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Overarching	objectives

• Objective	1:
Develop	a	comprehensive	understanding	of	injector	dynamics,	
coupling	with	diffuser	back-reflections,	and	their	impact	on	RDE	
mixing,	operation	and	performance.

• Objective	2:
Develop	a	comprehensive	understanding	of	multi-component	fuels	
(syngas	and	hydrocarbon	blends)	on	RDE	detonation	structure	and	
propagation,	operation	and	performance.	

• Objective	3:
Develop	advanced	diagnostics	and	predictive	computational	models	
for	studying	detonation	propagation	in	RDEs,	with	arbitrary	fuel	
composition	and	flow	configuration.
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Expected	outcomes:	RDE	physics	advancements

• Outcome	1:
Fundamental	physical	understanding	of	detonation-induced	
dynamics	of	practical	injection	systems:
– Coupling	with	diffuser	geometry;	
– Their	effect	on	RDE	mixing,	detonation	structure,	operability	and	performance.

• Outcome	2:
Fundamental	physical	understanding	of	multicomponent	fuel	
(MCF)	chemistry	effects:
–Detonation	wave	structure	and	propagation
– RDE	operability	and	performance;	
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Expected	outcomes:	RDE	methods	advancements

• Outcome	3:
Detailed	experimental	measurements	under	various	injection	
schemes	and	MCFs	
– RDE	performance	and	detonation	structure
• Creation	of	experimental	databases

–MCFs	representative	of	syngas	and	natural	gas	characterized	by	a	range	of	
detonability properties,	ignition	delays	and	Wobbe index
• Relevance	to	DOE	and	industry	programs

• Outcome	4:
Computationally	efficient	detonation	models	for	MCFs	for	use	with	
DNS/LES	modeling	of	detonations	in	relevant	full-system	RDEs	
under	practical	MCFs
– Implementation	into	open-source	platforms;	e.g.,	openFoam
– Transfer	of	detonation	computational	models	to	industry
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ADVANCING	PHYSICAL	UNDERSTANDING	OF:
MIXING

OPERABILITY
PERFORMANCE

Objectives	and	tasks	
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Fuel	injection	dynamics	and	composition	effects
on	RDE	performance

Objective	1
Develop	a	comprehensive	understanding	

of	injector	dynamics,	coupling	with	
diffuser	back-reflections,	and	their	impact	

on	RDE	mixing,	operation	and	
performance

Task	 2.2
Investigate	how	low	loss	injector	

dynamics	affects	detonation	mixing	and	
structure	in	optical	RDE	using	laser	

diagnostics

Task	 2.1
Experimental	study	of	low	loss	injector	

dynamics,	their	coupling	with	detonation	
and	exhaust	diffuser	dynamics,	and	their	

effects	 on	RDE	operability	and	
performance

Objective	2
Develop	a	comprehensive	understanding	
of	MCF	(syngas	 and	hydrocarbon	blends)	

on	RDE	detonation	structure	and	
propagation,	operation	and	performance

Task	 3.2
DNS	studies	of	detonation	structure	in	

multicomponent	fuels

Task	 3.1
Experimental	study	of	RDE	detonation	
properties	and	performance	with	
hydrocarbon	MCFs	in	optical	RDE

Objective	3
Develop	advanced	diagnostics	and	
predictive	computational	models	for	

studying	detonation	propagation	in	RDEs,	
with	arbitrary	fuel	composition	and	flow	

configuration

Task	 4.2
Development	of	structure-based	model	
of	detonation	waves	in	stratified	mixtures	
with	arbitrary	multicomponent	fuels

Task	 4.1
Development	of	laser	diagnostics	for	the	
study	of	detonation	waves	in	optical	RDE	

under	relevant	conditions

Task	 2.3
Full-system	simulation	of	coupled	

dynamics	of	air/fuel	injector,	detonation	
and	exhaust	diffuser	and	their	effect	on	

RDE	operation

Task	 3.3
Conduct	LES	analysis	of	RDE	

configurations	to	understand	the	effect	of	
multicomponent	fuels	on	performance

RDE	INJECTOR	
DYNAMICS

MULTICOMPONENT	
FUELS

METHODS	
DEVELOPMENT



Task Description Start Finish 2017

Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4 Q1 Q2 Q3 Q4

1.0 Project meeting and planning 10/17 9/20

1.1 Project meetings and progress reports 10/17 9/20

2.0 Study of the effects of low loss injector dynamics on detonation mixing and structure, 
and RDE operability and performance

10/17 9/20

2.1 Experimental study of low loss injector dynamics, their coupling with detonation and 
exhaust diffuser dynamics, and their effects on RDE operability and performance

10/17 3/19

2.2 Investigate how low loss injector dynamics affects detonation mixing and structure in 
optical RDE using laser diagnostics

4/18 3/20

2.3 Full-system simulation of coupled dynamics of air/fuel injector, detonation and exhaust 
diffuser and their effect on RDE operation

10/18 9/20

3.0 Study of the effects of relevant multicomponent hydrocarbon fuels on detonation 
structure, RDE operability and performance

4/18 9/20

3.1 Experimental study of RDE detonation properties and performance with hydrocarbon 
MCFs in optical RDE

10/18 9/20

3.2 DNS studies of detonation structure in multicomponent fuels 4/18 9/19

3.3 Conduct LES analysis of RDE configurations to understand the effect of 
multicomponent fuels on performance

10/18 9/20

4.0 Develop advanced diagnostics and structure-based detonation models for 
multicomponent fuels

10/17 9/20

4.1 Development of advanced laser diagnostics for the study of detonation waves in optical 
RDE under relevant conditions

10/17 9/19

4.3 Development of structure-based model of detonation waves in stratified mixtures with 
arbitrary multicomponent fuels

10/17 3/19

2018 2019 2020

Timeline	of	the	project
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Overview	of	RDE	operation	and	Pressure	Gain	(PG)	
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2 M. Hishida et al.

Fig. 1 A rotating detonation engine and its two-dimensional CFD
model

primary purpose of the present study is (1) to run a stably
propagating detonation, (2) to describe interesting physical
phenomena and (3) to discuss whether the rotating detona-
tion engine is realistic in application to thrusters or power
generators.

Assuming that the distance between the two coaxial cylin-
ders is much smaller than their diameters and that the dia-
meter is not too small to create a strong centrifugal force to
the flow, the flowfield can be approximated as a plane two-
dimensional area 200 mm × 200 mm, as shown in Fig. 1b.
Except that the upstream and downstream conditions are
identical to the cylindrical flow, the upper and lower sides
are connected by periodic boundary conditions.

2.1 Boundary conditions

Modeling of the boundary conditions is one of the most
important issues in the present analysis. In view of the existing

experiments, the boundary conditions are set to be as simple
as possible to make the analysis easy, without losing general
characters and holding consistency with Euler Equations and
a part of experimental conditions.

(a) The inflow condition is set up as follows: At t = 0,
the reservoir pressure and temperature are adjusted to
give a specified Mach number in the fictitious uniform
region (the pressure 0.2 MPa, the temperature 300 K)
in the quiescent toroidal area, after choking and sub-
sequent isentropic expansion prevail. For this adjusted
reservoir condition, at t>0 after a real rotating detona-
tion has started running, the injection velocity is decided
at each azimuthal location by its local pressure, depen-
ding upon where the place is along the azimuthal axis.
(i) Immediately behind the detonation front, the pres-
sure is usually higher than the reservoir pressure; in
such circumstances the injection velocity is assumed
zero. (ii) Far from the detonation front, the pressure
could be lower than the choking value; then the injection
velocity is given by the choking condition. (iii) In the
intermediate region where the pressure is between the
reservoir and choking ones, the injection velocity is cal-
culated by the isentropic expansion from the reservoir
condition.

(b) The reservoir condition: The reservoir condition is assu-
med unaffected by the downstream condition, staying
constant throughout the analysis. In reality a reverse
flow into the reservoir can happen when the flowfield
pressure exceeds the reservoir one, which certainly
necessitates taking account of modeling a large size of
reservoir area. In the present modeling, however, such
phenomenon is not included to simplify the analysis.

(c) The headwall temperature: Due to constant exposure to
a hot burnt gas behind the detonation front, the headwall
temperature can be high, supplying a heated unburnt
mixture flow even if it is cooled to some extent by cold
fuel from the reservoir. This phenomenon is not consi-
dered in order to be consistent with the use of Euler
Equations.

(d) Thus, the entire flowfield is initially filled with an
Ar-diluted oxyhydrogen mixture (2H2 + O2 + 7Ar)
at P1 = 0.2 MPa and T1 = 300 K, except near the
head wall region where an azimuthally propagating
C–J detonation wavelet is artificially placed assuming
its structure identical to a 1-dimensional detonation. The
headwall boundary is considered nonslip, adiabatic and
non-catalytic.

(e) At exit plane: The specific pressure boundary condi-
tion is used where no other constraints are imposed
on the flow properties because the outgoing flow is
known to be always supersonic for a steady rotating
detonation.
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the combustion chamber, and is exhausted out the far end of the combustion chamber. Similar to the
PDE, the RDE has the advantage of being operated under a wide range of conditions and Mach numbers.
Unlike the PDE, it does not have to refill and initiate a detonation 20 to 100 times every second, and it
also provides a steady source of thrust, and so may be an attractive alternative to the PDE. The RDE
does have technical challenges. For instance, at start-up, a detonation wave must be initiated in a single
direction, whereas most initiators will propagate a detonation wave in both directions from the initiation
site. Also, since the detonation wave continually runs near the head-end section of the combustion
chamber, the inlet micro-nozzles are subjected to intense pressures and temperatures which may limit
their life, or cause back flow into the premixture plenum. Conditions within the combustion chamber,
too, are less well understood than conditions within a PDE, so that designing a combustion chamber to
withstand the forces and heat-fluxes typical in an RDE may be more problematic.

The feasibility of RDE has been experimentally shown at the Lavrentyev Institute of Hydrodynamics2.
Additionally, there have recently been several numerical investigations into RDE’s3,4,5. These investiga-
tions have typically been two-dimensional, although preliminary three-dimensional results have also been
demonstrated5. These numerical studies have focused on an overall description of the flow-field within an
RDE combustion chamber. We have developed a similar code for simulating two-dimensional and three-
dimensional RDE combustion chambers using the same algorithms that have been applied very success-
fully to our PDE and of our general detonation research6−12. This paper focuses on some preliminary
results using this model and numerical algorithms to give a better idea of the flow-field within an RDE,
especially near the inlet and exit planes.

II. RDE Description

A basic RDE is shown in Figure 1. The com-
bustion chamber is an annular ring, where the
mean direction of flow is from the head end
(bottom in figure) to the exit plane (top). For a
propulsive engine, a nozzle would be fixed to the
exit plane, however, this is not incorporated into
our model. The micro-nozzles flow in a premixture
of fuel and air or oxygen, and a detonation propa-
gates circumferentially around the combustion
chamber consuming the freshly injected mixture.
The gas then expands azimuthally and axially,
and is either subsonic or supersonic (or both),
depending on the back pressure at the outlet
plane. The flow has a very strong circumferential
aspect due to the detonation wave propagation.
Because the radial dimension is typically small
compared to the azimuthal and axial dimension,
there is generally little variation radially within
the flow. This allows the RDE to be “unrolled”
into two dimensions, and we will do this to
describe the main features of an RDE.

Micro-nozzles
Head-End

Nozzle-End

Detonation Wave

Figure 1. Schematic of three-dimensional RDE showing
detonation wave.

46th AIAA/ASME/SAE/ASEE Joint Propulsion Conference Topic: High Speed Air-Breathing Propulsion

2

From: 
(left) Hishida M., Fujiwara T. and Wolanski P., Shock Waves, 19:10-10, 2009
(right) Schwer D. A. and Kailasanath K., AIAA 2010-6880
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Head-End

Nozzle-End
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46th AIAA/ASME/SAE/ASEE Joint Propulsion Conference Topic: High Speed Air-Breathing Propulsion
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From air/fuel manifold

To diffuser and turbine

Pressure waves feed 
back into manifold

Waves can 
reflect back

From: 
(left) Hishida M., Fujiwara T. and Wolanski P., Shock Waves, 19:10-10, 2009
(right) Schwer D. A. and Kailasanath K., AIAA 2010-6880



Coupling,	dynamics	and	loss	of	pressure	gain
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• Unsteady	operation	of	injection	system
– Injector	effectively	transition	from	a	stiff	to	a	
non-stiff	injector

– Post-detonation	products	backflow	into	
plenums

– Excite	plenum	dynamics

From:	(top)	Nordeen et	al.,	AIAA	2011-0803

 
American Institute of Aeronautics and Astronautics 

2

Understanding the operation of a RDE requires a basic thermodynamic model. The requirements for this model 
are driven by its suitability as an initial analysis tool of a RDE in much the same way that a Brayton cycle model is 
used for preliminary analysis of gas turbines. The model must be one-dimensional and independent of flow 
geometry. There must be means to account for the first order effects of thermodynamic states and an accounting of 
loss mechanisms. An assessment of efficiency and performance must be made with a reasonable degree of fidelity. 
Common thermodynamic equations of state should be used and the chemistry of combustion should be manifest 
only as heat added and appropriate gas constants. Above all, the model must be understandable at a fundamental 
level. 

A thermodynamic assessment is made of a rotating detonation wave engine for the purpose of creating a 
parametric model. This model is based on a ZND (Zeldovitch-von Neumann-Doring)6 analysis modified by the use 
of the Rankine-Hugoniot equations and the application of a vector analysis of the upstream conditions. This model is 
compared to the thermodynamic cycle based on data from a computational simulation of an RDE. 

With some adjustments, the modified ZND model approximates many features of the computational model. 
Further refinements should improve the predictability of the model. This model provides a reasoned thermodynamic 
basis for theoretical understanding, design and testing of RDE’s. 

II. Numerical Simulation  
The simulation method is documented in a separate paper by Schwer and Kailasanath7 and will not be discussed 

in detail. In summary, a premixture of hydrogen-air is injected through micro-nozzles along the inlet wall. The 
model is a two-dimensional Euler computation without heat or viscous diffusion. The chemistry of combustion is an 
induction parameter model. 

The modeled chamber is 14 cm in diameter by 17.7 cm long and is modeled on a 0.2 mm x 0.2 mm grid. The 
heat added is 3.5500e10 erg/gm. The molecular weight of the reactants is 20.9167. Specific heats were extracted 
from the simulation are 1.4256 for the reactants and 1.2412 for the products. The gas constants are 3.975e6 
erg/gm/K for reactants and 3.477e6 erg/gm/K for products. 

 

III. RDE General Features 
A proper model of the thermodynamic cycle requires an understanding of the transfer of energy in an RDE. 

There are many processes involved, and only the most significant will be discussed. The wave will be conceptually 
treated as a shock wave with heat addition, as in the traditional ZND analysis. The transfer of energy through the 
wave can be followed through a series of vector diagrams along streamlines of relative flow in the rotating frame of 
reference, and the corresponding path lines in the fixed frame of reference. These same streamlines form the basis 
for an enthalpy-entropy cycle analysis. For a number of reasons, the streamlines exhibit distinct thermodynamic 
cycles. However, the streamline cycles are not so different as to exclude a generalized RDE cycle that will be the 
basis of the one-dimensional model. Before the streamlines are discussed, a description of the basic features of the 
RDE will create a useful vocabulary. Investigators including Hishida8 have explored many of these features. 
 

 
Figure 2. Unrolled RDE contour of stagnation enthalpy and major features. 
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From air/fuel manifold

To diffuser and turbine

Stiff injectorEffectively non-stiff 
injector (intermittent)

• Strongly	coupled	system
– Response	of	injection	system	to	varying	
– Back-reflections	from	diffuser	(impedance	
mismatch	and	wave	reflections)

– Mixing	dynamics	and	effectiveness
• Incomplete	fuel/air	mixing
• Fuel/air	charge	stratification

– Detonation	wave	dynamics	and	structure
• Mixture	leakage	(incomplete	heat	release)
• Parasitic	combustion



Example	of	upstream	propagation	of	blast	wave
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11

• Initial schlieren results 
obtained at 25k 
frames/s

• Allows full FOV of  test 
section

• Significant upstream 
shock propogation

• Clear product backflow 
in air plenum

• Faint plume seen in 
fuel plenum

• Frame rate limits 
shock tracking and 
determination of  
backflow 
characteristics due to 
large frame-to-frame 
movements

25k frames/s Schlieren Results

Reflected
shocks

Combustion product 
backflow

t=0.01216 sec
P=2116 Pa

Note: Flow is not choked here! Shock propogation into 
inlet plenums may occur differently in an actual RDE.

300 slpm air, no He flow

CFD computation at U-MFrom NETL experiments 
(Ferguson) on AFRL injector



Example	of	detonation	chamber	/	plenum	coupling
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U-M RDE
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Fuel	relevance:	Toward	operation	with	NG	and	syngas
• Most	of	work	conducted	so	far:

– Hydrogen/air	operation
– Stable	detonation	in	lab-scale	RDE	enabled	by	favorable	detonation	properties
• Detonability
• Cell	size

• Application	(energy	conversion	systems)	require:
– Natural	gas	and/or	syngas	operation
– Fuel	flexibility	and	broad	operation	(e.g.,	from	part	to	full	load)

• Anticipated	challenges
– Stabilization	of	detonation	wave
• Limits	imposed	by	detonation	cell	size

– Fuel	blend	of	relevant	species	(H2/CH4/CO)	impacts	detonation	properties
• E.g.,	induction	length	(cell	size	and	stability)	strongly	reduced	with	H2 addition	(contrary	to	propane/ethylene)
• E.g.,	presence	of	CO2 shifts	CO	to	CO2	conversion	equilibrium,	impacting	heat	release
• E.g.,	difference	in	oxidation	time	scale	of	different	components	can	affect	overall	structure
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Overarching	objectives

• Objective	1:
Develop	a	comprehensive	understanding	of	injector	dynamics,	
coupling	with	diffuser	back-reflections,	and	their	impact	on	RDE	
mixing,	operation	and	performance.

• Objective	2:
Develop	a	comprehensive	understanding	of	multi-component	fuels	
(syngas	and	hydrocarbon	blends)	on	RDE	detonation	structure	and	
propagation,	operation	and	performance.	

• Objective	3:
Develop	advanced	diagnostics	and	predictive	computational	models	
for	studying	detonation	propagation	in	RDEs,	with	arbitrary	fuel	
composition	and	flow	configuration.
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Outline

• Programmatic	overview

• Introduction	to	the	problem	and	general	approach

• Experimental	activities

• Computational	activities

• Interactions	and	collaborations
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RDE	Experimental	Infrastructure	at	U-M
• Injector	sector	subassembly

– Sector	of	RDE	injector	for	mixing	effectiveness	measurements

• Reduced-scale	RDE	(6”	RDE	platform)
– Developed	under	previous	projects
– Operational	with	H2/Air,	various	flow	rates	and	equivalence	ratios
– Will	be	expanded	to	include:

• MCFs	capability
• Additional	instrumentation	to	investigate	RDE	dynamics

• Optical	RDE	(Race-Track	RDE)
– Fabrication	being	completed	under	previous	projects
– Equivalent	to	12”	round	RDE
– Used	for	flowfield measurements	under	RDE	relevant	conditions

19



Injector	sector	example	(photograph)
• Sector	of	6”	round	RDE	geometry

– Pintle geometry	is	identical	to	RDE’s,	just	
unwrapped

– Air	plenum	geometry	is	different	than	RDE’s
– Equivalent	length	about	1/8	of	circumference	of	
circular	RDE

– Optical	access	for	laser	diagnostics
• Objective

– Conduct	flow	visualization	and	non-reacting	mixing	
measurements	under	different	(jet-to-air)	velocity	
and	density	ratios	(momentum	flux	ratio)

• This	system	can	be	used	in	support	of	RDE	
measurements	(flow	visualization	and	mixing)
– Used	to	perform	flow	structure	imaging	and	
mixture	fraction	measurement	using	tracer-based	
laser	induced	fluorescence	measurements

– Variation	of	injection	design
– Parametric	variation	of	velocity	and	density	ratios

• Can	be	available	to	project	if	needed

20
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Schlieren imaging	to	identify	flow	structure	(non-reacting	mixing)
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3-D	rendering	of	6”	round	RDE	system
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3-D	rendering	of	6”	round	RDE	system
• Fuel	injection	system

– Red/blue	plate	pair
–Modular	and	readily	
exchangeable

– Three	designs	currently	
available

23
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Three	injection	schemes	available	for	6”	RDE	system
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different configurations are important so that it can be
assumed that in real conditions, the global conclusions of
the present work will remain valid. In [14], Wolanski indi-
cates that the calculation of the mixture formation without
chemical reaction can be a useful first step to evaluate the
efficiency of an injection device for combustors working in
the RD mode. In a possible experimental study of a CDWRE
combustor, it should be important to investigate the pro-
pellant mixing in order to qualify the injector before a
fire test.

2. Design of the CDWRE injector

Assuming that the area occupied by an injection element
is small with respect to the entire injector, the chamber
curvature is not considered so that the injector wall element
has a rectangular form and the corresponding domain for the
mixing flow simulation is a parallelepiped with addition of
the H2 and O2 feeding pipes, as presented in Fig. 2.

It is now crucial to define the key parameters of the
mixing domain: sizes, locations of the injection holes on
the injector wall, lengths of the feeding pipes. For the
mixing domain we define:

! a the length along the x-axis (see Fig. 2 for the axis
definition);

! b the length along the z-axis;
! L the length along the y-axis;
! A%inj the relative injection area.

As the feeding pipes can be tilted, the pipe outlet is
generally an ellipse, whose major and minor axes are D and d
respectively as shown in Fig. 3. For a feeding pipe we have:

! d the diameter or minor axis of the outlet;
! D the major axis of the outlet;
! ℓ the length between the inlet and outlet sections;
! α the angle of the pipe axis with respect to the y-axis.

For each injected gas, a particular parameter set can be
chosen.

The net injection area Ainj and the relative injection
area A%inj are expressed by the following formulas:

Ainj ¼ π
d2O2

þd2H2

4
ð1Þ

A%inj ¼
Ainj

ab
ð2Þ

To define the injection hole diameters, it is assumed that
the mixture is stoichiometric so the Equivalence Ratio (ER)
is 1. The propellants are injected at the same total condi-
tions to obtain a subsonic flow at the outlets with a
prescribed Mach number. The injected momentum flux

ρV2
! "

inj
is kept identical for both jets. The present study

has been done for three different configurations whose
layouts are presented in Fig. 4. The geometrical parameters
of the feeding pipes are the same, only the relative positions
of the outlets vary. These configurations are identified as
follows:

(a) the “sheared injection” is designed to create a shear
flow between the jets of different propellants. The axes
of the two pipes lie in parallel planes;

(b) the “impinging jets” configuration has the axes of the
two pipes in the same plane;

(c) the “semi-impinging jets” configuration uses both mixing
principles so that the jets are partly impinging and partly
sheared.

The geometrical concepts of two injection elements in
the injector wall plane are presented in Fig. 5. For the shea-
red injection configuration (Fig. 5a), the centres of injection
holes are aligned on the z-axis; the holes are separated by a
distance δ required for drilling. For the semi-impinging jetsFig. 3. Zoom on the modelled injection element.

Fig. 4. Layouts of the studied injection elements: (a) sheared injection; (b) impinging jets; (c) semi-impinging jets.

T. Gaillard et al. / Acta Astronautica 111 (2015) 334–344336

Semi-impinging (ONERA)

Pintle injector (NRL)Radial injection (AFRL)

From	Gaillard	et	al.,	Acta
Astronautica,	111:334-344	
2015

Fuel

Ox



6”	round	RDE	system:	pintle injector	details
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Pictures	of	RDE	hardware	(assembled	with	exhaust)
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6”	RDE	system:	some	instrumentation
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3-D	rendering	of	Race-Track	RDE	system	(12”)
• Designed	with	optical	access	in	mind

– Allows	for	optical	access	of	injection	system	and	detonation	chamber

• Fuel	injection	system
– Follows	modular	design	approach	of	round	RDE
– Red/blue	pair,	with	similar	modularity
– Injectors	under	design	and	study
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RT-RDE	Being	Completed
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Example	of	RDE	operation
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Mixture: H2/air
Air flow rate: 450 g/s
Equivalence ratio: 1



Test	sequence	and	ignition	process	(acoustic	signature)
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Test	sequence	and	ignition	process	(acoustic	signature)
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Coupling	between	operation	mode	and	plenum
• Inlet	conditions	depend	on	operation	mode

– In	detonation	mode,	plenum	pressure	lower than	in	deflagration	mode
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Coupling	between	operation	mode	and	plenum
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• Inlet	conditions	depend	on	operation	mode
– In	detonation	mode,	plenum	pressure	lower than	in	deflagration	mode

• Air	injection	partially	(space/time)	chokes	at	high	flow	rates
– Detonation	mode	is	observed	(correlation?)
– Flow	possibly	separates	at	injectors	(reduced	cross-sectional	area	for	flow)
– Injector	stiffness	vary	over	detonation	cycle	



Waterfall	spectra	of	detonation	chamber	dynamic	pressure

• 3	main	modes	typically	observed

– A:	wave	propagation	speed	at	0.8	fD
– B:	Tone	at	1	fD
– C:	Tone	at	0.25	fD

• Possibly	coupling	of	various	dynamics
– Plenum	dynamics	&	detonation	wave
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Focus	on	project
• Systems	upgrade

– Instrumentation	upgrades	(dynamic	pressure)	to	quantify	dynamics
– Addition	of	variable	area	diffuser
– Air	injector	with	variation	in	area	ratio	(stiffness)
– Extend	air	plenum	to	evaluate	plenum	/	detonation	wave	extent	of	coupling

• Two	major	activities	/	focus
– Dynamics:	injector/detonation/diffuser	dynamics
– Multicomponent	fuels	operation

• Dynamics
– Identification	and	evaluation	of	RDE	dynamics
– Questions:

• what	are	they?
– Identification	from	macroscopic	observables	on	round	RDE

• What	do	they	depend	on?
– Geometric	and	fuel	variation	on	round	RDE

• How	do	they	effect	detonation	wave	structure	and	overall	operation
– Detailed	laser	diagnostics	for	flowfield measurements	(mixing,	flow	velocity	and	detonation	structure)
– Combined	PIV	and	tracer	PLIF	(flame	marker	or	mixture	fraction)	studies	in	RT-RDE

• Multicomponent	fuels
– Evaluation	of	use	of	hydrocarbons	on

• RDE	operability	and	performance	from	macroscopic	observables
• Detonation	structure	dependence
• Effect	on	detonation	dynamics

– Impact	of	CH4,	and	CO	additions
– Impact	of	C2H4 or	C3H8 additions	(contaminants,	fuel	flexibility)
– Impact	of	CO2 addition	on	changing	heat	release	profile 36



Example	of	spectral	and	cross-spectral	analysis	for	
system’s	dynamics	identification	
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Collaboration	with	AFRL	/	Edwards	on	diagnostics:	augment	laser	
diagnostics	for	detonating	flows
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Collaboration	with	AFRL	/	Edwards	on	diagnostics:	augment	laser	
diagnostics	for	detonating	flows
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• These	methods	and	collaboration	gives	us	a	framework	to:
– Evaluate	and	optimize	LIF-based	imaging	technique	for	detonating	flows
–Demonstrate	methods	in	RDE	relevant	flowfields (RT-RDE)
– Perform	measurements	on	RT-RDE	at	AFRL/Edwards	leveraging	their	
instrumentation	and	capabilities
• Anticipated	3	measurements	campaigns



Outline

• Programmatic	overview

• Introduction	to	the	problem	and	general	approach

• Experimental	activities

• Computational	activities

• Interactions	and	collaborations
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Goals	of	CFD	Program

• Develop	fully-resolved	adaptive	mesh	compressible	solvers	for	
capturing	detonation	processes
– Study	structure	of	detonations	in	non-premixed	systems
–Develop	reduced-order	models
– Study	fuel	composition	effects	on	stability

• Assist	in	the	development	of	the	experimental	RDE	configurations
– Provide	detailed	simulation	data	to	complement	experimental	measurements
– Conduct	simulations	outside	of	experimental	parameters	to	extend	datasets

• Developments	and	studies	leverage
–OpenFOAM suites	of	codes
–U-M	detonation	solvers	UMDetFOAM
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OpenFOAM Code	Development

• All	codes	and	models	developed	using	the	openFOAM open	source	
code	base
– 10+	years	experience	in	using	this	tool
• Several	NETL	projects	successfully	completed

– Easy	transfer	of	code	to	industry/research	community
• Prior	solvers	transferred	to	Siemens	Inc.

• Highly	scalable	and	runs	on	10K+	processors
– Extensive	code	rewrites	to	ensure	linear	scalability

42



Compressible	Detonation	Solved	UMDetFOAM

• Fully	explicit	solver
– Euler	and	N-S	equations

• Several	flux	schemes
– Locally	adaptable	to	ensure	minimal	dissipation

• CANTERA-based	chemistry	module
– Allows	any	detailed	chemistry	mechanism	to	be	used
– Can	handle	arbitrary	number	of	species

• Adaptive	mesh	refinement
– Locally	adaptive	grids	to	capture	detonation	structures
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Case	Studies	- 1D	detonation	with	AMR

• Convergence	test	with	H2/	Air	mechanism

• The	base	grid	for	AMR	study	is	dx =	0.4	mm
– Shows	convergence	as	increasing	the	level	of	refinement
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2-D	ethylene	case

• Cellular	structure	validation
– Longitudinal	tracks	from	the	intersection	points
– 2	cell	structure	across	the	channel	width
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AFRL	and	U-M	Full	Geometry	Modeling

46

AFRL geometry Pintle geometry

Legend:
Iso-contour of density gradient (black)
Iso-contour of H2 mass fraction (0.1), colored by temperature
Iso-contour of OH mass fraction (0.0075), colored by temperature



AFRL	Injector	Response

• Flashback	occurs	when	a	detonation	wave	moves	across	injector
– Chocking	is	terminated
– Post-combustion	gases	propagates	back	into	plenum
–Blast	waves	move	into	plenum

• Quick	injector	recovery
– Reversed	flow	pushed	back	into	channel	due	to	high	plenum	pressure
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Focus	on	the	project

• Simulate	fuel	effects	on	cell	detonation	size
– 2D	geometry
– 2D	unrolled	geometry
– Full	scale	geometry

• Effect	of	wave	structure	on	detonation	process
– Coupling	between	inflow	and	detonation	chamber
– Interaction	of	downstream	wave	structures

• Modeling	detonations
– A	tabulated	modeling	approach	
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Outline

• Programmatic	overview

• Introduction	to	the	problem	and	general	approach

• Experimental	activities

• Computational	activities

• Interactions	and	collaborations
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Interactions,	collaborations	and	synergies
• Strong	coupling	between	experiments	and	computations

– Model	development	and	validation
– Experiment	design	and	understanding
– Strong	collaborations	with	external	partners
– Combined	investigation	of	the	physics	of	detonations	under	MCFs	(relevance	to	application)	and	
impact	of	injector/detonation/diffuser	dynamics	on	detonation	properties	and	RDE	performance

• Key	external	collaborations
– ISSI/AFRL	WP	(Drs.	John	Hoke	&	Fred	Schauer)	on	RDE	operation,	performance	and	modeling.
– UTRC (Drs.	Adam	Holley	and	Peter	Cocks)	on	detonation	and	RDE	modeling	for	arbitrary	fuels	and	
geometries.

– GE (Venkat Tangirala)	on	RDE	operation,	performance	and	modeling.
– AFRL/Edwards (Dr.	William	Hargus)	on	the	development	and	application	of	diagnostics	applied	to	
relevant	RDE	geometries.

– Williams	International	(Kyle	McDevitt)	on	detonation	and	RDE	modeling	for	arbitrary	fuels	and	
geometries.

• Other	collaborations/interactions
– NETL (Dr.	Ferguson)	on	modeling	and	RDE	performance	&	operation
– University	of	Maryland	(Prof.	Yu)	on	use	of	experimental	data	for	validation	in	simple	geometries
– NRL (Dr.	Kailasnath)	on	code	and	combustion	model	development
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Questions?


