstacles.

Figure 3.3: End-view down the square channel showing the opamg, d, between the fencgype
obstacles

3.2.2Cylindrical Channel

The cylindrical channel was composed of two segments: a 69.2 cm acrylic tube and an 80.0 cm
polycarbonate tube. The two tubes had a 10.16 cm outer diameter (OD) and an 8.89 cm inner dameter (I
Both segments were optically clear and there was no specific reason for the difference in the materials. The
field-of-view covering the last five orifice plates is located 1.09 m from the sgooeind channel
transition, to allow the combustion froto stabilize and to eliminate transition effects resulting from the

change in geometry.
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Three 1.91 cm thick acrylic flanges with a 7.62 cm diameter hole through the centre, shown in
Figure 3.4, were manufactured ihouse. One ingewas mountedo the end of the square channel and
anotherwas mountedto the dump tank (or optical equlate), sealing with an-ong. To align the round
tube, a 0.16 cm recess was machined around the hole. Built into this recess wagajrapve which
sealed on the face of the round tube via a BUN#Q. The two round tube segments were mated using a
flange that had a recess andrgy groove on either side. Four 1.27 cm diameter holes were drilled in the
corners of each flange to line up wittetexisting holes on the square channel flange.

The cylindrical channel was held together in compression using four 1.27 cm diameter threaded
rods. These rods passed through the holes drilled in the acrylic flanges and the holes in the last flange of
thesquare channel and optical end plate, and were bolted tight. The two outer flanges were reinforced with
angle iron to prevent bending. The middle flange did not require reinforcement because it was subjected to
a net neutral force. The outer tube was i@itdd with nine 12.7 cm diameter aluminum hose clamps placed

around the obstacles so as not to interfere with the video footage.

Optical end flar]ge

Figure 3.4: Solid Edge model of the cylindrical channel

Nineteen office plates were installed in the cylindrical channel, equally spaced, one tube diameter
apart. Four full sets of orifice plates were machinetddnse using the waterjet cutter. A set of optically
clear acrylic orifice plates and a set of 668Lminum plates were made for each blockage ratio. The 50%

blockage ratio orifice plates had an 8.9 cm outer diameter and a 5.33 cm inner diameter. The 75% blockage
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ratio plates had an 8.9 cm outer diameter and a 7.62 cm inner diafigtee.3.5 shows the acrylic and

aluminum orifice plates for a 50% blockage ratio.

Figure 3.5: Acrylic (left) and aluminum (right) orifice plates for 50% BR tests

The acrylic orifice plates were used witke thptical eneflange to allow endiiew video footage to
be obtained. During the course of testing, si@sv video indicated that tiny particles of plastic were being
eroded from the inner diameter of the orifice plate and burned. Inspection of the plafiee clearly
showed burned regions around the inner diameter. Therefore for most of the testing, the aluminum orifice
plates were used since they were not affected by erosion.

The separation distance between orifice plates was maintained by 6.4 cé %, OD, 7.6 cm
ID optically clear acrylic spacers that fit tightly into the main tube. The spacer ends were machined square
on a lathe and a lengthwisét was cut into the spacer to provide some flexibility to ensure they would fit
inside the outerube. The spacers also prevented any possible leakage of gas around the outside of the
orifice platesPeriodically, these spacers needed to be cledkfest. many consecutive testhe spacers
became very cloudy and begaloscuring the camera footage,teecylindrical channel was disassembled

andthe spacers wegolished using shop cloth antlovus Fine Scratch Remover

3.2.30ptical End Flange

The optical endlange was used to in conjunction with the acrylic orifice plates to allow video to
be filmed dowrthe length of the tube. Optical access was provided by a 7.62 cm by 7.62 cm acrylic window
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set into a rectangular aluminum eft@hge. The optical enflange, shown irfFigure 3.6, was not used for
tests with initial pressures greer than 25 kPa out of concern that the high pressures generated by shock
reflection on the entvall would break the window. The eiffldnge was designed and manufactured by

Kellenbergel45] for a previous thesis.

Figure 3.6: End flange providing optical access down the length of the tuljd5]

3.2.4Dump Tank

For most tests, an aluminum dump tank was used. The purpose of the 63.5 cm long, 12.7 cm by
17.15cm crosssection channel, shown lfigure3.7, was to locate the acrylic cylinder far from the endplate

where high pressures were generated following shock reflection.
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Figure 3.7: Photograph of the dump tank

3.2.5Mixing Chamber and Control Panel

The stoichiometric hydrogeoxygen mixtures were prepared in the mixing chamber using the
partial pressure method in batches of 300 kPa. A new mixture was prepared oncsstire jme¢he mixing
chamber fell below atmospheric pressure in order to ensure no atmospheric air leaked into the chamber. An
electric drill connected to an impeller was used to mixgdsedor thirty minutes. The speed of the electric
drill was controled using a variable voltage meteigure3.8 presents a schematic of the control panel and

combustion channel connections. The control panel, used to operate the valves, is outlined in grey.
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Figure 3.8: Schematic of control panel and valve connections

The functions of the numbered valved-igure3.8 are outlined ifTable3.1. There are two valves
connecting the combustion airgel to the control panel to protect the first valve against high pressures seen
in the combustion channel. The operation of these valves and full operating procedure is outlined in Section

3.6.

Table 3.1; Valve Number and Function

Valve Number Valve Function

1 House air to control panel
Oxygen bottle to control panel
Hydrogen bottle to control panel
Exhaust to control panel
Mixing chamber to control panel
Combustiorchannel to control panel 1
Vacuum pump to control panel
Combustion channel to control panel 2
Combustion channel pressure transducer
Combustion channel exhaust

OO N BWN

[EEN
o

3.3Ignition and Data Acquisition (DAQ) Systems

The data acquisition system used these experiments consisted of amh@&nnel National

Instruments (NI) PGB6133 Data Acquisition (DAQ) card connected to a NI BRILO DAQ terminal
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controlled using NI SignalExpre$511 software. SignalExpre$ssoftware was also used to control the
timing of the tests so that the DAQ and camera captured the combustion phenomenon immediately after
ignition.

Three model 113A24 PCB piezoelectric pressure transducers were installed in the square channel,
in the positions shown iRigure3.1. The pressure transducers were mounted flush to the inner surface of
the channel and were located 1.73 m, 1.99 m, and 2.45 m from the ignition end of the channel. The exposed
transducer ends were coated in silicone to protect against high temgeeatdireduce noise in the signal.

The pressure transducers have a voltage sensitivity of 5 mV/psi or 0.7252 mV/kPa. Pressure data was
collected at a sampling rate of 2.5 MHz and the signal input range was set between +5 V.and

The first pressure traducer was used to trigger the cameras and DAQ system for the glow plug
ignition tests described in Secti®i3.2 The other two pressure transducers were used to calculate the

combustion front velocity using shotikne-of-arrival measurements in the square channel.

3.3.1ShockTime-of-Arrival Measurements

The average combustion front velocity in the last square channel segment was calculated using
shocktime-of-arrival measurements from the last two pressure transducers (PT 2 3nshBWvn irFigure
3.4). A sharp pressure rise corresponds to the time that the lead shock passed the pressure transducer. Given
the distance between pressure transducers (30.5 cm) and measured time interval, the averagencombustio

front velocity, «, was calculated according to

W W
o @ — (3.2)

The timeof-arrival was determined usimessure signal plots, such as the samplefpica 30

kPa test given ifrigure3.9.
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Figure 3.9: Plot of the pressure signals recorded as a function of time used for a 30 kPa test (Test 161)

3.3.2Ignition Systems

Most tests were completed using an automotive capacitive discharge system to ignite the mixtures.
A spark plug connected ta high voltage power supply was mounted in the end wall of the flange and
triggered using an NI SignalExpré¥sprogram. When manually initiated, the NI SignalExpi¥éss
outputted a 5V TTL pulse to trigger the ignition system and cameras.

A second ignitio system was developed for tests with initial pressures below 7.5 kPa, as the spark
plug would not ignite mixtures at these pressures. The ignition end flange was modified to mount a Bosch
automotive glow plug (model 0 250 202127) into the channel belewgark plug, shown iRigure3.10.

The glow plug was mounted in a Swagelok fitting and was powered by a 12 VDC power supply. Once
turned on, the glow plug heated the surrounding gaseous mixture to Higritiom temperature ihess

than 5 seconds. This system was effective down to a pressure of 4.0 kPa. A NI SignalExpress program was
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written to trigger the camera(s) and DAQ system when the lead shock passed the first pressure transducer
(PT 1, shown irFigure 3.4). The sharp pressurese from this transducer was used to trigger the data
acquisition and Signal Express outputted a 5V TTL
trigger moded. The camer as thepraceivernhe viggerkignal atevisiobhr d t o

point the recording time is divided equally before and after the trigger signal.

Figure 3.10: Ignition flange showing the position of the spark and glow plug igition systems

3.4 High Speed Photography

Two highspeed CMOS cameras were used to obtaids@linous images. A Photron SAwas
used to record video through the optically clear tube. A Photreh ®4as used to record video through the
glass window in thereflange (or additional sideiew video with a different fielabf-view). FastCam
Viewer software was used to synchronize the two cameras. The Phot#dn Sékas used as t he

camera, generating a TTL trigger output signal to the Photreh SA6 s daraevae 6
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3.4.1Camera Configurations

Four camera tests with different field&view were used to observe qudsitonation propagation
in the round tube. The fieldf-view and camera configurations used for each of these test types are outlined
in Table3.2. The shutter speed was varied from 02460 5.00>s, depending on the initial pressure (higher
initial pressure produces more chemiluminescence). A faster shutter speed allows for a more precise
location of the combustion front at denerates a sharper image with less blurring. However, it also
generates a darker image as less light reaches the camera sensor. In some cases, this resulted in not being
able to see the combustion front to track it. Therefore, for each initial predsifastest shutter speed
which still provided adequate light was used. For tests producing very bright combustion and where the
shutter speed was set to the lowest setting s),6a neutral density filter was used to reduce the incoming

light and prevent oversaturation of the images.

47



Table 3.2: Camera Configurations

Configuration Properties Field-of-view
Camem: SA-Z
Full- Frame rate:70,000 fps
view/Side Resolution1024x280 pixels
view Field of view:5 obstacles

(24.1cm x 7.6 cm)

One obstacle

Camera:SA-Z
Frame rate:175,000 fps
Resolution256 x 280 pixels
Field of view:5 obstacles (8.9
cm x 7.6 cm)

Channel
centreline slit

Camera:SA-Z
Frame rate:300,000 fps
Resolution:1024 x 56 pixels
Field of view:5 obstacles
(24.1cm x 1.5 cm)
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SteadyState
Tests

Camera:SA-Z
Frame rate:300,000 fps
Resolution:1024 x 56 pixels
Field of view:19 obstacles
(24.1cm x 1.5 cm)

Synchronized
side and end
view

Camera 1:.SA-Z
Frame rate:140,000 fps
Resolution:384 x 280 pixels
Field of view:1 obstacle (12.2
cm x 7.6 cm)
Camera 2:SA-5
Frame rate:140,000 fps
Resolution:192 x 192 pixels
Field of view:19 obsacles

(7.6 cm x 7.6 cm)

SA-Z field- ©
of-view

SA-5 field-
of-view
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3.4.2Image Processing

Photron FASTCAM VieweM was used to process the video data. The velocities from the full
view, channel centerline slit and obstacle pair configurations were processed using the following method.
The creshair feature was used to manually determine the position of the front pixel in the combustion wave
along the channel centerline which was recorded in Excel with the time stamp. The pixel density in metres
per second, U, was c anber of pixels acwss the edgiesy afsam arificevpdatet he nu
and dividing by the known distance. The movement of the combustion front between fraxnegasured
in pixels, was converted to a distance by multiplying by the pixel density. The average comtvastio
velocity along the channel centerling, was determined according to

| YN ®

< 3.3
Y0 33

The average Veliewdt ywoinrf itghueg adfi winl was obtai ned
the channel taking one combustion front fosi between ofice platesl4 and 15 and one combustion
front position and time betweeanifice platesl7 and 18. The combustion front velocity was determined
between each frame for the channel centerline slit and obstacle pair tests, so there wdeeclogaltip
velocities between obstacl@$he uncertainty associated with these measurements is presented in Appendix
B.

The images from the steadyate tests were processed differently. The time of impact when the
front of the combustion wave collided withe front surface of the orifice plate was recorded. Given the
7.62 cm distance between orifice plates, an average combustion front velocity bedwsleeast obrifice
plates was calculate@he entire tube was filmed in this configuration and these irsavere used to
develop velocity profiles along the length of the tube. The uncertainty associated with these measurements

is presented in Appendix B.
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3.5Soot Foils

Aluminum soot foils were used to record the detonation structure at two locations iartieube.
Curved foil s, installed along the channel ds inner
flat foils recorded the centerline structure. The foils were cut from thin 6061 aluminum sheets and lightly
sooted using a kerosene lamp

The curved foils were formed from 6.35 cm x 23.88 cm pieces of aluminum and rolled using a
hand roller. They were installed along the inside circumference of the acrylic spacers, between orifice plates

9 and 10, as shown Figure3.11.

Figure 3.11: Exploded view of SolidEdge model showing how the cwed and flat foils are installed
in the channel

The flat foils were installed along the channel centreline betwekrequlates, as shown Figure
3.11 These 6.35 cm x 7.62 cm foils were installed in both a vertical and horizontal orientation. An acrylic
spacer was scored lengthwise, so that the foil was supported on both sides and rerpéacedFklat foils
were only used for pressures greater than 30 kPa, as they are only useful for a detonation that is planar and
perpendicular to the foil.

After each test, the soot foils were removed, sprayed with a clear painb(Rustu m Paicmt er 6 s
Clear Satin) to preserve the soot and photographed under an LED bank of lights using a digital camera.
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The soot foil tests were completed in the single segment round tube due to the difficulty in
disassembling, reassembling and resealing the deelgleent channel. The steagdiate tests confirmed

that the flow had reached steaghate for these tests.

3.6 Operating Procedure

Before running a test, the ignition and camera systems are figb setd tested. The appropriate
camera settings are selected,dobsn the configurations outlined in Secti®d.1, and a background light
calibration is performed. The ignition system power supplies are turned on and the SignalExpress ignition
and DAQ program are tested to ensure thatsyfséem is triggering and the data is collected. Next, the
mixing chamber pressure transducer is checked to ensure that there is a viable mixture in the mixing
chamber. The mixing chamber must have a positive gauge pressure to ensure that air is notoditaevn i
mixing chamberOncethe pressure in the mixing chambelis to atmospheric pressure, a new mixture
must be made.

Before making a new mixture, the old mixture must be safely disposed of. This is achieved by
diluting the mixture with air and vemig it out of the building. House air is added to the tank until the
tank pressure reads 300 kPa (Valves 5 and 1 are opened), then the house air (Valve 1) is closed and the
control panel exhaust (Valve 4) is opened. The exhaust (Valve 4) is closed arat#ss |is repeated at
least five times. The combustibieixtureis now sufficiently diluted that it is safe to evacuate the mixing
chamber into the lab. The oxygen and hydrogen lines are purged by briefly flowing their respective gases
through them to renve all air from the line (Valve 2 and then Valve 3 open to Valve 4). The mixing
chamber and control panel is evacuated using the Edwardsl E2MO0.Aacuum pump for at least an
hour. This is achieved by closing all the valves except Valve 7 and 5. @neexihg chamber has been
vacuumed, the vacuum valve (Valve 7) is closed. Valve 3 is opened until 200 kPa of hydrogen is added to
the mixing chamber and then closed. Valve 2 is opened to add 100 kPa of oxygen to the mixing chamber
and then closed. The tarskclosed (Valve 5), the gas bottles closed and the impeller is turned on for
thirty minutes to mix the gases.
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The combustion channel was evacuated for at least 30 minutes or until the channel pressure
transducer (P1) showed 0.0 kPa. This was achievegdnying Valves 6, 7, 8 and 9. For very low pressure
tests, (Pi < 10 kPa) the chamber was vacuumed for at least one hour. Once the vacuuming time has elapsed,
Valve 7 is closed. At this point, eye and ear protection ipwnd is worn while filling thelannel with
the combustible mixture and for the duration of the test. The combustible mixture is loaded into the
combustion channel by opening Valve 5, until the channel pressure transducer read the desired pressure.

To run a test, all open valves are eldgValves 6 and 8), isolating the channel. As the pressure transducer
is not rated for above atmospheric pressures, the pressure transducer gauge (Valve 9) is also closed.

For the spark triggered tests, thepreamertas gye
program was run, igniting the mixture. For the glow plug tests, the cameras were set to record and the
ipressure transducer triggered NI Signal Express D,
manually switched on until autoigrot of the mixture occurred.

At the end of each test, the combustion products were purged from the channel using house air and
by opening Valves 1, 6, 8 and 10. This is done for two reasons: to remove the combustion products (which
contains mainly water ymur), and to dilute and purge the mixture if combustion was not initiated. Purging
lasts approximately 5 minutes and then, Valves 1 and 10 are closed. The final step is opening Valves 7 and
9 to evacuate the combustion channel for the next test. Eyaaprbeection may be removed at this point.

For tests where the optical end flange was used instead of the dump tank, there was no combustion
channel exhaust (Valve 10). In these tests, the tube was vented to atmospheric using the control panel (Valve

4) and then evacuated (where Valve 4 was closed, and Valves 7 and 9 opened).
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Chapter 4

Results and Discussion

The results are organized into two sections, based on the cylindrical chimchkabe ratiaised in

the experiments.

4.150% Blockage RatioResults

This sectbn presents the results for the 58R orifice plates in the cylindriddube. Tests were
performed usingtoichiometric hydrogenxygen mixtures at initial pressures of 6.0 kPa to 60 kPthis
configuration, he 50% blockage ratio in the cylindricalacinel matches that of the squahnarmnel, but has

an opening diamet@f 5.33 cm compared to ti381 cmopening in the square chanmoblstacles

4.1.1SteadyState Behaviour

Following ignition, a flame accelerates in the square chdB8hetaching a steady velocity before
entering the cylindrical tube. Due to the perturbation caused from the change in geometry, the combustion
front reestablishes itself in the cylindrical channekeékies of tests were conductedrerify that thee was
sufficient distance for the front to -establish inthe round tubeso that steadystate behaviour and
sustainable propagation modesre studiedbver the fieldof-view in the round tubeThese tests were
completed in the twsegment cylindrical charel equipped with 19 orifice plates. Thembustion front
was tracked along the length of the cylindricabnnel to develop a velocity profile, according to the
procedure outlined in Sectidh4.2 Additional information on tis configuration is provided i&ection
34.1

The 0-st a¥pdihents were completed overange of initial pressuréB) between 6 and
40 kPathe resultof whichare compiledn Figure4.1. The xaxis represents the distance from the square
to-cylindrical transition and is recorded in terms of the orifice plate number, where the distance between
orifice plates is 7.6 cniThe averagevelocity between orifice platg©P)is plotted at the sead orifice

plate of the pair (i.e. the average velocity between OP 4 and OP 5 is plotted af@®&)erage velocity
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in the last section of the square channel (calculated according to S8tidiis plotted at Obstacle Bor

clarity, onlya selection othetestresultsare presented. The CJ detonation velocity and speed of sound in

the products, averaged over the pressure ramgelso plotted for reference. Over this pressure range, the

change in CJ velocity and comstion products speed of sound is only 130 m/s, and 55 m/s, respectively.
Steadystate tests were not complet#dnitial pressures greater than 40 kPa, because combustion

propagation stabilizes more quickly at highpgessuresand it was clear that theelocity wasalready

approximately constant for tests with initial pressures greater than 2bdd®awith mitial pressurglower

than 6.5 kPa were not filmed in this configuration as there was insufficientdigteck the combustion

front. For clarity, error bars are not shown on the plot, but each velocity has an associated error ranging

from approximately = 50 m/s for the 6.5L0 kPa tests up to approximately + 250 m/s for thé 28 kPa

tests.The full uncertainty analysis is provided in AppenBix
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Figure 4.1: Plot of velocity profiles along the cylindrical channel for 50% BR for a range of initial

pressures
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The following observations were made based on the stathy/tests:

1 Forhighpressurgests(P. > 15 kPg, the combustion waveropagated along the tube at an
approximately constant velocity. Any acceleration or deceleration from the square channel
occurred between the start of the cylindrical channel and the first obgthak could not
be captured due to the camera fiefeview.

1 For testperformed atn initial pressure of betwee® and 5 kPa, the combustion wave
deceleratd after thesquareto-roundtransition but stabilize to a quassteady velocity
within the first three obstacles.

9 For lower pressurtess (71 9 kPa), where &astflame (which propagates at an average
velocity below the combustion products speed of sowndis the square channel,
acceleration up t@ quasisteady detonatiofwhich propagates at anverage velocity
above the combustion products speed of soaadyredwithin the first ten obstacless
the initial pressure decreabeithin this pressure rangacceleration from fastflame to
a quasisteady detonation occurred over a longer distdfmeexample at 9 kPa, the
acceleration oceuedwithin the first 6 obstacles, btgok 9 obstacles for the 7.5 kPa test).
However, even at the lowest pressure, the combustion wave reached -atepmgi
propagation mode by Orifice Plate (OP) 14, thet stbthe optical fieldof-view.

9 For the lowest pressure testsi(®.5 kPa), aastflame exied the square channel and
continuel to propagate down the cylindrical channel afastflame at a quassteady
velocity.

Preliminary tests were performed withlp a single cylindrical channel segmesquippedwith 10
orifice plates. A second segment was added to the cylindrical channel, effectively doubtmgnthéube
length, to ensure that steasliate behaviour was studigBiased on the results of tidsteadystate testy

steadystate propagation was observed for all pressures over the opticaiffigkelv (OP 141 19) in the
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two-segment channel. In the eeegment channel, steadtate propagation was obseniadthe optical

field-of-view (OP 5i 9) for initial pressures of 9 kPa and higher

4.1.2Comparison of Cylindrical and Square Channel Combustion Front Velocities

A plot of the average combustion front velocity in the square and cylindrical chkasraefunction
of initial pressure is presentedrigure4.2. For each test, there is a velocity in the square chéimdéated
by a squarenarke) and a corresponding velocity in the cylindrical channel (indicatedtclvgwar markey.
The average velocity in the square channel mund tube was measured accordingéation3.3.1and
3.4.2 respectively. For reference, the theoretical CJ detonation velocity and the speed of sound in the
combustion products (calculated fan adiabatic isobaric process) are also plofféek calculated CJ
detonation velocities and speed of sound in the combustion products are summarized in AppEadix

transparency, the orsegment and tweegmentylindrical channel tests are plotted segtely.
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Figure 4.2: Plot of average combustion front velocity in the square and cylindrical channels as a
function of initial pressure for a 50% blockage ratio

The velocity data ifrigure4.2 showsa sudden jump from values below the combustion products
speed of sound to values above it. This increase is traditionally referred to as the DDT or detonation
propagation limit, and signals the least reactive mixture in which @i 6ccur. The detonation limits are
shown on the plot by a vertical dashed Ifoe each set of data.hE detonation limiis 7 kPain the

cylindrical channelwhichis lower than the detonation linaf 10 kPan the square channdlhis difference
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intheDDT limitisex pe ct ed b as @ /ddaiteriaPP]decausedhe 6rifice diameiarthe round
tube(5.33 cm) is larger than the opening betwieafencetype obstacles in the square channel (3.81 cm).
Based on the cell size data presented in Appe@dtke limit in the square channel corresponds #&Fd/
1.6 andthe limit in the round tube corresponds te-B/1.4. These values are consistent with-dalues
reported in the literature at tEDT limit.

Theindependencef the round tubeelocity data at 1kPa shows that propagation in the round
tube is not sensitive to whether a detonation wave ofléaseemerges fronthe square channel. For initial
pressures between 12 and 25 kPa, the average velocity in both the square and round channels are very
similar. However, for initial pressures greater than 25 kPa, the average velocity in the square channel is
significantly higher than in the cylindrical channkel fact, at an initial pressures greater than 50 kPa, the
average propagation velocity in the sguahannel is approximately equal to the theoretical CJ detonation
velocity, with very little variation from testo-test. The difference in velocities may be attributed to the
effect of curvature on detonation diffraction through the obstaktiehe squee channel, diffraction only
occurs at the top and bottom of the channel when the wave propagates around thgéenbstacle,
essentially awo-dimensionatliffraction process. In the round tulaethreedimensionadiffraction process
occurs around #hcircumference of the orifice opening. Ttheeedimensionabiffraction (and associated
higher curvaturein the orificeplateresults in a faster decoupling of the detonation wand,ultimatelyin
a lower average velocity betweerifice plates. Fordstflames, higher average velocities were observed
in the round tub¢han the square chann8ince the energy released is not coupled to the lead shock in fast
flames(turbulent transport is more importartfie severity of the diffraction is nasimportant. As shown
in [8], the interaction of the reflected shock with the flame governs the average flame Jielotast

flames

4.1.3Propagation Modes in the Cylindrical Channel

At initial pressures of 6.5 kRar less, a sustainechoked flamgknown more generally as a fast

flame) was observed. Based on tideoresults, quasietonation propagation in the cylindrical channel
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can be characterizda) three modes: single hepotwall ignition detonation(7 1 15 kPa) multi-hotspa
wall ignition detonation207 45 kPa) and continuous detonation (580 kPa)Hot-spot ignition refers to
the creation of a localized detonation kernel, typically aiegrin acompressed turbulent region ludt,
unburned gas produced by shock reftecbff a boundaryA fourth transitory mode was observed where
detonation initiation occurred on the obstacle face, ibuall casesthe combustion wavestabilized
downstream in the tubato the single hotspot ignitionmode In the next sections, eachi these modes

will be described based on video and soot foil records.

4.1.3.1FastFlameRegime

Fastflame propagation was observed for initial pressures less than 7AkRestflame, which
consists of an uncoupled shefthkme complex, is showpropagatingn video framegFigure4.3) taken
froma6.5 kPa tesiThe edges of the orifice plates appear as equally spaced black vertical strips, as indicated
in Image 15. Thdélame emerges fror®P 14in Image 1 and propagates towards the nefterplate in
Images 2 4. Thelight emitted from thdlame is very fainind kecause this video was filmed using regular
photographythe shock wave that ropagatingahead of the flame is not visibl€he flame becomes
noticeable when theeflectedshock originating fromreflection of the incident shock off the upstream face
of OP 15fraverses the flame, as seen in Images 5 andi§is more evident furthr downstream in Images
127 13. Theinteraction of the shock with the flame stops the pragoéshe flame and the implosion of
the reflected shocfindicated by theorus shapebehind the flame front forms a characteristiight spot,
as seeln Image7 (andin Imagel0). Theserepeatingright spotgormed bya propagating fadtame were
also observed by Lieberman and Lee in their streak photography for expericoempdeted with a 1D
orifice spacing (the same orifice spacing used in present resgdrch)

A distinguising feature of dastflame is that shock riefiction, off the tube wall or obstacle face,
does not result in detonation initiation and the combustion wave propagates at a wabdigiow the

spee of sound in the productsagtflame propagation in the round tube is simildfiatstflame propagaon
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observed by Kellenberger and CiccardB] in a rectangular combustion channehere Schlieren

photography highlighted all of the above features
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Figure 4.3: Full-view video for a 6.5 kPa test with 50% BR, showing th&ast-flame regime filmed at 70,000 fps (Test 225)
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4.1.3.2SingleHot-Spot Wall Ignition Detonation

For test pressures between 7 and 15 &Ragle detonation kernel formatthe tube wall between
orifice plates.This pressure range corresponds td aefl 1.5 to 3.6 in the cylindrical channéligure4.4
shows the synchronized sidend eneview video images from a test run at 10 kPa. The-giel spans
one set of orifice plates, including the downstresdge of OP 8 (as md by the vertical white line) and
the upstreanfiace of OP 9 illuminated in Images 5a and 6a. Thevesd allows for the detonation front
to be tracked as it interacts with the orifice plate faceducing light that can be observed through the
Acrylic orifice plates down the length of the tube. Note the detonation wave cannot be observed in the core
of the orifice plates due to excessive light emitted by the combustion products over the length of the tube.
A bright spot (with accompanying arrow showitige propagation direction) indicates a detonation
initiation at the top wall of the tube in Image 2a, which grows radially in Image 3a. The detonation wave
collides with the top oDP 9first, as seen in Image 4a, and spreads down and around the o&fie Pl
upstream surfageas indicated by the progression of the bright area seen in Images 5a and 6a. This
progression around tlagifice plateface is seen in the erview and is marked by arrows in Images 4b, 5b
and 6b. Due to the curvature of the tubd! tie detonation wave is focused on the opposite side of the tube
from where it was initiated, producing the bright light associated with the eroded plastic from the bottom

of OP 9 in Image 6a.
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Figure 4.4: Video from a 10 kPa test with 50% BR (Test 86), filmed at 140,000 fps. Top: Sideew video with field-of-view between OP 8
and 9, wave propagation right to left; Bottom: Endview video
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This propagatioomodeis alsoc har act er i z e d 6bkehaviodrwher mptiompgintsroacur et
alternating diametrically opposite locatiom®wn the length of the tub&herefore, a ignition occurred at

the top of the tube between OP 8 andibwnin Figure4.4), one would expect that the wave transmitted
through OP 9 would be biased in strength to the bottom of the tube between the next set of orifice plates
(OP 9 and 10) and this would be the next ignition giteurved soot foil psitioned between OP 9 and 10,
provided inFigure4.5, confirmed that a detonation was initiated at a single point at the bottom of the tube
on the tube wall. The detonation initiation site is circled.

Whenanalyzingd ¢ u r feils subh as the onim Figure 4.5, it is important to remember that
although it was photographed after it was flattened, it was originally curved and installed between orifice
plates around the circumference of the tube walls. Tddlmbf the foil was installed at the top of the tube
and where the left and right edges wrap around and meet was installed at the bottom of Naeyutie
soot foil does not represent a snapshot at a given time, rather it provides a record d¢f takepaby a
detonation wavel he foil shows a single ignition site after OP 9, roughly at the bottom of the tube (indicated
by white circle).The two major triplgpoint trajectoriegindicated by arrowsarefollowed by a band of
very fine cell structureThe fine cell strature is caused by awverdriven detonation wave that propagates
through the compressed unburned gas between the decoupled shock an@itftasraooth major triple
point trajectory shows the position of the shock wave in time when sexvéry the transverse detonation
wave; and the irregular rear boundary of the fine cell region represents the position of the flame when

traversed by the detonation wave.
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Figure 4.5: Curved soot foil obtained for a 10 kPa test with 50% BR showing a single point of

detonation initiation (Test 86)

An overview ofthe&lapping wavépropagating down thentiresecand segment of the round tube
in a 15 kPa test is presentedhkigure 4.6. Due to the distance between the camera and experimental
apparatus, thdetonationnitiation siteson the tube wall and the propagation of the detonationndthe
obstacle facaredifficult to see However, the bright spots (highlighted by @ctles in Images 4, 10, 15,
21, 27, 33, 38, 43 and 49) whifdrm when the two fronts of the combustion wave collide after spreading
around the orifice plate, can be used to determine where ignition occurred. The bright spots form on the
tube wallopposte the hot-spot ignitionsite (i.e. in Image 33, where the bright spot forms on the bottom
the tube a hot spot would have formed at the top of the tube)

It is important to note that hajpot ignition in the slapping wave does not only occur on thartdp
bottom of the tubeThe slapping mode wasbserved irother configurationsuch asd s | a grpn tineg 6
front to back of the tubandat other anglesHoweverfor presentation purposdsis easiest to visualize

when detonation initiation occuasthetop and bottom of the tube.
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Figure 4.6: Side-view filmed at 300,000 fps, but only every fourth images presentedshown of the single wall hot spot ignition detonation
for a 15 kPa test with 506 BR (Test 192)
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Figure 4.7 showsa schematic othe observednechanism of a single wall hepot ignition
detonation As the detonation passes through the orifice plat@jls due to diffraction and the leading
shock (showrin black) decouples from the flame (shown in rddje detonation is not planar as it enters
and emerges from the orifice plate, and is biased in one direction (in the schematic, the detonation is first
biased towards the top of the tube as indicatechbyatrow). This directional bias influences the shock
strength and ultimately where detonation initiation occurs. For example, a detonation biased towards the
top of the tube will undergo the least diffraction towards the top of the tube, and therefemeckevill
be strongeghere Conversely, the detonation will undergo the greatest diffraction in the opposite direction
(in this case the bottom of the tube), resulting in the weakest shock and the largest separation distance
between the lead shock aft@methere

As the detonation diffracts, the leading shock collides with the tube wall and reflects, generating a
high reflected temperature and pressure. The shock reflects off the wall and propagates back into the
preheated region ohibburned gas betwa the leadinghock and flame. A single local explosion (indicated
by the red star at the top of the tubd-igure4.7c) is initiated within this higitemperature, higlpressure
region of unburned gas at the wall where the si®wskongesfthis isthe top of the tubi the schematjc

The detonation will spread, colliding first with the part of tihstacldace whichit is closest tdin
the case of the schematic, a detonation is initiated at the top of the tube firsli @otlide with the top of
the orifice platdacefirst). The detonation wave will spread aroundahifice platefaceand the two heads
of the detonation will collide at éhbottom of the orifice plate. The detonatiamich spreads radiallyyill
be bised towards the bottom of thebe as it passes through the next orifice plasein the mechanism
described above, the shock strength milv be greatest at the bottom of the tube and a detonation will be
initiated at a single point on the tube walltla¢ bottom of the tubd=or clarity in this twedimensional
sketch, detonatiorsreshown as initiating at the top and bottom of the tube but can occur in any opposite

directions in the tube.
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a o Detonation propagates
through orifice plate
N
b Detonation fails due to
diffraction
c Single hot-spot ignition on

the wall

Detonation propagates
through orifice plate

Detonation fails due to

e

diffraction

Single hot-spot ignition on
f the wall

Figure 4.7: Schematic showing single hot spot wall ignition detonation mechanism propagating

through the obstructed channel

4.1.3.3Multi-Hot-Spot Wall Ignition Detonation

Tests with mitial pressures between 20 and 45 kPa, yielded multiple detonation initiations along
the wall of the cylinder.This pressure range corresponds toavdiue of approximately 5 to 21 in the
cylindrical channel. Sidgiew video footage showing multiple detonation initiatjpmints (indicated by

white arrows) on the tube wall for a 40 kPa test is presenteidiime 4.8.
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Figure 4.8: Side-view video footage of a 40 kPa test with 50% BR showing multiple detonation
initiation points on the tube wall, filmed at 300,000 fps (Test 204)

A closeup ofdetonation initiation at multipledt-spots on the tube wall presented ifigure4.9,

which showfour sideview video images obtained for a 25 kPa test. In the first two images the detonation
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wave fails after passing through OP 8. After the decoupled shocklfeetved in the image) reflects off
the wall two hotspots formanddevelop into detonation waves (see arrows in Image 3). The exact location
of the detonation initiation on the wall is difficult to discern from the images, but it is clear that detonation
initiation occurs before shock reflection off the upstrdaoe of OP 9, which is just to the left of the field

of-view.

Figure 4.9: Images from a 25 kPa test with a 50% BR (Test 75) showing detation initiation from
two hot spots on the tube wall, filmed at 140,000 fps

A curved soot foil for a 40 kPa testigure4.10) shows a cellular pattern typical of wadiflection
initiation of multiple detonation wave#rrowson the foilmark the poirg of ignition. This foil is similar
to the foils obtained from tests performed by Ciccarelli and JGjs§he absence of cells immediately
after OP 9 indicates that the detonation faii®r the oifice platedue to diffraction. In this test, there
appears to be at leastur hot spots that form into detonation waves. The detonation cells can be seen

spreading from the detonatiamitiation sites
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Top of tube

detonation cells ‘ | Orifice Plate 10

Figure 4.10: A curved soot foil for 40 kPa test with 50% BR, showing multiple detonation initiation
points (Test 158)

The multirhot-spot wall ignition detonation mode is represented schematindfigure4.11. It is
similar © the single hespot wall ignitiondetonationmode, and the detonation fails after diffracting
through the orifice plate. The decoupled leading shock reflects on the tube wall, generating high
temperatures and pressurbsthe precompressed, unburnedgghetween the leading shock and flame,
these conditionfacilitatemultiple detonatiorinitiationson the tube wall. For clarity, only two detonations
are shown on the schemafan the top and bottom of the tube Wyahowever, detonationareinitiated

randomly at multiple points on the tube wall.
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Detonation propagation

DDA

Multiple detonation
initiations on tube wall

m

Figure 4.11: Schematic showing multihot spot wall ignition detonation propagation mechanism
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4.1.3.4Continuous Detonatiof601 60 kPa)

The continuous detonation rege is characterized by a detonation that does not fail along the
channel centerline. Thipropagation mode was observéa initial pressures greater than 50 kPa
corresponding to a/da 25 The sideview footageobtained for a 60 kPa tefst shown inFigure4.12,
filmed at 70,000 fpsBased on this video, the velocity of the detonation wave alonghdmenelcenterline
is 2614 + 86 m/s, with a standard detwan of only 24 m/s. As the detonation wave diffracts around the
orifice plate the expansion causes it to fail alongubecircumferenceso thata shock wave followed by

a flame reaches the tube wall. The interaction of the shock and flame withehedllis discussed later.

Figure 4.12: Side-view video footage of a 60 kPa test with 50% BR, filmed at 70,000 fps (Test 153)

A flat soot foilfor a 60 kPa tespresenteth Figure4.13, shows continuous cells across the channel
centerlire. The soot foil was installed vertically between two orifice plates along the channel centerline (as

shown inFigure 3.11) The cells along the centerlirfthe centrele is markedoy a dashed linejre a
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consistent size and pattern, indicating that the detonation does atarfigithe centerlingue to diffraction.
However, the significant velocity deficit relative to the CJ velocity (comparéuetguare channel ts),

seen inFigure4.2 at 60 kPa, indicates that the global curvature induced by the diffraction impacts the
velocity. The detonatiorncells outside the core, near the tube wall (seen at thenpottom of the foil),

are signiicantly largerthan those along the centreline. Moviagay from the corethe cell structure
becomes less defined aadentudly disappears, due to the decoupling of the detonation wave caused by

the more severdiffractionturning the corner around theface plate inneredge

Channel centreline

— D ———
Orifice Orifice

Plate 9 Plate 8

Figure 4.13: Vertical centreline soot foilinstalled for a 60 kPa test with 50% BR (Test 157). Circle
highlights where triple point interacts with tube wall.

A video captued for the same 60 kPa test in which the soot foil was generated (soot foil shown in
Figure4.13) is shown inFigure4.14. Filmed at 175,000 fps, the detonation is recorded propagating over
the vertical sot foil, such that only the front half of the channel is shown. In all the images, the combustion
front is very bright along the channel centreline, indicatingélgéon of highest temperaturghis bright,
high temperature regios generated bthe potion of the front which is @etonation(confirmed by the

presence of detonation cells in this regiofrigure4.13). The wave front is significantly less bright at the
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top and bottom of the channel (indicated by the arrows ag&) because the detonation has become

decoupled in this region (and therefore less heat is released).

Figure 4.14: Video of 60 kPa test with 50% BR recorded at 175,000 fps (Test 157). The soot foil
presented inFigure 4.13is installed vertically between OP 8 and 9, so the only the front half of the

channel is visible.

The assertionf a constant centerlingopagatiorvelocity is further supported by the tracking of
the detoation front along a narrofd5 mm high)slit at the channel centreline. The detonation front was
recorded aB00,000 fps and the velocity between each framemesssured according to Sectidmt.2to
determindf the velocity emained constant. A constant velocity indicates that the detomatasnot fail,
i.e., it propagatesontinuou$y. A velocity that is increasing and decreasing is consistent with a detonation
that is failing and rénitiating. Positiontime (x-t) diagrans were generated and a sample of opedsented
for a 60 kPdestin Figure4.15. The xaxis represents distance from the ignition end of the tube,-aris y
displays time in secondsach frame is 3.33 microsecorafsar). Thefield-of-view considered spans five
orifice plates (OP % 9) andthe 12.7 mm thick orifice plates appear as vertical black bahesvhite data
points represent the position measured and are overlaid on top of the video frame from which it was taken.
The linear relationship indicates a constant velocity of 2760 m/s along the centreline, with a standard
deviation of 100 m/sAfter the detonation front collides with the obstacle surface the reflected wave
(leading edge of thbright whitearea to the rightf the obstaclecan be observed propaiyat upstream.
After the detonationvave passes roughiyidspan between obstac|éise explosionfronts, originating at

the tube wall, can be seenteing the narrow slifield-of-view transversel towards the ceetline.
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Figure 4.15: x-t diagram generated showing constant velocity over a five obstacle fietd-view for a 60 kPatest with 50% BR (Test 137)
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For thesevery high initial pressure tests, when thdecoupled shock and flame interact with the
tube wall thedetonation is rénitiated at numerous siteghis is clearly seen in the image showrrigure
4.16, where equally spaced detonation kernels apipearing around thennerwall of the tube Because
of the perspective change over the camera-béldew, the kernels at the back part of the wall can also be
seen. It is believed that each kernel corresponds to the location where -pdimplérom the failed
detonation vave contacts the wghown in the circle ifrigure4.13), because the tripipoint corresponds
to the highest pressure and temperature along the shocklfrdfigure 4.14, two kernels can be seen
forming at the top and bottom of the tube (as indicated by the arrows in Image 3) and propagating forward

with the combustion front (indicated by the arrows in Image 4).

Figure 4.16: Still image from a 60 kPatest with 50% BR, showing ring of detonation 'bubbles’
forming on the tube wall, filmed at 70,000 fpgTest 139)

A soot foil placed on the tube wdlom a similar 60 kPa test is presentedrigure4.17. A series
ofsmalldark6 | obes6 are present around the entire foil
appear in the videdrine cell structurés not visiblein these dark lobes as would be expected if they were
the result of detonation initiatiohe vertical lires between the dark lobes (indicated by circldsgare
4.17) occurwhere the detonation kernels collide with each other. Since the decoupled flame follows closely
behind the lead shock wave there is very little compressedogdkef overdriven detonation wave to

propagate through towards the center of the tube. The detonation waves can propagate downstream into the
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uncompressed unburned gas, but again it is difficult to see cells in the dark bottom half of THe$ail.
detorations which would merge,do not influence thenain detonation front that propagates along the

centerline core

,‘Top'of,tube :

Figure417z A curved soot foil for a 59. 8 kP@esttl®st show

A schematic of the continuous detonation propagation mode is preserftéguia 4.18. The
portion of thedetonatiorwave along thehannekenterlinedoes not failwhile the outer portion decougle
before collision vith the tube wall The red flashes represent the DKErnelsoccurring in a ring on the

tube wallfar behind thecenterlinedetonation frontas seen ifrigure4.16).

Detonation propagation

Continuous detonation

N Nt N

Figure 4.18: Schematic showing continuous detonation propagation mode
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4.1.3.50bstacle Face Ignition Detonation

A transitory mode was observed betweerféiséflame regime and the single bgpot wall ignition
detonation regimePreliminary results indicated that this ntike a fourth mode of detonation propagation;
however, extending the cylindrical channel demonstrated that this was not a sustainable detonation
propagation mode.

Figure 4.19 showsframes from sideview video of a tet performedat 8 kPa, spanning Orifice
Plates 57 9. At 8 kPa a fastflame propagates in the lastgment of thesquare channelnd the wave
continuego propagate as a fasamein the round channel up to OP 6. Between OP 5 and 6, the flame is
barely visible untikthe reflected shock from treixth orifice platgsee Image 3) interacts with the flame in
Image 4. This is fastflame based on the definition that the reflection does not produce a local detonation
wave. After OP 6 there is a transition in the propagathechanism where a detonation is initiated at the
obstacle face following shock reflection, producing the bright light on the obstacle face seen in2mages
6 and 9In Image 6the faint detonation wave (shaped as a tdaugsiblecoming off theface of theeighth
orifice plate

Over the course of a few obstacles, the propagation mode transitions from igniting upon reflection
with the obstacle facéo the single hespot wall ignition detonation propagation mode outlined in Section
4.1.3.2 The length of time to transition depends on the initial pressure of the test, where lower initial

pressures take longer to transition.
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Figure 4.19: Images of combustion front propagting from right to left for an 8 kPa test (Test 56), captured at 70,000 fps. The camera is
centered on OP 7, as a result the righftace of obstacles 8 and 9 can be seen when illuminated by ignition caused by shock reflection as in

image 6 and 9. The brighwhite tiny spots seen are burning particles of plastic eroded from the inside surface of the orifice plates.
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The soot foil record obtained on the tube wall between OP 9Ciiod & similar 8 kPa test is shown
in Figure4.20. The presence of very fine cells just before OP 10 is characteristic of a detonation initiated
following shock reflection off the orifice plate face. The detonation propagates back towards OP 9 until it
reaches the flame, at which point tedlular structure disappears. The absence of cells immediately after
OP 9 indicates the detonation does not survive the diffraction after passing through the orifice plate. This
behavior is similar to the detonation initiation on the obstacle face dsécuent failure observed in the

rectangular channel for the same blockage ratio for initial pressures between 10 an¢B820 kPa

direction

l Propagation ' 5 Top of tube Orifice Plate 9

Detonation ells | Orifice Plate 10

Figure 4.20: Curved soot foil obtained for an8 kPa test with 50% BR (Test 89)

Figure4.21 shows a schematic of theroposed mechanism for obstacle face ignition detonation.
As the detonation progresses through the orifice plate, the detonation fails due to diffractiog aaus
decoupling of the leading shock (shown in black) and flame (shown in red) as Séguré#.21b. As the
leading shock reflects off the obstacle face, the temperature and pressure rise in the region of unburned gas
betweerthe leading shock and flame. The increased temperature and piesssgedetonation initiation

to occur on the obstacle face.
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a) Detonation propagation
Detonation failure due to

b) diffraction
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obstacle face

Figure 4.21: Schematic showing obstacle face ignition detonaticedaptedfrom [43]

4.2 75% Blockage RatioResults

This section summarizes the results obtained ulieg75%BR orifice plates in the cylindrical
channel. These orifice plates have the same obstacle opening (d = 3.81 cm) as {typdenlesacles in
the square channdbut a higher blockage ratio (75% in the round tube compared to 50% in the square

channel) Tests were performedt initial pressures betweerkPa and 60 kPa.

4.2.1SteadyState Tests

A series of tests were conducted uerify that steadystate behaviour was observed in the
preliminary(onesegment round tubé@sts. Combustion wave propagation was observed down the length
of the entire cylindrical channel and recorded at a speed of 300,000 fps. These videos were used to generate
velocity profiles for each initial pressure, as outlined in Sec8gh2 and to characterize changes in
propagation modes, as seen in Secfi@n3.6

A summary plot of these velocity profiles is peated irFigure4.22. For clarity, only a selection

of results are showThe speed of sound in the combustion products and the CJ detonation velocity were
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averaged over the pressure range and plotted for reference. The dadivadl line on the plot indicates

the end of the first segment of the cylindrical channel. Error bars are not shown on the plot for clarity, but
each velocity has an associated error ranging from approximately + 50 m/s for the lower pressutie tests (4
35kPa)andup to approximately £ 250 m/s for the very high pressure testfulllassociated error analysis

is presented in AppendB. The velocity point plotted at an obstacle number represents the average velocity
between that OP and the previous O®. the data point at OP 10 represents the average velocity between
OP 9 and 10). The average velodityhe last segment of the square channel (measured accar&iegtion

3.3.)) is plotted as a square marker at Obstacler @4dch pressure.
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Figure 4.22: Plot of combustion front velocity profiles along the entire cylindrical channel for various

initial pressures (BR=0.75)
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Based solely on the measured velocities predenteéigure4.22, the combustion wave propagation
in the round tub@nd square channehn be classified as follows.

1 For initial pressures between 4 and 10 kPfasaflame emerged from the square channel
and continued to propatgathrough the cylindrical channel agastflame, i.e., the flame
propagated below the speed of sound at a steady velocity of approximately 10B6rm/s.
this pressure rangthe preliminary tests are representative of stestate behaviour.

1 Atinitial pressures between kPa (not shownand 35 kPa, a detonation emerged from
the square channel, but quickly transitioned tas&flame (within 2 or 3 obstacles) which
continued to propagate through the cylindrical chanRel. this pressure rangéhe
prdiminary tests produced a steady propagating wave.

1 Forinitial pressures between 40 attikPa, a detonation emerged from the square channel
and quickly transitioned tofastflame. Thefastflame propagated down the length of the
first half of the chanreand partly through the second where DDT occurred. For this range
of pressures, the preliminary tests are not representative of stiedel\pehaviour as the
shorter channel only captured the inifedtflame propagation.

9 For initial pressures betwe&® and 60 kPa, a quadétonation was transmitted from the
square channel and continued to propagate through the round tube. Adeqoastion
behaviour was immediately observed in the round tube, the preliminary tests produced
steady state propagatioorfthis pressure range.

In summary, these tests demonstrated that experiments completed hsethment channel at
initial pressures between 40 kPa and 50 kPa do not provide an accurate representation of tbiatsteady

propagation mode.

4.2.2Comparison of Cylindrical and Square Channel Combustion Front Velocities
Figure4.23 presents a plot dheaverage combustion front velocayg a function of initial pressure
in the square (BR=0.5) and cylindrical channels (BR=0.75). The aveoagaustion front velocity in the
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square and cylindrical channels was determined accordiSgdtions3.3.1and3.4.2 respectively. For
each test, there are two velocities plotted: one in theregtimnnel and one in the round channel. For
transparency, the round channel tests completed in thedggment cylindrical channel and the steady one

segment cylindrical test results (less than 35 kPa and greater than 50 kPa) are plotted separately.
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Figure 4.23: Plot of average combustion front velocity as a function of initial pressure for5% BR

in the cylindrical channeland 50% BR in the square channel

According to the classical definition dfe detonation limi¢an average propagation velocity greater
than the products speed of sourtdg limit is 40 kPain the cylindrical channel and is 10 kPa in the square
channel These limits are indicated by vertical dashed lineSigure4.23. As the cylindrical and square
channels have the same opening (d = 3.81 cm), they both have the samiefor any given initial

pressure. The detonation limit in the square channel (10 kPa) correspondsdbdB&l(the same as the
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50% BR tests reported in &mon 4.1.2, but the detonation limit in the cylindrical channel (40 kPa)
corresponds to a a/f 14.3. The detonation limit in the cylindrical channel is significantly larger than
P e r a | adil oriteriod[3]. Although it was shown ifiL1] that the critical ddratio for DDT increased
with blockage ratio, the detonation limit found experimentally exceeded ¢ d3 criterion for the
critical tube diameter.

For test@ 5% 0k @gEnértethhasidetonations (combustion waves propagating
between the CJ detonation velocity and the products speed of sound), there destiirgestvariations
andthe measured average veites fall well below the CJ detonation value. Comparably, at 60 kPa, the
testto-test variation and the CJ detonation velocity deficit are small. A higher propagation velocity was
observed in the last segment of the square channel than in the cyliodénakl. As in the 50% BR tests,
this islikely due to 2D diffraction aroundobstacles in the square channel afd @iffraction through the
orifice platesn the cylindrical channel.

Thefastflame propagation velocity was comparable in both channeés (be pressure range of
9 and 10 kPa) which is consistent with the results from the 50% BR tests. This can be attributed to the fact
that fast flame propagation is unaffected by diffraction, and is governed by-fifumekinteractions that

develop from shck reflections, as shown [8].

4.2.3 Propagation Modesin the Cylindrical Channel

The video footage was used, in conjunction with soot foils for some tests, to observe and classify
combustion wave propagation in the cylindridahonel. At initial pressures less than 35 kPfasgflame
was observed. Unlike in the 50% BR tests, there was a high degree of variability huletoasition
propagation modes occurring at a given initial pressure and even within the same test. Tdé¢hecee
guastdetonation propagation modes observed: obstacle face ignition detonasi@b (Pa), single het
spot wall ignition detonation (R40 kPa), and multi hegpot wall ignition detonation (the dominant mode
for 50 kPaXXpP: 60 kPa). A fourth interesting phenomenon was observed for initial pressures between 20

and 35 kPa, where igion occurred at local hegpots which formed far behind the flame front and lead
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shock. The continuous detonation mode was not observed, as pressures greater than 60 kPa were not tested
due to the pressure constraints of the round tube. Due to theiltgriabvave propagation mode down

the length of the tube, the soot foil method was not used for pressures below 50 kPa.

4.2.3.1FastFlameRegime

A propagatingdastflame was observed for initial pressures between 4 kPa and 35 kPa, where 35
kPa corresponds todla-of 10in the cylindrical channel. Thiastflame regime is characterized by the
absence of DDT and an average combustion front velocity in the ~1000 m/s range. Experimentally, the
average flame propagation velocity ranged from 760 m/s to 1090 m/sdilegen initial pressure, with
the highest average propagation velocity occurring at 35 kPa.

Figure4.24 shows a video sequence of a 15 kPa test, recorded at 70,000 fps. In Imadast, the
flame enters the fieldf-view, emergng from the fourteenth orifice plate. The flamé&aigt between orifice
plates, (as seen in Images 2, 3, 6, 7, 8, 11, 12, 13, 16, 17 and 18) but becomes brighter when the lead shock
(not visible) reflects off thepstream face of therifice plate.A detaation is not initiated at any point in
the video. hefastflame regime observddr the 75% BR tests very similar to the one observed in the
50% BR tests antkported iN8]. The characteristic bright spots formed by timplosion of the reflected

shock observed if#] and in the 50% BR tests are visible in the 75% BR tests.
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Figure 4.24: Side-view footage filmed at 70,000 fps for a 15 kPa tegtith 75% BR showingfast-flame propagation (Test 270)
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4.2.3.20bstacle Face Ignition Detonation

The obstacle face ignition detonatiorode, characterized by detonations initiated at the obstacle
face, was the dominant mourethelower pressure tests. This pressrange (35 40 kPa) corresponds to
a de-of 10 to 14 although detonations were initiated at the obstacle face at test pressures of up to 55 kPa
Figure4.25 showsvideo captured at 70,000 fps duriagO kPa test. The obstacle face is illuminated when
the leading shdccollides with the orifice plate and a detonation is initiated (as seen in Images 3, 6 and 12).
The detonationdils due to diffraction as it passeémsough the orifice plate and a fdktme propagates to
the next orifice plateDetonation failure due tdiffraction occurs at each orifice plate the field-of-view
except betwee®P 16 and OP 1Where thenteraction of the fastame with OP 16 produces a detonation
wave that successfully propagates to OPThis was establishelsased on the highly visie and quasi
planar wave observed in Image 8, and the high propagation veloajppaiximately 2530 m/§ his video
highlights the varition in propagation modes for the 75% BR orifice plaié®e detonation wave initiated
at anobstacle face sometimsarvived diffraction through the orifice plate and continued as a detonation
to the next orifice plateabehaviouwhichwas also observed in a square cha{8jeParameters affecting
this are the strength and angle of theck wave reflecting off the orifice plate.

The average combustion front velocity for this test, taken over thedielidw between OP 1%
18, is approximately 1030 m/s. This velocity is below pineductsspeed of sound for a stoichiometric
hydrogeroxygen mixture at an initial pressure of 40 kiRhich is approximately 1425 mi/& characteristic
of obstacle face ignition detonations is that this propagation mode does not increase the average combustion
front velocity above the speed of sound. Accordimghe conventional detonation limit definition, this
mode would not be classified as a qe@eionation, although detonation initiatiand propagation did
occur.Based on the velocity data igure4.23, 40 kPa corresponds the detonation limit, where other

tests at this pressure produced qutgonations.
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Figure 4.25: Side-view video captured at 70,000 fps for a 40 kPa test with 75% BR showing obstacle face ignition (T&4T)
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The obstacle face ignition mode is shown at a higher framing rate of 300,000 fps for a 45 kPa test
in Figure4.26. A detonation is initiated at a single point on the orifice plate at the bottom of the tube (as
indicated by tk arrow in Image 3). The two fronts of the detonation (shown by the arrows in Images 4 and
5) subsequently spread around the orifice plate t@yimeet (shown in Imagesi4l3). The wave travels
half the circumference of the inndiameter of the tub@onsidering that it is propagating in two directions).

By dividing this distance by the time elapsed, it was determined that the wave was travelling at
approximately 3270 m/s, confirming thatitas an overdriven detonation (the CJ detonation velocitysat

initial pressure is 2790 m/s). This velocity is greater than the CJ detonation velocity because the region of

\l
i
.
t
'

unburned gas it is travelling through is at an elevated temperature and pressure.

- ™

Figure 4.26: Obstacle face ignition initiated at a single point for a 45 kPa test with 75% BR filmed at
300,000 fpqTest 242)
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A soot foil was used to confirm that the bright light generated at the orifice plate is associated with
detonation initiation followingshock reflection. A soot foil obtained from a 50 kPa test, shovirigiare
4.27, shows that ignition occurs off the orifice plate face. The presence of detonation cells;ugpadbse
which is presented in the bottom imageFajure4.27, immediately before Orifice Plate 10 indicates that
the detonation was initiated following reflection of the lead shock on the obstacle face. It is believed that

the marks at the top of the foil are due to condensatarmulatingin the tube after the test was run.

TOrifice Plate 9

fine detonation cells lOrifice Plate 10

Figure 4.27: Top: Curved foil obtained for a 50 kPa test with 75% BR installed between OP 9 and
10 showing detonation initiation off the obstacle (Test 1) Bottom: Closeup of the foil showing the

very fine detonation cell structure

This detonation initiation modis similar to the transitory obstacle face detonation initiation mode
seen in the 50% BR tests, except that at 75% BR it was shown to baiaahlstmode. Shock reflection
on the obstacle face generated a high reflected shock temperature and pressure and a local explosion is
generated at the obstacle face.
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Just as detonatiorare initiated at a single site or multiple sites on the tube waitpmhation
initiation alsooccuredat multiple sites on the orifice platéigure4.28 shows detonations being initiated
in at least three points on OP 17 for a 55 kPa test, filmed at 300,000 fps. The detonations, shown forming
in Image 3, expand and propagate backwards towards OP 16 in the region of heated, unburned gas between
the lead shock and flame. As detonations grow radially, the three detonations simultaneously spread around
the orifice plate and merge, eventually illunting the entire face of the orifice plate in ImageThe
detonation initiation observed in Images 3 and 1Rigure4.25 (recorded at 70,000 fpfikely started at

multiple sites.

Figure 4.28: Video captured for a 55 kPa test with 75% BR showing detonation being initiated at

multiple sites on the obstacle face (Test 243)
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A closeup of detonation formation on the orifice plate is presentddgure4.29, a sequence of
images filmed at 175,000 fps for a 50 kPa test. The images show a detonation kernel forming on the orifice
plate and spreading backwards in the unburned gas in the opposite direction of overall detonation
propagation. The bright light oihe inner edge of the orifice plate shown in Image 5, indicates when the
lead shock first collided with the orifice plate. In Image 6, a detonation kernel (indicated by an arrow) has

formed and growsas showiin Image 7. The detonation kernel spreads liratckthe unburned gas towards

Orifice Plate 7.

Figure 4.29: Side-view footage filmed at 175,000 fps for a 50.1 kPa test with 75% BR (Test 115)
showing a detonation forming onOP 8

4.2.3.3SingleHot-Spot Wall Ignition Detonation

As observed in 50% BR tesig, the 75% BR configuratiodetonationavereinitiated at a single
hotspot on the tube wallhis mode was observéat initial pressures of 40 kPa ahijher, where 40 kPa

corresponds to a@£ 14 This mode is shown for a 50 kPa tesFigure4.30, filmed at 175,000 fps. In
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Image 4, a single detonation kernel (indicated by the arrow) forms anlthevall near thbottom of the

tube. The detonatiokernel grows radially, as indicated by the arrows in Image 5. As in the 50% BR tests,
the detonation wave collides with the bottom of the orifice plate first, (indicated by the portion of the orifice
plates illuminated in Image 6). The two parts of theodation front spread around the orifice plate face,

shown in Image 7, and meet at the top of the orifice plate forming a very bright spot in Image 8.

%
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Figure 4.30: Side-view video footaye captured between OP and for a 50 kPa test with 75% BR
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showing a single point of detonation initiation on the tube wall (Test 117)

A soot foil corresponding to a similar 50 kPa test is presentEdjime4.31. The curved foil was
installed betweerifice Plates 9 and 10The absence of cells immediately following OP 9 indicates that
the detonation failed due to diffraction around the orifice plEbe detonation was initiateat a single
point on the wall, inttated byanarrow, and spreaith a triangular pattern towards Orifice Plate 10. The
triangular pattern islearlyfilled with detonation cell®n the physical fojlalthough they are difficult to
see in the photograph. Thisasimilar behavioto thatobservedn [6] and observed for the singh®t spot

wall ignition mode seen at the 50% blockage ratio. However, uinlittee 50% blockage ratio tests or the
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experiments conductéx [6], there isalso a band of detonation cells that run around the outside of the peak
(labelled detonation cells on the image) and immediately before Orifice Plate 10. This suggests that another

detonation may also have been initiated upon refleétn the orifice pates.

detonation cells A , gt lOrifice Plate 10

Figure 4.31: Curved soot foil obtained for a 50 kPa test with 7% BR installed between Orifice Plates
9 and 10 showing detonation initiation from a single point on the wall (Test 106)

Interestingly the slapping wave pattern of alternating ignition points was not observed for the 75%
blockage ratio tests. One explanation for this is that since there are several different detonation initiation

modes occurring for the same test it is diffi¢ar thewave to lock into a singlmode.

4.2.3.4Multi Hot-Spot Wall Ignition Detonation

At very high initial pressures (5060 kPa), detonation initiation occurred at multiple-spots on
the tube wall. This high pressure range corresponded &oh B8 at 50 kPandto 27at 60 kPa. The video
filmed at 70,000 fps for a 55 kPa tessi®wnin Figure4.32. Detonations were initiateafter every orifice
plate as seen in Images 3, 5 and 7; however, there are an insufficigmr of frames to resolve the exact
site of each detonatiomitiation. In Image 9, as indicated by the white arrows, detonations are initiated at
two points at the top and bottom of the tube between OP 8 and 9. The imageespmsad as the neutral

density filter was not used for thigrticulartest.
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Figure 4.32 Side-view video of a 55 kPa test with 75% BR showing multiple ignition points on the
wall, filmed at 70,000 fps (Test 114)

Video captued at a higher frame rate (300,000 fps) fovthers55 kPa test is shown Figure4.33.
Between OP 12 and 13 detonations are initiated at two distinspbtt as indicated by the white arrows
in Image 9. The detonations iniia at these hetpots merge to form a single detonation in Image 10. In
Image 8 and 9 the combustion front can be clearly seen ahead of the detonations, but byl image 1

detonation has overtaken the combustion front.
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Figure 4.33: Side-view video from a 55 kPa test with 75% BR, filmed at 300,000 fps (Test 243)

As seen inFigure 4.33, the detommdi bastbBbeatombusti on fr ol
detonation propagatiospeed. However, in ¢tpressure rangleeing consideredetonations alsappeared
to be initiated at multiple points on the tube wall behind the combustion front and therefore may not have
influenced the overall propagation speBétonation initiation bleind the detonation frors captured in
the sideview video recorded at 70,000 fps for a 60 kPa test, showigimre4.34. After the detonation
wave passes through OP 6 (shown in Image 3), a single detonation kernel formiibe thall indicated
by the arrow in Image 4. The video does not have a sufficient frame rate to show the kernel growing. In

Image 6, multiple detonation kernels form on the tube wall. This video sequence also emphasizes that there
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is not a single detonatn propagation modedetonations may be initiated at a single point between a pair

of orifice plates, such as in Image 4, and at multiple points just one obstacle pair later (as seen in Image 6).

Figure 4.34: Side-view video for a 60 kPa test with 75% BRcaptured at 70,000 fps (Test 99)

To better understand the detonatimitiation mechanisma closeup of detonation initiation
occurring on the wall for a 60 kPa test was filmed at 175,000 fps anesismped ifFigure4.35. The fifth
image ofFigure4.35 is similar to the sixth image d¥igure 4.34, showing multiple detonation kernels
forming on the wall. Image 1 shows theatetion wave emerging from the seventh orifice plate into the
field-of-view and propagating towards the eighth orifice plates in Images 2 and 3. The detonation wave is
travelling at velocity of approximately 240@®700 m/s along the centerline, indicatiat the detonation
has not failed. Multiple detonation kernels form on the tube wall near the eighth orifice plate, as shown in

Image 5. The detonation kernels are no longer visible in the sixth image as they have run into the region of
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burned gas. Itsibelieved that the ring of detonation kernels do not contribute to the centreline velocity and

are similar to the detonation bubbles observed in the continuous detonation mode for the 50% BR.

Figure 4.35: Closeup of a 60 kPa test with 75% BR showing multiple detonatiommitiation points on
the all, filmed at 175,000 fps between Orifice Plates 7 and(8est 105)

A curvedsoot foil (shown inFigure4.36) was instded forthe 60 kPa testhown inthe videcabove
(Figure4.35). Thefield-of-view for thevideo shown inFigure4.35 wasbetween OP 7 and OPa®idthe
soot foil was positioned between OP 9 and 10. Theeeah least six detonation kernels that form
i mmedi ately before OP 10, i ndi cat ed Ings (cactedip ws . Th
red) etched in the sqathich are generated from strong shocks colliding with the tube wall. This goot fo

is similar to the soot foil obtained for the 60 kPa test (continuous detonation mode) with the 50% BR. It
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does not have the characteristic peaks seen on the foils obtained for the ragttheall ignition mode

at the 50% BR oin [6].

T Orifice Plate’9

detonation cells lOrifice Plate 1(

Figure 4.36. Curved soot foil for 60 kPa test with 75% BR showing multiple detonation initiation
points (Test 105)

Although there wee instances where the detonation did aygpearto fail between an individual
pair of orifice plates, this detonation mode was not classified as a continuous detonation mode because of
the variability in detonatiotnitiation modes (i.e. a detonation dibt propagate continuously down the
length of tle cylindrical channel)A flat soot foil was installedt the channel centrelifier a 60 kPa test to
confirm that a detonatiowas notcontinuouslypropagatingoetween orifce platesThere are detonation
cdls on the right side of the flat foil (shown ligure4.37), as the detonation which is propagating right to
left emerges from the fourteenth orifice plate. Howetresre are no detonation cells on the left side of the
foil (shown in the circle)indicating hat the detonation completely failed alomg tchannel centreline
between orifice platesike the centreline foils obtained for continuous detonation propagation in%e 50
BR tests (example provided figure4.13), thecell structuras lostat the top and bottom of the fewhere
the detonation fails due to diffractiofill that remains are parallel triplgoint lines that approach the tube
wall. It is believedhatthe collision of these triptpoints with thewall are responsible for the detonation

kernels observed in the videad the fine cells inside of the domes in Figure 4.36
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Figure 4.37: A centreline soot foil installed vertically between OP 14rad 15 for a 60 kPa test with
75% BR (Test 278)

Video corresponding tthe foil presented ifrigure4.37 is shownin Figure4.38. The video was
recorded between the fouetrgth and fifteenth orifice plates (the sapar of orifice plates whiclhe foil
was installed betweerBecausehe soot foil was installed verticalbetweerthe platespnly the fronthalf
of the channel is visible in the videbhe video is brightettan similar videos recorded withousaot foil
as the soot incandesces generating additional light.

In the first imagef Figure4.38, the detonatiowave is shown emergirigpm thefourteenthorifice
plate. Most of the combustion frontis very bright The brightness provides a relative measure of
temperature, where the highest temperature region occurs where a detonation is profégakiright,
high-temperature region of the combustion front is a detona®oonfirmed by thpresence of detonation
cells at the correspondinigpcationon thefoil shown inFigure4.37. As the detonation wave propagates
towards the fifteenth orifice platthe detonation begirfailing at the tube wallas seen by theorrugated
front (indicatedby arrows in Images 2 and 3). In Images 2 andhé&,combuation front is brighteat the
channel centerlinéwhere a detonation is propagafirthan at the tube walls (where the detonation has

failed). The triargular pattern of detonation cells on the foil indicates that the detonation fails at the tube
10z









































































































