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Motivation

* Improvements in thermodynamic efficiency of power plants
needed

* Pressure gain combustion using detonations can significantly
Improve efficiency
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Motivation

Magnetohydrodynamlc
PDE/RDE Plenum

Generator

Compressor Turbine

Electrical Power

Advantages of detonation-fed MHD: P o< o X V2 x B?
* High velocities (Ma > 2)

« High temperatures (T > 3000 K) increase electrical
conductivity




Prior Research
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Prior research:

o Litchford et al. (NASA) & Cambier et al. (Air Force): MHD
power extraction possible from propulsive PDE system

e Matsumoto et al. (2010): hydrogen-air PDE-powered MHD
system

Major limitations:

* Primarily propulsive systems; significant insight still needed
Into interactions between detonation and MHD field [Im3i»]w

e Coal and CH, significantly different than hydrogen




Use of Coal for Detonations

e Coal abundant resource in United States (and funding
specific to Its use)

 Prior (limited) research has considered detonations coupled
with MHD for gaseous fuels

* Most research investigating coal detonations has focused on
safety

* Physical and thermal properties of coal detonations need to
be measured to understand coupling with MHD

Anthracite coal,
picture courtesy of
Wikipedia




Technical Objectives

Overall Goal

Develop and evaluate a pulse detonation engine system which can be
coupled with a MHD system, and analyze MHD and detonation
performance.

Specific Objectives:
1) Design, build, and operate a pulse detonation engine that operates
on gaseous or solid fuels with oxygen.

2) Evaluate the operational envelope and performance of the pulse
detonation device with both seeded and unseeded flows.

3) Develop and use a numerical design tool to calculate the
performance of pulse detonation and coupled detonation-MHD
systems.




Progression of Research

Experimental Effort:
# -

/

Computational Effort 1.

Validate open Coupled MHD and

source — BEUSTI Al —» detonation calculations
: solver
detonation solver (gaseous fuel)
Computational Effort 2:
Coupled MHD
Develop and Calculate : P :
validate ~ =» detonations with —» " 2rticle detonation
: STORauons Wi tracking calculations with
detonation solver coal surrogate S [P

gaseous
7




Experimental Effort

Experimental Effort: =
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Coupled MHD
detonation
calculations with
coal particles
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Pulse Detonation System

Oxygen compatible PDE
Predetonator Inlet Flange Photo diodes

Lot iLenTaN
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Valving to Cycle Englne Conventional PDE




Operating Conditions

e Fuel:C;Hg
e Oxidizer: N,O ﬂ\

« Equivalence Ratio: 1

« Frequency: 1~2 Hz (without purge) Y —— PD#2
0.5 Hz (with purge) PD #1—
« Detonation velocity: 1920 m/s &
5% (Averaged over 450+ data sets __#___.,J
» Estimated error from photodiodes Time (s)
+ 16 m/s Photodiode voltage response to detonation
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Operation of the PDE

Visible emissions of exhaust from PDE.
Images collected at 8300 fps.

CIRELab
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Initial Conditions: Electrical Conductivity

» Detonation propagates through
magnetic field

» Deflection measured by induced
current in search coil

« Conductivity evaluated with
relationship:

Experimental Electrical Conductivity

Measurements \

{
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Lin et al., Journal of Applied Physics

Calibration constants




Coal Seeder
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Oxygen System

e Oxygen system nearly complete
* Tangential injection of coal and oxygen | J ey
- Minimize impingement velocity j,-: =
. e
- Enhance mixing -
 Nitrogen purge of O, line

« Flow path of O, closed on both ends to eliminate
particulates and contamination

O, injection plumbing

Coal + Carrier —»
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Dilution Effects on Detonation
Velocities

Rotary detonation engine : .
Y 6 “Unraveling” of detonation front

Propagation of

detonation Gified £
Modified from
front . ¢ Schwer et al., Proc
Combustion Comb. Inst. 2011
Fuel'and-air produgts
=) Propagation
In flow

Objective
ldentify chemistry and dilution effects of CO, on detonation
characteristics
Approach

Operate PDE with dilution using N, and CO,
y R




Dilution Effects on Detonation
Velocities
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Progression of Research

Computational Effort 1.

- I
| Validate open ' | Develop MHD I Coupled MHD and
source I-T solver |—>| dgtonation calculations
I detonation solver I (gaseous fuel)

ey LT

Coupled MHD
detonation
calculations with

coal particles
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Detonation Solver

« Godonov’s finite volume with Conservation Laws Package
(CLAWDpack) 5.4.0 (Mandli et al, 2016)

At
n+1 = Ql AX( l+§ Fl?ig)

* Riemann approximation with Roe averaging and entropy inclusion

» Kinetics handled by Cantera 2.3.0

CLAWPack DOI:10.5281/zenodo.262111,URL: http://www.clawpack.org
Cantera DOI:10.5281/zenodo.170284,URL.: http://www.cantera.orq
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http://www.clawpack.org/
http://www.cantera.org/

Operation of the PDE

e Grid resolution — AX,Y = 0.0005 [m]
* |nitial conditions— standard temperature and pressure
* Boundary conditions — as shown

Walls Extrapolation
AN \
y [m] 9:02> ‘// \
0.000 \ - - -
0.0 0.5 1.0 1.5 2.0
x [m]
|IC shock
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Operation of the PDE
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Operation of the PDE

H, - O, Detonation

Simulation velocity — 2872 [m/s]
Shock & detonation toolbox - 2876 [m/s]

0.025 - i
0.000 A
0
0.025
0.000
0.0 0.5 1.0 1.5 2.0
X [m]
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Operation of the PDE

Detonation cells
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Dilution Effects on Detonation
Velocities: CJ Velocity
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Governing Eq. for MHD/Detonation

Mass conservation equation:

0 u: Gas Velocity p: Density p: Pressure
aﬂs pds = _Jl pu - ndl B: Magnetic Flux Density J: Electric Current Density

%HS pudS=—jl {pu(u-n)+pn}dl+jl T:-ndl+ﬂ5]><BdS

Total energy conservation equation:

%ﬂs pEdS=—jl (pEu-n+pu-n)dl+fl (T:-u)-ndl+ﬂs {%2+u-(]><3)}d5

Here,

N o .7 . h: Specific Enthalpy

E =32 Ys(hoog + Jr1_pogCp dT") —p/p+ |ul? Y.: Mass Concentration
Y,: Mass Production Rate
c,: Specific Heat at

0 :
aﬂ pY.dS = _f pY.u - ndl + ﬂ oY,dS Constant Pressure
s z S _

Charge Neutrality Equation £ _ Z Yion

Me = Mion

Mass conservation equation of Chemical Species:
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Governing Equations in Electrodynamics

Generalized Ohm'’s Law

j=0(E+uxB)— ’Blij

|B

Steady Maxwell Equations

VXE=0
7-j=0

j: Electric Current Density E: Electric Field u:Gas Velocity B: Magnetic Flux Density

e’n,

ezl 1 Yei

Electrical Conductivity o =

Hall Parameter g = —~lBl
eZ-_Slp Vei

Collision Frequency of

Voi = N; .C
Electron with Species iQeice
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e. Elementary Charge

n.. Electron Number Density
m,. Electron Mass

n;. Species Number Density

Q.;: Electron Collision
Cross Section with
Species

c.. Electron Mean Thermal
Speed




Coupled Detonation and MHD Simulations

« Detonations simulations ready to be performed for C;Hg
and N,O

« MHD solver complete
 MHD and detonation simulations started

26




Progression of Research

Computational Effort 2:

e Coupled MHD
Develop and I alculate Particle detonation

I validate I"| detdnations with =, 1ing calculations with

| ietciatﬁn 2|V2| | copl surrogate coal particles
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Governing Equations for 1D Reacting Flows

Conservation equations for chemically reacting system involving N,

Specles 900 OE
ot T ox
p = density
) pu - o - u = velocity
2
pu pus +p 0 C; = species mass concentration
peét pu (et + B) 0 .
0= C, B c p s_ | p = pressure
o T u S : : . .
C, uC; Wo w; = mass production rate of ith
: : ] it volume
Cy,_. w species per unit vo
$— uCNS_l Ns-1

n; = molar concentration of species j
ks = forward reaction rate
ky; = backward reaction rate

r

I . . .
Ng N N, v;j and v;; = stochiometric coefficients




Conservation Element (CE) Solution
Element (SE) Numerical Method Basics

* Flux conservation over discretized

2 i1 i+t 42 U"g‘l‘”own
space-time domain — not just along . . o o
spatial domain as in traditional FV __ | ,/ et
method At \ onvd

: - n-1
solution volumes (SE) "
- No cell interface Riemann solution needed

« Staggered integration volumes (CE) and atT \%/ l T

t ® o n-2

| o

 Genuine multi-dimensional formulation L X AX
* No dimensional/directional splitting 1D CESE Space-Time Staggered Grid*
necessary

« Non-dissipative baseline a-scheme
- Numerical dissipation added as necessary

CE (non-overlapping rectangular
29 regions) & SE (dotted lines) *
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CESE Solver Validation

* Non-reacting flow case: SOD Shock Tube Case Study
U, P, O Ug, Prs PR

SOD Shock Tube Test Case

+ CESE solver was validated with -7
the classic SOD shock tube A /

problem © 4 2 : “' :

« Initial conditions in the tube 1 - H
e (W P P)=(0, 1, 1) : , , , ,

e (U, Pr Pr)=(0, 0.1, 0.125)




CESE Solver Validation

Reacting flow case: ZND detonation propagation in a tube
Arrhenius-type chemical reaction for two species (reactant & product)

Reactant(R) — Product(P) + heat release(q)

20 cm tube filled with premixed stochiometric H,/O, reactant mixture
0.2 cm spark region placed near closed head end to initiate detonation
Results were validated with ZND theory and with Wu, 2002

Detonation initiation section shown (at 30 atm and 3000 K)*

storchiometric hydrogen/air at
p;=latmand T, =300K

31




CESE Solver Validation

Velocity

g O WU, 2002 30
D
D 25
1500 D
~ D b
2 1000 D < D
P D
D 10
500 D :
: P
D 5 :
D D
Source P (atm) | P, (atm) | T, (K) | P; (atm) P, = Von Neumann pressure spike
CESE Solver | 3424 | 22.1 3745 | 8.06 P,, T, = (] pressure and temperature
Wua, 2002 | 36.0 22.0 3736 | 8.05 P; = Head end pressure
ZND 42.9 221 3743 | 8.06
Theory




Reduced Reaction Mechanisms for Oxy-
Fuel Combustion

* Three reduced reaction mechanisms
namely, Westbrook-Dryer (WD),
Jones-Lendsedt (JL) & Jones-
Lendsedt revised (JL-R), for oxy- 3|
methane combustion were
Implemented and evaluated
[Frassoldati et al (2009)]

 JL-R mechanism accounts for
dissociation reactions and hence
more accurately predicts adiabatic
2600 : : : : : : : :
flame temperature for CH4 — 02 04 06 08 1 12 14 16 18 2
. Equivalence Ratio (\)
reaction

3800 m

= JL + H/OH
JL + O/H/OH

[
I
=
=

3200

[
[
o
[

Adiabatic Flame Temperature (K)
o
o
-
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Summary

1) Pulse detonation engine has been developed and
applied to study influence of dilution by CO,

2) Capabillities developed for coal seeding, operation of
engine using oxygen, and measuring electrical
conductivity

3) Coupled detonation and MHD solver developed

4) In-house detonation solver developed and surrogate
for oxy-fuel combustion prepared

1y




Future Work
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Overview of Tasks

Enabling

technology for
improved
efficiency

/1

Valldatlon Valldatlon
I Molilfy Evaluate
LIBLPE Develdp coal/air combuptor for operational
evaluate methane/ —» P — '? | P
PD chbmbustor oxy-coal performance of
oxygen PDE I ! :
operation engine
Year 1 Year 2 Year 2.5
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Remainder of Talk

1) Develop Pulse Detonation Engine and Measure
Boundary Condition (Task 2)

2) Development of Coal Seeder (Task 3)

3) ldentification of Influence of CO, on Detonations
(leverage effort with ONR)

4) Calculations (Task 4)
5) Future Work

38




Future Work

Experimental
1) Transition PDE to operate using oxy-coal

2) Measure boundary conditions and velocities for
calculations

3) Quantify changes in detonation characteristics
between solid and gaseous fuels

Computational
1) Couple MHD solver with detonation code
2) Develop detonation code

3) Parametric study of MHD performance for
detonations (long-term)



CE/SE Method: 2D Detonation Example

|¥p| (atm/m)
0.3 0 10 20 30 40 50 60 70 80 90 100

0.2
0.1

Yol (ke/m') T T—
0.3 Ipl(g‘r)024681012]416l820

0.2
0.1 | AW
8 0.0 \/ '

o W //./ \\-‘-

-0.1
-0.2

Wu, Ma, and Yang



Test Case for Electric Field
I
) 10°F
L :
i 0.8
i 0.8
0.8 07
B 06 =
- 05 210°F
‘ 0a g
- .
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i 0.1 3
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0 0.2 0.4 0.6 0.8 1 5000 10000
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Distribution of electric potential ~ Maximum error for an amount of node:
5=1S/m Uy = —COS2mxsin2my Phartidhctured

=2 u, = cos 2my sin 2mx Solut



References (1)

[1] Petrick M, Shumyatsky BY. Open-cycle magnetohydrodynamic electrical power
generation. Argonne, IL, USA: Argonne National Laboratory; 1978.

[2]

https://engineering.purdue.edu/AAE/Research/ResearchFacilities/PropulsionFacilities/pi
cs/hpl/pde_firing.jpg

[3] Litchford RJ. Integrated Pulse Detonation Propulsion and Magnetohydrodynamic Power.
NASA/TP-2001-210801, 2001.

[4] https://commons.wikimedia.org/wiki/File:Det front structure.jpg

[5] Roy GD, Frolov SM, Borisov AA, Netzer DW. Prog Energy Combust Sci 30(6):545-672,
2004.

[6] Ciccarelli G and Dorofeev S, Prog Combust Sci, 34(4): 499-550, 2008.

[7] http://arc.uta.edu/research/pde.htm

[8] Bykovskii F, Zhdan S, Vedernikov E, Zholobov Y, Dokl Phys,55(3):142-144, 2010.

[9] Kayukawa N. Energy Convers Manage 2000;41:1953-74.

[10] Cambier J-L, Roth T, Zeineh CF, Karagozian AR. The Pulse Detonation Rocket Induced
MHD Ejector (PDRIME) Concept. 44th AIAA/ASME/SAE/ASEE Joint Propulsion
Conference & Exhibit, 2008.

[11] Cambier J-L, Lofftus D. MHD Power Generation From a Pulse Detonation Rocket
Engine. 33rd AIAA Plasmadynamics & Lasers Conference, 2002, pp. 49

[12] Matsumoto M, Murakami T, Okuno Y. Ig£J Trans 2010;5:422—7.



https://engineering.purdue.edu/AAE/Research/ResearchFacilities/PropulsionF%20acilities/pics/hpl/pde_firing.jpg
https://commons.wikimedia.org/wiki/File:Det_front_structure.jpg
http://arc.uta.edu/research/pde.htm

References (2)

[13] Chang S-C, Wang X-Y, Chow C-Y. J Comput Phys 1999;156:89-136.

[14]Wu Y, Ma F, Yang V. Int J Comput Fluid Dyn 2004,18:277-87.

[15] Franklach, M., Wang, H., Goldenburg, M., Smith, G.P., Golden, D.M., Bowman, C.T.,
Hanson, R.K., Gardiner, W.C. and Lissianski, V. (1995) GRI-Mech — An Optimized
Detailed Chemical Reaction Mechanism for Methane Combustion (Gas Research
Institute), Technical Report GRI-95/0058.

[16]Ma F, Choi J-Y, Yang V. J Propul Power 2005;21:512-26.

[17]Ma F, Choi J-Y, Yang V. J Propul Power 2006;22:1188-203.

[18] Ma F, Choi J-Y, Yang V. J Propul Power 2008;24:479-90.

[19] Frassoldati A, Cuoci A, Faravelli T, Ranzi E, Candusso C, Tolazzi D. Simplified kinetic
schemes for oxy-fuel combustion. 1st International Conference on Sustainable Fossil
Fuels for Future Energy, 2009.

[20] Zhang M, John Yu ST, Henry Lin SC, Chang S-C, Blankson I. J Comput Phys
2006;214:599-617.

[21] Schulz JC, Gottiparthi KC, Menon S. Shock Waves 2012;22:579-90.

bic




	Spark Kernels 
	Spark Kernels 
	Motivation
	Motivation
	Prior Research�
	Use of Coal for Detonations
	Technical Objectives
	Progression of Research
	Experimental Effort
	Pulse Detonation System
	Operating Conditions
	Operation of the PDE
	Initial Conditions: Electrical Conductivity
	Coal Seeder
	Oxygen System
	Dilution Effects on Detonation Velocities
	Dilution Effects on Detonation Velocities
	Progression of Research
	Detonation Solver
	Operation of the PDE
	Operation of the PDE
	Operation of the PDE
	Operation of the PDE
	Dilution Effects on Detonation Velocities: CJ Velocity
	Governing Eq. for MHD/Detonation
	Governing Equations in Electrodynamics
	Coupled Detonation and MHD Simulations
	Progression of Research
	Governing Equations for 1D Reacting Flows
	Conservation Element (CE) Solution Element (SE) Numerical Method Basics
	CESE Solver Validation
	CESE Solver Validation
	CESE Solver Validation
	Reduced Reaction Mechanisms for Oxy-Fuel Combustion �
	Summary
	Future Work
	Slide Number 37
	Overview of Tasks
	Remainder of Talk
	Future Work
	CE/SE Method: 2D Detonation Example
	Test Case for Electric Field
	References (1)
	References (2)

