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Mo d

Rotating Detonation Engine

Sathyanarayanan Subramanian

ABSTRACT

Detonationcycles are identified as an efficient alternative to the Brayton cysled in
power and propulsion applications. Rotating Detonation Engine (RDE) operating on a
detonation cycle works by compressing the working fluid across a detonation wave,
thereby reducing the number of compressor stages required in the thermodynaenic cyc
Numerical analyses of RDEs are flexible in understanding the flow field within the RDE,
however, threglimensional analyses are expensive due to the differences hsdatee
required to resolve the combustion process and-fle. The alternate twaimensional
analyses are generally modeled with perfectly premixed fuel injection and do not capture
the effects of improper mixing arising due to discrete injection of fuel and oxidizer into the
chamber. To model realistic injection in d@2analysis, theurrent work uses an approach

in which, a Probability Density Function (PDF) of the fuel mass fraction at the chamber
inlet is extracted from a-B, coldflow simulation and is used as an inlet boundary
condition for fuel mass fraction in the[2analysis The 2D simulation requires only 0.4%

of the CPU hours for one revolution of the detonation compared to an equivdlent 3
simulation. Using this method, a perfectly premixed RDE is comparing with a non
premixed case. The performance is found to vary &etwthe two cases. The mean
detonation velocities, timaveraged static pressure profiles are found to be similar between
the two cases, while the local detonation velocities and peak pressure values vary in the

non-premixed case due to local pockets figh/lean mixtures. The mean detonation cell



sizes are similar, but the distribution in the fpemixed case is closer due to stronger
shock structures. An analytical method is used to check the effects gfrbaleict
stratification and heat loss fromettRDE and these effects adversely affect the local
detonation velocity. Overall, this method of modeling captures the complex physics in an
RDE with the advantagof reduced computational camtd therefore can be used for

design and diagnostic purposes
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GENERAL ABSTRACT

The conventional Brayton cycle used in power and propulsion applications is highly
optimized, at cycleand componerievels. In pursuit of higher thermodynamic efficiency,
detonation cycles are identified as an efficient alternativeyaimebd increased attention in

the scientific communityln a Rotating Detonation Engine (RDE), which is based on the
detonation cycle, theompression of gases occurs across a shock wave. This method of
achieving high compression ratios reduces the number of compressor stages required for
operationn an RDE (where combustion occurs between two coaxial cylinders), the fuel
and oxidizer arenjected axially into the combustion chamber where the detonation is
initiated. The resultant detonation wave spins continuously in the azimuthal direction,
consuming fresh fuel mixture. The combustion products expand and exhaust axially

providing thrust/mehanical energy when coupled with a turbine.

Numerical analyse of RDEs are flexible over experimental analysis, in terms of
understanding the flow physics and the physical/chemical processes occurring within the
engine. Howeverthreedimensional numera analyses are computationally expansive,
andthereforedemanding an equivalerfficienttwo-dimensional analysi$n most RDES,

fuel andoxidizer are injected from separate plenums$o the chamber. This type of
injection leads tanhomogeneityof the fuel-air mixturewithin the RDE which adversely
affects the performance of the engifike current study uses a novel method to effectively
capture tlesephysics in a 2D numerical analysis. Furthapore the performance of the
combustolis compared betweeperfectly premixed injection and discrete, fpyemixed
injection. The method used in this work can be used for any injector desigis and

powerful/efficient way taaumericaly analyze a Rotating Detonation Engine.
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CHAPTER 1

Novel Approach for Compu-t ati onal

Pemi xed RotatingeDetonati on

Sathyanarayanan Subramantaand Joseph Meadows.
Department of Mechanical Engineering, Virginia Tech, Blacksburg, Virginia, 24060, USA

Submitted to the Journal of Propulsion and Power
Abstract

Pressure Gain Combusti¢RGC) has gained significant attention intaieathing gas
turbine applications due to its increased thermodynamic efficiency over a censissiire
Brayton cycle. Rotating Detonation Engine (RDE) is a form of PGC, which has advantages
over Pulsed Denation Engines (PDE) in terms of continuous, rapid energy release. In
most RDEs, fuel and oxidizer are injected into the combustion chamber from separate
plenums leading to an inhomogeneous mixture in the reaction zone. In this paper, a novel
approach isleveloped to model inhomogeneous injection of thedu@lizer mixture in a
2-D CFD analysis, that replicates the actual injection irla geometry. A Probability
Density Function (PDF) of the fuel mass fraction from a convergBd Bonreacting
simulaton is extracted and is used as a spatially and temporally varying inlet boundary
condition in the 2D simulation. Using this method, a numerical analysis is carried out to

predict the flow characteristics, flow structures, and detonation cell size of@emixed




RDE, using H-air as the fuebxidizer mixture. The simulation results are validated against
experimental results in the literature, and these results from th@raonxed RDE

simulations are compared against a perfectly premixed RDE, under gpemating

conditions
Nomenclature
A = Area of nozzle throat (fn
¢ = Constant 1 for numerical schlieren calculations = 0.8
c2 = Constant 2 for numerical schlieren calculations = 1000
e = Specific nternal energyf the gagJkg)
L = RDE channklength (0.4596 m)
a = Mass flow ratef the mixture(kg/s)

M(P)= Mach number as a function of static pressure

MW =  Molecular weight (g/mol)

NS = Numerical Schlieren

P = Static pressure (Pa)

P = Critical pressure (Pa)

P, = Total pressure dhe inlet (Pa)
R = Mixture gas constant (J/Kg)

Smass= Mass flux source term (kg/ms)

T = Gastemperature (K)
To = Total temperature (K)
u = Gas velocitym/s)



w = RDE channel width (0.0076 m)

X = Mole fractionof the species

B = Angle ofthe oblique shock wave

n = Gradient of a scalar

Yy = Ratio ofspecific heats

A = Detonation cell size (mm)

v = Specific volume (rkg)

@ = Local equivalence ratio

p = Gas density (kg/f)

Subscripts

1 = Properties measured upstream of the detonation wave
2 = Properties measured downstream of the detonation wave

[ = i species
max = Maximum field variable value in the domain

min = Minimum field variable value in the domain

Introduction

The constanpressure Brayton cycle has long been the thermodynamic ayete in
power generation and propulsion applications. The technological advancement in this
domain has predominantly been at the component level than at the cycle level to an extent

that the Brayton cycle and its associated components have been highzeght In



pursuit of higher thermodynamic efficiency, the use of detonation cycles has been studied
as an alternative to the Brayton cycle. In a detonation cycle (which is close to a constant
volume cycle), the compression of gases occurs across a shwek which reduces the
number of compressor stages required to generate high pressure in the cycle, as required in
Brayton cycles. The additional work obtained with smaller pressure r&imsl) makes

the detonatin cycle an attractive field of research. The improvement in the thermal
efficiency using Pressure Gain Combustion (PCG) employing the detonation cycle, is

found to be about 20% higher than a Brayton cycle operating with the same pressure ratio

[1].
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Fig. 1 Comparison of work done in a Brayton cycle with a Detonation asle

Research on detonation engines started as early as 1940 when Z¢Rloproposed
the use of detonation based combustieer deflagration due to the reduced entropy of the
combustion products. It is reportfg] that Hoffman performed initial experiments, in the

same year to check the feasibility of using detonation cycles for propulsion applications.
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The experiments resulted in intermittent detonations and resulted in the birth of Pulsed
Detonation Egines (PDESs). Rotating Detonation Engines (RDEs) gained more popularity
as it provides continuous, quadeady output; requiring only one initiation of the
detonation. In an RDE, the fuekidizer mixture is axially injected (continuously) into an
annula chamber where a detonation wave propagates continuously in the azimuthal
direction, consuming the fresh reactant mixture. The combustion products then expand and

exhausts, providing thrust or mechanical energy when coupled to a turbine

A. Background and Objective

Detailed experimental investigation on RDE was conducted initially by
Voitsekhovskii[4], starting from the 1960s. From then, multiple research groups have
worked on the Resezh and Development of RDEs to understand various aspects of the
RDE such as flow structures, propulsive performance, the effect of geometry, fuel, and
injection methods on performance parameters, all of which are summarized in fapers:
7]. Among the various parameters studied, the effect ofdxi€izer mixing on the
performance of the engine is of high interest due to its adverse effects on the performance
of the engine. Although injection of a perfectly preedxfuetoxidizer mixture to the
chamber provides advantages in terms of complete uniform combustion with higher
combustion efficiency[8], it comes with certain drawbls. Highpressure regions
proceeding the detonation wave in the chamber may result in product backflow into the
fuel and oxidizer plenum®], which can damage the upstream injection compon&}s
One approach to prevent product backflow is to design the fuel/oxidizer delivery system

with chocked orifices. This approach limits the operability range and negates the benefit of



pressure gain since it is suggested that the mMdmi@ssure be a minimum of2times
higher than the chamber pressjirg] to prevent flashback phenomenon. To overcome this
issue, most RDEs are designed to have separate plenums for fuel and oxidizenjnjectio
and these components are allowed to mix within the chamber (or slightly upstream)

resulting in inhomogeneous mixture immediately downstream of the injector plane.

The fueloxidizer mixing process is identified to be crucial in sustaining continuous
debnationg9] and poorly mixed fuebxidizers have shown effects similar bert diluents
[12]. Presence of inhomogeneous mixtures resulted in irregular detonation céliresuc
[13], skewed wavefront and reduced wave spdéd$ up to 6% [15]. Schwer and
Kailasanatt{16] investigated the effects of mixing due to different injector configurations
and the results suggested that although the overall thrust did not vary significantly
compared to an ideal case, the flaeld was found to be complex. Imperfect mixing of
fuel-oxidizer is found to drop instantaneous peak static preddiffeend lead to instability
of detonation wav§l8]. Experimental analysis on the performance of an RDE for different
fuel injection conditions also showed iaion in wave speeds and detonation wave
structures for different injection conditiofi$5, 19] The peak detonation pressure and
detonability of the mixture are also affected by the inhomogeneityeatetictant mixture
[13]. Furthermore, numerical analysis of raremixel RDE has revealed a reduced wave
speed20] and therefore a slight decrease in pressure gain. Recesftdetity simulations
(both in 2D and 3D domains) indicate distortion of the wavefronts and its strength as a

result of variation of local equivalence ratio (termed Jwabizer stratificdéion) [21].



Based on these analyses, it is evident thatdxilizer mixing affects the detonation wave

structure, detonation velocity, and pressure profiles (performahte &DE.

Numerical simulations of RDE provide additional flexibility over experiments in
understanding the flow field, analyzing physical/chemical processes, and detonation wave
structures which propagate at or near sonic speeds. Prior researchiteat mtimerical
analyses to study the performati22, 23] and understarsthe flow field[8, 24] of RDE,
including the physics of inhomogeneous mixing effects, used expensivecdildl 3D
simulations. The challenge in using CFD to model RDE is primarily due to the large
differences in timescale between resolving the flow field and chemical reactions involved
in the combustion process. Additionally, fine grid cells of the order of 10 to 100 microns
may be required to accurately capture the features of the detonation wave, which make 3
D numerical simulations computationally expensive. Although advanced metitdas
Adaptive Mesh Refinement (AMR) have been emploj22, 25]to overcome these
challenges, theumber of computational core hours required to resolve the flow field is
still high. An alternate, inexpensive approach is to use an equival2uioPnain to model
the RDE physics. In most cases, thB 8omain is unrolled into an equivalerD2domain
unde the assumption that the radial gap between the coaxial cylinders is small compared
to the diameter, and this diameter is large enough to not have any significant centrifugal
forces affecting the flow26]. Furthermore, the gradients of flow parameters along the
radial direction are negligible compared to those in the axial and azimuthal directions in
the domain.tlwas shown that both the thrdemensional and twadimensional simulations

provide similar result§27]. Initial numerical analysis in a2 domain was performed to



understand the wave dynamics in an R using a premixed #O. mixture. Later2-

D high-resolution Euler codes were used to predict wave speeds in a premixed RDE for
different injection parameters (pressure and inlet af28) and for predicting the
performance of the premixed RDE for various design parameters such as chamber length,
and inlet pressures and temperaty@€y. Hishida[26] used a premixed-B model to
understand the gas dynamics involved in an RDE. The research group of Schwer and
Kailasanath[24, 31] employed an ifhouse 2D numerical model that successfully
predicted the flow field of a PDE to understand the effects of inlet stagnation pressure and
injection geometries on the detonation structures in a premixed RDE. Rankif82} al
used a lowfidelity 2-D premixed model to validate their tira@eraged pressure profiles
against their experiments to understand the flow field. dtags al[33] utilized a method

in which the first few grid cells of the computational domainev@ade noieacting to
account for the mixing length, although the inlet mixture was perfectly premixed. In all
these work, the inexpensive® numerical model used the premixed injection and
therefore did not capture the effects due to inhomogeneousgniko include the effects

of fuel-oxidizer stratification in 2D simulations, Fujii et al[34] used numerical source
terms at different geometric locations to injaa¢lfand oxidizer separately and used this
model to predict detonation velocities. Recently, PrakasH2talised a method in which

a 3D scalar field is generated with pa@tk of varying mixture fraction (equivalence ratio)
which was mapped to a2 domain to achieve fuel stratification. The study compared the
effects of fuel inhomogeneity on the wave structures for various degrees-okidizler
stratification using a Dact Numerical Simulation (DNS) approach, and it was observed

that the fuel stratification affects the wave dynamics.



The present study bridges the gap in using inexpensiv@@merical analysis with a
realistic approach of accounting for inhomogeneousturex entering the RDE. The
objectives of the current work are:

1) Numerically model inhomogeneity arising from discrete 4watlizer injection by
extracting a Probability Density Function (PDF) of the fuel mass fraction from a
converged, D, nonreacting snulation and use it as a spatially and temporally
varying inlet boundary condition to thel® simulation. This method is validated
against available experimental data from the literature.

2) A comparison of performance parameters (wave speed, pressure sprofile
detonation height) and detonation wave structure (detonation cell size) is made
between perfectly premixed and npremixed RDEs.

3) The 2D numerical method used in the current study does not account for heat loss
from the RDE and reactaptoduct stratitation arising from combustion product
backflow. To check the effects of these physics on the detonation wave speed, an

analytical method is used.

Computational Method

1. Geometry and Computational Domain

The geometry of the RDEF(g. 2) used in the present study is based on the experimental
setup used by Shank et[8b], which has also been used by various research groups. In
this design, air and fuel are injected from separate plenums. Among the multiple design
variations available in the setup, the current study utilizes thmegey with the height of

the air injection slot of 0.89 mriRuel injection is through 120 evenly spaced injectors of

9



hole diameter 0.71 mm located along the circumference (134 mm) of the combustion
chamber. The outer and inner diameters of the chambet588 mm and 138.7 mm
respectively. The height of the detonation channel is 101.6 mm. IThigedmetry is used

to simulate the coldlow analysis from which the PDF of the fuel mass fraction is extracted

for the 2D simulation

10.16 cm

F-uel Air Air Fﬁel

Fuel «— Nl
injector(s)

4

Fig. 2 Crosssectional view (left) and isometric view (right) of the threedimensional RDE
geometry used for analysis

The PDF of the fuel mass fraction is extracted at the interface (markeyl #). Using
this dstribution as an inlet boundary condition, numerical analyses are carried out in the
two-dimensional computational domain representeeign3. The 2D domain is obtained
by unrollingthe toroidal section of the-B combustion chamber, such that the length of
the domain is equal to the mean circumference of tBegg@ometry (45.96 cm), with the
height retained at 10.16 cm. The air and fuel manifolds are omitted inRhgePmetry.
Therefore, to replicate the flowrough the nozzle, numerical source terms are used at the

inlet boundary, whiclis presented in the proceeding section

10
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Fig. 3 Two-dimensional domain used for the numerical analysis

To measure the flow field parameters suchrasgure, temperature, and wave speeds,
multiple probes are placed at different axial locations similgk9p To measure the time
averaged static pressure at 11 axial locations from the inletdlaoy, 4 sets (9Gpart in
the azimuthal direction) of 11 probes each are placed along the axial direction (marked in
Fig. 3). The probes are 6.35 mm apart axially, with the first probe located at 6.35 mm from
theinlet boundary. Similarly, 4 additional probes {@part in the azimuthal direction) are
placed at an axial distance of 2.54 cm from the inlet boundary to measure instantaneous,

peak pressures (these probes are not marked in the image).

2. Solver and Chemcal Kinetics

To predict the flow field in the-B® cold-flow simulations from which the Probability
Density Function (PDF) is extracted, the steady state ReyAoleiaged Navier Stokes
(RANS) equations are solved. The governing equations of mass, momemiengy and
species conservation (Eqg. (1§2)) are solved using the commercial solver, &@M+,

which uses the finite volume discretization method

11
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In the 3D, steadystate, coleflow simulation, Eq. (1) is solved with the transient and
source terms (vect@) set to 0 in the cell control volume V which hasféedential surface
areaQ " is the fluid density calculated using the ideal gas reldtionf|¥Y "Y0 is the
continuum velocity of the fluidQis the specific total energy calculatedas O n¥” in
which H =0 "Y s ¥¢. The specific bat capacityd is calculated as a function of
temperature given by the NASA polynomialstbé GRI-Mech 3.0thermodynamic data
file [36]. neis theheat flux term. The term§ “@nd”Yare the normal and shear stresses
(viscousstress tensorjY  isthe shear stress due to the turbulent nature of the fluid flow.
To resolve this turbulent flowthe SST k (Menter) mode[37] is used.In the species
transport equation Eq (2), Y is the mass fraction of the sp€niath only fuel B, and Air
used at stoichiometric conditions in the céilmv simulation.v is the laminar diffusive
flux of the species calcul at é€édandy,sarentle t he
turbulent dynamic viscosity artdrbulent Schmidt number respectivedy coupled flow,
coupled energy solver with a thimtder implicit, Monotonic Upstreat@entered Scheme

for Conservation Laws (MUSCLB8] is used for spatial discretization of the fluxes. The

12



3-D domain is discretized to ~7 million polyhedral cells with regions near the irgerfac
between the manifold and the channel further resolved to fine cells of the order of 100
microns. Using this setup, thelB case is simulated and the distribution of fuel mass

fraction is extracted at a plane near the interface to be used as an ihp@&Dosimulation.

To predict the reacting flow field in thel2 domain, the unsteady Reynoldseraged
Navier Stokes (URANS) equations are solved (Eq (1) with the transient Ternmclude
the creation and destruction of species in the species trapspation Eg. (2), the source
term] (species production rate) of each species is calculated as explaifieg].in
Similarly, to model energy addition due to the reaction, chemical heat release rate is added
as a source term to the energy equatiw¥n (of Eq. (2)) which is calculated as the sum of
the product of reaction rat¢39] and the enthalpy of formation of all individual species.
The detailed chemistry model with 9 species and 23 reactions basectducadGRI-
Mech 3.0chemical mechanisif86] taken from CANTERA[40] is used to modehese
chemicalkinetics involved in Hydrogeair combustion. The transportgperties and the
specific heat capacities, which are a function of temperature, are also calculated using
NASA polynomials provided by th&RFMech 3.0thermodynamic data fil¢36]. In
addition to the SST& (Menter) mode[37] to predict turbulent flows, the laminar flame
concept is used for turbulenchemistry interaction. Thé%order MUSCL schemd38] is
used for spatial discretization, primarilgdause, the MUSCL scheme (with a blending
factor) in StatCCM+ is a bounded scheme that switches betw&emdr upwind (during
nonsmooth flows/shock) and%order central difference schemes (during smooth flow),
which is suitable for flow with shocki the domain. A % order implicit backward

differencing scheme is used for temporal discretization, which is neutrally stable at all

13



courant (CFL) numbers and is less demanding computationally. -Thei@ulation is

carried out in a structured grid of3:5 million cells, such that the grid cell size near the
detonation region is 100 microns and gets coarser towards the exit plane up to a maximum
size of 150 microns. A time step of 2.5 x®s@condss used. An MRbased decomposition

is used to parallgdrocess the simulations and it takes about 1600luaues per revolution

of the detonation wave. Data are ppeicessed and extracted after the detonation wave

completes three revolutions and reaches a ¢piaady state

3. Boundary Conditions

The 3D and 2D numerical analyses are carried out using specific operating conditions
corresponding to the case 2.2.1.3 present¢tld) in which the global equivalence ratio
is unity. In the 3D cold flow simulation, mass flow boundary conditions are used to inject
air and fuel from their respective plenums. Air is injected at 0.32 kg/s and fuel at 0.0093
kg/s with constant values of mass fractions to maintain a stoichiometric mixture inlet. The
back pessure of the chamber is maintained at atmospheric conditions and the walls are
treated adiabatic. The3 analysis is carried out using these boundary conditions and from
the converged solutions of which the PDF of fuel mass fraction is extracted laaihlees
manifold interface and used in théb2simulation.

In the 2D analysis, to replicate flow through the nozzle geometry in the experimental
rig, the airfuel mixture is injected into the combustion chamber using numerical source
terms applied to therkt row of grid cells. The Hairinjection at the inlet boundary is
governed by the downstream pressure in the RDE channel. In the absence of a detonation

wave, the aHfuel mixture enters the domain at sonic conditions. At sonic conditions, the

14



mass flx entering the RDE is based only on the critical pressusig ¢Pthe nozzle,

calculated using Eq. (3)

0 0 — (3

The total pressure gPand total temperature at the inlet are set to 4.1 bar and 300 K
respectively. Based onighcritical pressure, the mass flux entering the chamber through

the nozzle is calculated using the isentropic relation in Eq. (4).

=

o0 e (4)

o
C
>
°
o

In Eq. (4), the area of throat of the nozzleA is measured to be 3.973 ¢&from the
experimental (D CAD) geometry. Using this aréain Eq. (4), gives a mass flow rate of
0.32 kg/s during choked conditions ag§18]. The local Mach number (M(P)) at the first
row of cells, is governed by the cell static pressure (P) immediately downstream, which is

calculated using Eq. (5)

(®)

c
c

c €2
go)
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The value of downstream static pressure (P), which governs the flow of the mixture into

the domain, is calculated based on one of the following conditions:

1) WhenP > P,, the chamber is at a highgressure compared to the manifold, and
therefore the flow rate is set to zero. This is typically the case in the region (cells)
of the domain where the higiressure detonation wave is located.

2) When P < Rbut P > R, the flow at the throat is not chockéde value of P in Eq.

(5) takes the actual cell static pressure from the solver, from which the Mach
number (M(P)) and the flow raté {§ are calculated.

3) When P P, the flow is chocked, and P takes the valuecpihFEQ. (5).

The mass flux source term for thd2Zomain (Y ) at the inlet boundary is calculated
using Eqg. (6) that takes into account the RDE geometry(@ds checked to ensure it
accounts for the unit dimension in th@ Goordinate (perpendicular to the paper) for the
desired mass flow rat8imilarly, the momentum and energy source teinrbe first row

of cellswith heightaU are given by Egs. (8)

a

(3% _ 6
Y e (6)
oy a6 .
Osx &U (7)

. an
Y 08x &U (8)

Where,6 is the fluids velocity in the cell, anglis the total energy given by Eq.--19)
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C'll cA

n o6 Y "y (10)

The values of P in Eq. (9), follows the three conditions with respect to the critical
pressure stated abovel is the cell static temperatua the first row of cellsand

Temperature, T in Eqg. (10) is anetion of Mach number, given by Eq. (11)

[ P« = (11)

Egs. (3) to (6) provide the overall flow rate of the mixture entering the domain, however,
the mass fraction of the individual specibgdrogen and air) entering therdain are not
constant values. When the fuel and oxidizer are injected from separate manifolds (as in
Fig. 2), the mixture at the inlet of the chamber is not perfectly premixed. To model the
inhomogeneity of the fuair mixture in the 2D analysis, a PDF of the fuel mass fraction
is extracted at the inlet of the chamber (markelign 2) along the circumference of a 3
D nonreacting simulation. The PDF extracted for the cumgetating conditions is shown

on the left ofFig. 4
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Fig. 4 Distribution of fuel mass fraction extracted from a norreacting 3-D simulation
(left) and the distribution reproduced that is provided as a boundary condition at the inlet
of 2-D simulation (right)

To reproduce this PDF in the[2 simulation, a Java code is developed to generate
random numbers that are weighted to follow the distribution in the |dftgo#4. These
weighted random numbers are provided asnidss fraction at the inlet boundary, and
therefore replicating the inhomogeneity arising in tH2 §eometry. To generate weighted
random numbers, the distribution from th®3imulaton is divided into bins of suitable
size and are stored as arrays along with their corresponding weights (whose sum is 1). The
weight of each bin is multiplied by the number of grid cells in the first row of cells (4596
cells foragrid of 100 microns), tgenerate only the required number of random numbers.
The equation Eq1Q), is looped based on the number of bins and the weight of each bin to

replicate the distribution from the[3 domain.

YOE QS Gda 6B 6 K 60 zig Qoo 0¢ (12

Here,Y ® ¢ Q& @ &istke single random number generated whose value lies between

the left and the right edge values of its corresponding mextDouble()s a pva builtin
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random number generator function, that generates uniformly distributed random numbers
between 0 and 1. Therefore, with the number of random numbers generated equal to the
number of cells in the first row cells, each cell is assigned a randorber, which is the

mass fraction of Hydrogen. Corresponding mass fraction values of oxygen and nitrogen
are calculated to satisfy the total mass fraction value of unity. The assigned random
numbers, and therefore the dass fractions at the inlet boungare updated every three
time-steps to model the spatial and temporal variation of the fuel mass fraction prevailing
in the experiments. The global equivalence ratio is maintained at unity. The sample PDF
obtained using the random number generator fpeaic 2D domain with a grid size of

100 microns is shown on the right Big. 4. The variation in local equivalence obtained

using this method is highlighted kig. 5.

Y (m)

075 085 095 1.05 1.15 125

Fig.5 Contours of equivalence ratio (before ignition) in asectionof the 2D domain
obtained using the PDF methodLeft i Premixed caseRighti Non-premixed case
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With these conditions at the inlet, the outlet pressure boundaet iat atmospheric
conditions. The left and the right boundaries are modeled as periodic interfaces to model

wave propagation in the azimuthal direction.

4. Detonation Velocity Calculations

To compute the theoretical Chapmawuguet (CJ) velocity () thefollowing system
of nonlinear equations Eqgsl14) - (16) are solved. These equations are conservation
equations of mass, momentum, and energy with the condition that the products
immediately upstream of the detonation wave is at sonic cond[dddhsThese equations
are solved for the Hydrogeair chemical reaction given by Ed.3). The system of nen
linear equations is solved by employing an algorithm based oitimesr leasisquares
with large scale optimizatio@2]. The algorithm is based on interior Newton metf8]
and is a subspace trust region method. CANTERA func{@@jsare used to equilibrate
the reactions and to determine the properties at each state, using the reduced GRI

mechanism used in the CFD simulations.

O MO o @ © On o Qa Ani EXBHR O (13
6 — 1 Y'Y (14)
Q Q n&% (15)
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n — oo N (16)

The properties of the reactants (subscript 1) are measuréehaperature and pressure
of 298 K and 1 atmosphere respectively, which are the values used in the CFD analysis.

The mole fractions are taken as dictated by E§). (

5. Grid Sensitivity Analysis and Validation with Experiments

To ensure spatial or grid irgendence of the flow field parameters, a grid convergence
study is performed using meshes of 4 different sizes: 300 microns, 100 microns, 75
microns, and 50 microns. The Grid Convergence Index (GCI) (calculated for the first 3
sizes) gives a measure oéttliscretization error. To calculate the discretization error, mass
fraction of HO (product) is chosen as the variable of interest, which is indicative of the
species transport in the flow field after combustion, a method (parameter) similar to that
usedin [44] and[45]. The value®f mass flow averaged2® mass fraction is taken along
a plane at an axial location of 0.0508 m (+pldne) for the analysis. The parameters and
the calculation used for the GCI analysis is shownhahle1, with equations explained in
[46]. Herel is the refinement ratidfls the inverse of cell sizq,is the apparent orde®

is the approximate relative error, a@d is the extrapolated relative error.

Table 1Parameters and calculations for grid indepadence analysis

Parameter / Equation Value Parameter / Equation Value
W 0.23777 T ® o7i p 0.2376158
W 0.23799 IO o7i p 0.2379757
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The GCI index of 0.0008% and 0.00009% indicates the uncertainty of averaQed H
mass fraction in terms of discretization error between the fine (75 microns) and medium
(100 microns) grids. The discretization errare sufficiently low in both the grid sizes of
75 microns and 100 microns. Additionally, ttieange in the mass fraction oi®i(Fig. 6)

is found tobe less than 0.01% between the meshes of subsequent grid sizes.

In addition to the GCI index, the detonation velocitiesble2), instantaneoud~g. 7)
and timeaveraged pressure profileBig. 8) are compared to ensure grid independence.
The pressure gairfr{g. 7) and therefore the detonation velociti€alfle2) are found to be
sensitive to the grid cell sizes, and Bmend to exceed the theoretical values of CJ velocity
(column 3 ofTable2) and are closer to velNeumann pressure, as the mesh cell sizes are
reduced. Such sensitive behavior has been observed in prior re§éarch8] and
conclusive reasoning for t Htihasbeprhobsereethtbat o n

the reaction zone following theetbnation wave exhibits significant spatial gradients on
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the order of 110 microns[49] and finer discretization is required to resohetailed
kinetics and viscous effedis0]. Powers et gb1] state that the finest length scale required

to fully resolve the chemical kinetics and viscous effects is 0.1 microns. Resolving the
kinetics and viscous effects Htese length scales are computationally expensive and
require highfidelity simulation methods such as Direct Numerical Simulation with AMR,
which are currently beyond the scope of this wordwever, the method presented in the
present study can be apgli to various levels of modeling inhomogeneous-txadizer
injection. As the simulation results obtained using a grid size of 100 miceas®nably
predicts the physics such as wave structures, with values of peak pressures, and detonation
wave speeddase to the theoretical conditions and satisfies the global mass balance in the
domain, in addition to having a low discretization error vallablel), this mesh size (100
microns) is used for further analysistims study. Several research§?d, 30, 52]have

used similar or larger grid cells to obtain insights on the flow physics. Theaiisraged
pressure and detonation velocity (experimental value is 84% of thab@iiwelocity) are

comparable with the experimental results.
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Table 2 Detonation velocities at

different grid size 0.003

0.0025

Cell Detonation % "% 0.002
size velocity  Theoretical "< 0.0015 ]
(>m) (m/s) CJ velocity >

0.001

(Y H20_fine ~ Y H20 coarsgl

300 1915.12 97.234
100  1955.43 99.280
75  2034.45  103.293 0 , , , | |
50  2151.92  109.258 se 4 41 a2 43 aa

0.0005 -

log (h)

Fig. 6 Measure of detonation velocity as a function of
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Fig. 7 Comparison of instantaneous pressure for different grid sizes

24



X Experiment ¢ 0.3 mm 0.1 mm 0.075mm  +0.05mm

190 -
180 -
170 1
160 - x

150 - P
140 - x %

130 T x X
120 1 B S y

110 1
100

*

Static Pressure(kPa)
X
¢

0 2 4 6 8
Axial location (cm)

Fig. 8 Comparison of time-averaged pressure for different grid sizes with experiment

Results and Discussions

Utilizing this approach of using a PDF of fuel masacfion at the inlet boundary to
model inhomogeneity, the 2 analysis of the RDE is carried out. Various parameters such
as wave speeds, pressure profiles, work done, wave structure, and detonation cell sizes of
the nonpremixed RDE are studied and are pamed with that of a perfectly premixed case

in the section below.

1. Detonation Velocity, Pressure Profile, and Work Done

The detonation velocity in both the premixed and-poemixed (inhomogeneous) cases
are measured at different tirseeps using multigl probes marked iRig. 3. Although the
meandetonation velocity between the two cases does not change significantly (1957 m/s

in premixed, and 1954 m/s in ngmnemixed), the instantaneous velocity measured at
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different timesteps changes drastically due to varying pockets of equivalence ratios in the

nonpremixed caseHg. 9).

12

Mean: 1956.93 (m/s) Mean: 1953.50 (m/s)

10
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Detonation velocity (m/s) Detonation velocity (m/s)

Fig. 9 Distribution of detonation velocities in premixed (left) and norpremixed (right)
cases

In the noRrpremixed case, the extreme values of detonation velocitiegy(if) of 1880
m/s and 2031 m/s correspond to a local equivalence ra@jioof( ~0.85 and ~1.2
respectively, indicating the effect of inhomogeneity on the instantaneous wave speeds. The
mean detonation velocity (listed irable 3) obtained from the simulation is close to the
theoretical vlue but is 20% higher than the experimental vgli®3. Primary reasons for
the higher velocity may arise by not considering the-fuetluct stratification, due to
product backflow mixing with th reactants, and heat loss from the RDE in thg 2

simulations. Their effects are analyzed in a later section
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Table 3 Comparison of detonation velocities

Case Detonation velocity % CJ Frequency
(m/s) velocity (kHz)
Theoretial CJ 1976.7 . 4.272

velocity
Experimentg19] 1630 82.5 3.54
2-D premixed CFD 1957 99 4.230
2-D nonpremixed

CED 1955 98.9 4.225

Comparing the tim@averaged pressure profilEig. 10), the difference in the averaged
pressure between the two cases is insignificant. Alth&igyli0indicates that the average
pressures are marginally higher in the premixed caseampdxial distance of 3 cm, (height
of the detonation wave), the uncertainty indicated by the error bars (calculated using the
standard error of the mean) clarifies that there is no significant difference between the two

cases in terms of the tiraverage pressure profile.

+ Premixed x Non-Premixed
200 -
185 - % :
170 ~
155 +
140 - i ¥
125 +
110

Static Pressure (kPa)

0 1 2 3 4 5 6 7 8
Axial distance (cm)

Fig. 10 Comparison of time-averaged pressure between premixed and ngoremixed case
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Similarly, comparing the instantaneous peak pressifigs 11), the instantaneous
values are mostly higher in the premixed case due to uniform mixing with an equivalence
ratio of 1, however, at a few instances, similar @7~5 (cigcled and marked 3 iRig.

11), the instantaneous pressure valaedmes higher in the ngoremixed case due to local
pockets of fuel rich mixture@(~ 1.15 arising from the inhomogeneity, while the other
peaks marked 1, 2, 4, and 5 are measured where the local fuel mixture is lean. Ia the non
premixed case, the locafj@ivalence ratio is found to be lesser than unity at those times

(~500p s~625p s~725u yleading to a relatively smaller pressure gain.

—Premixed —Non-Premixed
30 +
= 25 1
=
o 20 -
5
B 15 -
o
o
o 10 -
IS
n °
0 e e e ————— 1 b, =
450 550 650 750 850

Time (g5)

Fig. 11 Comparison of instantaneous pressure profiles between the premixed and ron
premixed case

To compare the difference in the work done (therefore pressure gain) between the two
cases, the areaundertheP cur ve i s cal cwl atued.e, Ta hebtppaier :
and specific volume (v) ar EigExwhichaedrawth al ong
relative to a moving frame of reference traveling at the detonation velocity. Four of the five
streamlines (marked 1 through 4Fig. 12) cross the detmtion wavéont while the final
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streamline (marked 5) passes above the detonation wave which provides the work done

due to the deflagration component of combustion.

O-lf —Premixed - Non-Premixed
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Fig. 12 Left - Streamlines drawn to extract pressure and spéfic volume to calculate the
work done. Right - Comparison of the work done between the premixed and nen
premixed case

Although the average work done (rightf. 12) is slightly higher in the premixed
case (880 kJ/kg) compared to the npremixed case (1820 kJ/kg), the difference between
the mean values are insignificant for the current operating conditions. This additional work
is due to the higher pressure gain in the premixed case due to higher heatfretedake
uniform, stoichiometric mixture available for combustion, which will be discussed in the

section orVariation of Performance Parameters with Local Equivalence Ratio

2. Detonation Wave Structure

The detoation wave structure is studied by analyzing the numerical schlieren images
from the simulations. To obtain instantaneous Numerical Schlieren (NS) plots,7Eq. (1

below, taken fron53] is used during pogtrocessing. In Eq. @, "mis the gradient of
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gas density between the grid cellsaod e are constants that scales the density gradient
to enhance flow field visualization. In the current analysis, valuesaidat e are 0.8 and

1000 respectively, which greatly enhances thalsdensity gradients

0Y oAb (17)

The height of the detonation wave is same across both the premixed gomoxed
cases Kig. 13), justifying that the height is a function of stagnation presgfkkand is
unaffected by the inhomogeneity. The oblique shock is measured to be steeper in the
premi xed case g ll3)lf5h6#¢ compaget te 506 he rnoapremixed
case, whichesults in higher expansion rates of products through the oblique shock region
in the norpremixed case. Higher expansion through oblique shock results in increased
entropy [54] and therefore higher thermodynamic Ig&l] resulting in a loss in
performance in the nepremixed case. Furthermore, the shear layer (marke#ig. 13),
which is formed due to the interaction of combustion products of consecutive detonation
waves, is dominant in the premixed case compared to an unstable slip line in-the non
premixed one. The slip line governs thegtee of expansion of the products, and a

dominant slip region is found to reduce the thrust (performance) of the ¢b§jne
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Fig. 13 Comparison of flow features between the premixed (left) and nepremixed (right)
cases

The inhomogeneity of the mixture is also found to affect the local shape of the
detonation wavefront. The fuel stratification hasl l® multiple, smallerparabolic
detonation wavieonts as in the right ofig. 14. The reaction front in the negoremixed
case frequently detaches from the detonation shock structures due to pockets of rich and
leane mixtures, which leads to this type mdrabolicwavefront. In the premixed case, the

wavefront is smoother due to the horangous, stoichiometric mixture.

Fig. 14 Comparison of detonation wavefront between the premixed (lefdnd non-premixed
(right) cases
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3. Detonation Cell Sizes

An important parameter to determine the geometric dimension of an RDE is the
detonation cell size, which is also affected by fuel stratification. Detonation cell size is the
distance between two comsgive triple points stemming due to the interaction of the
detonation wave, the oblique shock, and the reflected wave. Byk¢9fkirovides an
i mportant correlation between the detonatio
dimensions of the RDE for the sustenance of the detonation wave as, minimum diameter d
= 30A, hard 2wibd\t. Furthermore, the minimum he
mixture required is also estimated using detonation cell sizegdh 5) A by Bykovsk
[9]. The detonation cell size of hydrogen is small compared to most hydrocarbdbéiiels
which is the primary reason for the interest in using$ifuel in most RDEE7]. In the
current numerical analysis, the contours of detonation cell sizes are obtained by tracing the
regions of maximum pressure downstream of the detonation wave. Using the measurement
tool available in the commercial softwahaageJ,ndividual cell sizes are measured from
these contours, and the mean value with corresponding distribution is calculated for the
two cases. Furthermore, the mean detonation cell size value is validatgdhgsicode

provided by Shephel&8].
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Fig. 15 Contours of detonation cd sizes in the premixed (left) and norpremixed (right)
cases

The mean detonation cell size measured using thénagleJgives values of 3.36
mm for the norpremixed case which is marginally higher compared to 3.30 mm in the
premixed case. The meaalues are close to the values provided in the liter@@jainder
current operating conditions. The[58haecan val
3.895 mm and 3.825 mm respectively for the -poemixed and premixed cases.
Shepher d’ s c o tlenthatshe dersat@d celts eaxhibitéxipdicity (similar
cell widths), and associates this periodicity with a relevant frequency and harmonics. These
dominant frequencies are computed using Fourier Transform and the mean cell size is then
calculated using only the relevant frequencies obthum@ng a power spectral density
calculation, all of which are explained [B8]. However, in the auent analysis, the cell
sizes do not exhibit perfectly periodic behavior. In the-pmemixed case, strong shock
structures are observed farther from the inlet (circled in the righigo14), and therefore
the cdl size is large and uniform as we move away from the inlet towards the height of the

detonation wave. Conversely, in the premixed case, the detonation cells farther away from

33

u ¢



the inlet boundary are smaller and less predominant (I€ftgofL5) due to weaker shock

structures. This leads to a narrower distribution of the detonation cell size in the non

premixed case as in the rightff. 16.
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Detonation cell size (mm) Detonation cell size (mm)

Fig. 16 Distribution of detonation cell sizes in premixed (left) and nospremixed (right)
cases

4. Variation of Performance Parameters with Local Equivalence Ratio

To analyze the local variation of performance parameters as a function of local
equivalence ratidgp), metrics such as static pressure, heat release rate, temperature, and
products mass fraction are extracted from a narrow region around the detonation wave,

(marked inFig. 17) at different timesteps and compardxbtween the two cases.
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Fig. 17 Region of data extraction for comparison of performance parameters with
equivalence ratio

The fraction of heat release is grouped under each bin of corresponding
equivalence ratiogg. 18) to study the heat release occurring at rich and lean conditions.
In the premixed case, the entire heat release occurs between an equivalence ratio range of
0.95 to 1.05, with ~48% of the heat release happening on tiex leide (0.95 to 1.00) with
the remaining 52% of heat release is through a fuel rich mixture (1.00 to 1.05). In the non
premixed case, 87% of the heat release occurs at fuel lean conditions between equivalence
ratios of 0.75 to 1.00 and the remaining 1Bfthe fuel rich regime between 1.0 and 1.2.
This is the primary reason for the instantaneous peak pressures to be predominantly lower

in the nonrpremixed case than the premixed in many instarfeigsX1).
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Fig. 18 Comparison of heat release occurring at different equivalence ratios between the

premixed (left) and nonpremixed cases (right)

Comparing heat release rates as a function of predsSigrel9) gives the fraction of

heat

as a

release that occurs as detonation (higher pressures). By considering a 5 bar pressure

benchmark for highressure combustid8], 0.2% of heat release occurs below this

mark for the premixed case, compared to a highly negligible 0.07% in thpereoxed

case

. However, 37% of the heat release occurs at higher than 25 bar pressure in the

premixed case compared to 32% in the-pognixed case, resulting in higher pressure

gain

in the premixed case.
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Fig. 19 Comparison of heat release at different pressures between the premixed (left) and

non-premixed (right) cases
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The variation of HO and OH mass fractioms the norpremixed case (b and d Big.
20) resembles the Zeldovielon NeumansDoring (ZND) profile, such that they vary
linearly up to an equivalence ratio of 1.0 (marked with dotted lin€ggir20 b). Beyond
this value, the mass fraction still increases but with a smaller gradient. In the premixed case
(a and c ofFig. 20), although the data points are concentrated around aaImce ratio
of one, a similar relationship between the parameters can be drawn. Beyond an equivalence
ratio of 1.0, although linear, the increase in the species mass fraction is more gradual

compared to the range below the equivalence ratio of 1.0.
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Fig. 20 Comparison of HO and OH mass fractions as a function of local equivalence ratio
between premixed (left) and norpremixed (right) cases
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In the nonpremixed case, the variation of temperature is proportional exjngalence
ratio (Fig. 21 b) up to a value of 1.0, beyond which the temperature oscillates around this
maximum value. Additional data points at higher equivalence ratios might be required to
further investigate he the temperature varies at higher equivalence ratios, which are
unavailable with the current simulation data. The heat release rates in tpeenoxed
case are spread for different equivalence ratios and no observable correlation exists. In the
premixedcase Fig. 21 a), the temperature clearly is higher in regions of higher equivalence
ratio, however, the range of equivalence ratio under analysis is too narrow (1.0 to ~1.05)

to establish a concrete relationshgiieeen the two parameters.
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Fig. 21 Comparison of temperature and heat release rate as a function of local equivalence
ratio between the premixed (left) and norpremixed (right) cases
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5. Heat Loss and FuelProduct Stratification

The detonation velocities iable 3 highlights a gap between wave speeds obtained
from the experimentd 9] and the numerical analysis. Therneased detonation velocities
in the numerical analysis could arise from not considering thepfoeluct stratification
arising due to the backflow and-eatry of combustion products into the chamber, and the
heat loss from the RDE. To check the impadthefse two flow physics, a supplementary
analytical method is used to predict their effects on the detonation wave speeds. To
compute the modified detonation velocity {J due to fuelproduct stratification, the
chemical equilibrium equation Egl3) is modified to Eq. (8 to account for the

combustion products mixed with the reactants at the inlet.

0 ™0 o @ GO0 0 0f 6 'Qa ALl @GO (18)

The theoretical detonation velocity is calculated byisglthe system of equations Egs.
(14-16) for the equilibrium equation Eq. §L To account for the heat addition due to
backflow of products, the initial temperature used for the calculation is aavessged
value of the reactants and the products. Mibdified detonation velocity is calculated for
different mass fractions of stratificationg¥) calculated as in Eq. 9]

A = N~ 19
w B D w (19)
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Fig. 22 Effect of fuel-product stratification on the detonation velocity

The detonation velocity is found to linearly decredsig.(22) with the presence of

combustion products diluting the fresh fuel mixture and drops up to approximately 70% of

the theoretical velocity for 80% products in the reactant mixture.

Heat loss from the RDE is another deterrent to the performaribe ehgine. To
measure the effect of heat loss on the detonation velocity, a modified version of the system

of equations Eqs16-16) is solved in which a heat loss termg is added to Eq.16)

which then becomes EQQ)

Heat loss from the RDE also deters the detonation veldeigy 23), although not as
significant as fueproduct stratification. The detation velocity is inversely proportional

to the heat loss and it decreases to 90% of an adiabatic detonation wave for heat losses as

high as 300 kW/kg of mixture.
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Fig. 23 Effect of heat loss on the detonation velocity

Conclusion

In the current work, a new technique is employed to model the inhomogeneity arising from
discrete fuehir injection in 3D injection design into a-B numerical analysis. In this
method, a Probability Density Function of the fuel mass fraction isatetrat the chamber

inlet from a converged colffiow 3-D simulation, and the extracted PDF is replicated by
generating weighted random numbers and is provided as an inlet boundary feld the 2
simulation. Using this approach, a npremixed RDE simulationsi validated with
experimental results available in the literature and is compared with that of an equivalent
premixed case. Also, this approach reduces the computational time drastically compared
to an equivalent-® simulation, such that it required ory3% of the resources. Based on

the comparisons between the premixed and thepnemixed cases, it is found thduet

mean detonation velocity is very similar between the two cases, however, the local
detonation velocity (and the distribution) varggnificantly in the nonpremixed case due

to local pockets of rich/lean mixtures. Furthermore differences betweetme-averaged
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pressuresn the premixed and nepremixed cases areegligible On comparing the
instantaneous peak pressures, the wfuthe nonpremixed casareeither higher/lower
compared to the premixed case depending on the local equivalence ratio. On most
occasions, the premixed case has a higher instantaneous peak fressuse 87% of the

heat release is found to occur at fuehleanditions in the nepremixed caselo compare

the work done, five streamlines are drawn at various locations in the domain using a
moving frame of reference alonvgth the detonation wave, and values of Pressure and
specific volume are extracted. Omgparing the work don@nly a slight decrease work

is observed in the ngpremixed caseOn analyzing the wave structures using numerical
schlieren technique, the shock structufeghest away from the inlet andear the
detonation wavarefound to bestronger in the nepremixed case than in the premixed
case, leading to relativelyeven distribution of detonation cell sizes in the 4poamixed

case. Hrthermore, the detonation wdkent in the norpremixed case is found to have
local parabolic profes due to the detachment of shock structures locally owing to pockets
of rich/lean mixturesln the premixed case, the wdrant is smoother. The shear layer in

the nonpremixed case is not as prominent as in the premixed case. Also, the angle of
obliqueshock is found to be steeper in the premixed case (B&di4¢escompared to the
nonpremixed case (50egrees The detonation wave height is falito be equal in both

the caseand reiterates that the detonation height is a function of inlet stagpa¢issure

only. The mean detonation cell size is slightly higher in the pr@mixed case (3.36 mm),
compared to the premixed case (3.80%). However, the detonation cell size farther away
from the inlet boundary in the premixed case diminishes due toewshkck structures.

This leads to a wider spread in the distribution of the cell 8ilaecomparing the effect of
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local equivalence ratio on the performance, the mean heat release in the premixed case
occurs at an equivalence ratio of 1.02 compared ® i®.8he norpremixed case, which

is the primary reason for lower instantaneous peak pressures in tpgenored case.
Further, 87% of the heat release occurs in theléael side in the nepremixed case,
compared to 48% in the premixed case. Alsthenpremixed case, 37% of the heat release
occurs at a pressure higher than 25 bar compared to 32% in tpeemoixed caseThe

OH and F20 mass fractions resemble the ZND profile, such that they vary linearly with
local equivalence ratio up to the valde.pbeyond which the variation is gradual. A similar
trend is observed in both cas&ke effects of fueproduct stratification and heat loss from
the RDE arenot included in the -D simulations and therefore their effects anecked
using analytical m#ods. The fueproduct stratification has a significant impact on the
detonation velocity compared to heat loss from the Ri3Ehe detonation velocity drops

in both these case$he effect of product diluents on the wave structure, detonation cell
size,and heat releasasing highfidelity simulationsis a part of the future work of the

research group
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Appendices

Appendix A7 Code for the weighted random number generator

The following section is the Java cogeacro)used to generate weighted random numbers and agpesheboundarycondition to the2-
D simulationin StarCCM+.

Note:

1. I n I'ine 80 of tndef cellvisitebe chanyed accading ta thd nember of cells ifirdteow of the 2D domain

o0 ExampleForacellsizof01lmm t he mnoaof ceBs oMo u'l d be 45 ahe lengih bfithe domanisb e c au s ¢
0.4596 m.

2. The codeequires three csv files:

0 items.cs¥ Has the fuel mass fractions extracted from ti2 dmulation
0 weight.csv Has the weight of the numbers in the above csv
0 x_coord.csv Has the xcoordinates of the cells centers (from ST&M+)
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Code:

/I CHANGE THE VALUE OF 'no_of _cells' IN
package macro;

import java.util.*;

import star.common.*;

import star.base.neo.*;

import star.flow.*;

import star.coupledflow.*;
import star.species.*;

import star.energy.*;

import star.vi S.*;

import java.io.*;

import java.util.*;

import org.openide.util. Exceptions;
import java.io.File;

import java.io.lOException;
import java.io.FileNotFoundException;
import java.io.FileWriter;

import java.io.FileReader;
import java.io.BufferedWriter;
impor t java.io.BufferedReader;
import java.util.ArrayList;
import java.util. Arrays;

import java.util.Collections;
import java.uti.Random;

import java.util. Scanner;

import java.lang.StringBuilder;

LINE 80 BASED ON MESH SIZE (no_of_cells = 0.4596 / del_x_required
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public class SMA_2D_RNG_finer extends StarMacro {
public vo id execute() {
execute0();
}
private void execute0() {

Simulation simulation_0 =
getActiveSimulation();

FileTable fileTable 2 =
(FileTable) simulation_0.getTableManager().createFromFile(resolvePath("Inlet_BC_mfs.csv"));

Region region_0 =
simulation_0.getRegionManager().getRegion("Region");

Boundary boundary 0 =
region_0.getBoundaryManager().getBoundary("2D_RDE.Inlet");

MassFractionProfile massFractionProfile_0 =
boundary_0.getValues().get(MassFractionProfile .class);

ScalarProfile scalarProfile_0 =
massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(1);

scalarProfile_0.getMethod(XyzTabularScalarProfileMethod.class).setTable(fileTable_2);
scalarProfile_0.getMethod(XyzTabular ScalarProfileMethod.class).setData("Mass Fraction of H2");

ScalarProfile scalarProfile_2 =
massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(7);
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scalarProfile_2.getMethod(XyzTabularScalarProfileMethod.class).setTable(f ileTable_2);
scalarProfile_2.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of O2");

ScalarProfile scalarProfile_1 =
massFractionProfile_0.getMethod(CompositeArrayProfileMethod.class).getProfile(5);

scalarProfile_1.get Method(XyzTabularScalarProfileMethod.class).setTable(fileTable_2);

scalarProfile_1.getMethod(XyzTabularScalarProfileMethod.class).setData("Mass Fraction of N2");

[* ---- RNG initial step ~ ------ */

Random r = new Random();

int no_of_cells = 4596; I ----- No of cells in the first row of the 2 - D geomdry
/R — Declare output variables ~ -----------moeeoo oo

double[] H2_BC = new double[no_of cells];
double[] N2_BC = new double[no_of cells];
double[] ©2_BC = new double[no_of_cells];

I =mmmmemeeee Declaration  ---------mmmmmm e -

File items, weights, xc_file;

Scanner s, s1, Xc;

ArrayList<Double> weightList, itemList, h2mf, xcoord;

Double nextElement, High, weight, item, Low, randomValue, x_c;

String items_file = simulation_0.getSessionDir() + File.separator + "items.csv";

String weights_file = simulation_0.getSessionDir() + File.separator + "weight.csv";
String xcs_file = simulation_0.getSessionDir() + File.separator + "x_coord.csv";
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String bc_file = simulation_0.getSessionDir() + File.separator + "In

A Get the Items and weight list

items = new File(items_file);
weights = new File(weights_file);
xc_file = new File(xcs_file);

weightList = new Array List<>();
itemList = new ArrayList<>();
h2mf = new ArrayList<>();

try{

s = new Scanner(weights);
sl = new Scanner(items);

while(s.hasNext()){
weight = s.nextDouble(); /ISum of all weights is 1
weight = weight*no_of cells;
weightList.add(weight);

}

while(s1.hasNext()){

item = s1.nextDouble();
itemList.add(item);

nextElement = itemList.get(0);
High = itemList.get(1);

Xc = new Scanner(xc_file);
xcoord = new ArrayList<>();
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while(xc.hasNext()){
X_c = xc.nextDouble();
xcoord.add(x_c);

}

int count =1;
for(int i = O;i<weightList.size() Ji++){
for(int j=0;j<(Math.round(weightList.get(i)));j++){
Low = nextElement;

randomValue = Low + ((High - Low) * r.nextDouble());
h2mf.add(randomValue);
}
nextElement = High;
count++;
if(count<itemList. size(){
High = itemList.get(count);
}
}
h2mf.add(High);

Shuffle the random numbers among different cells ~ ———rmmrmmm e

for(int k=1; k<100000000; k++){
simulation _0.getSimulationlterator().run(3);
Integer[] index = new Integer[no_of cells];
for (inti =0;i<no_of_cells;i++){
index[i] = i;
}

Collections.shuffle(Arrays.asList(index));

for (int i=0;i<no_of_cells;i++){
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H2_BCJi] = h2mf.get(index]i]);
N2_BC[i] =0.77%(1 - H2_BCIi]);
02 BC[i]=0.23*(1 -H2_BCJi]);

FileWriter fw = new FileWriter(bc_file);
BufferedWriter br = new BufferedWriter(fw);

StringBuilder sb = new StringBuilder();

sh.append(" \"Mass Fraction of H2 \"").append(",").append(" \ "Mass Fraction of 02  \"™).append(",”).append("
Fraction of N2\ "").append(",").append(" \ "X (m) \").append(",").append(" \"Y (m) \"™).append(",").append("
(m)\ ").append(" \n");

for (int i=1;i<=no_of cells;i+ +){
sb.append(H2_BC[i - 1]).append(",").append(O2_BC]i - 1]).append(",").append(N2_BC]i -
1]).append(",").append(xcoord.get(i - 1)).append(",").append(0).append(",").append(0);
sb.append(" \n");
}

br.write(sb.toString());

br.close();

fileTable_2.extract( )i

}
}

catch (IOException e) {
simulation_O.printin("Error in Secion™);
e.printStackTrace();

}
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Appendix BT Code to calculate theoretical CJ velocity

Note:

o Include the mechanism file to be used. In this case it is thar@Bhanism. It should be in .ci format

Code:

%State 1

T1 =298; %K
P1=101325; %Pa
X =10,0.5,0.5*3.76];

T2 guess = 3000;
P2 guess = 2.0e6;
Vd_guess = 1900;

y_guess = [T2_guess,P2_guess,Vd_guess];
q=0;

F = @(y)CJ_calc(y,P1,T1,X,q);

out = fsolve(F ,y_guess)

T2 = out(1);

P2 = out(2);
Vd = out(3);
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function [F] = CJ_calc(Y,P1,T1,X,q)

T2 =Y(1);

P2 =Y(2);

Vd = Y(3);

gasl = IdealGasMix( "' GRl.cti' );
nsp = nSpecies(gasl);

ih2 = speciesindex(gasl, ‘H2" );
02 = speciesinde x(gasl, 'O2');
ich4 = speciesindex(gasl, 'CH4' ),
in2 = speciesindex(gasl, ‘N2 );

X = zeros(nsp,1);
x(ich4,1) = X(1);
x(ih2,1) =1 - X(2);
x(i02,1) = X(2);
x(in2,1) = X(3);

set(gasl, ‘'Temperature' ,T1, 'Pressure' ,P1, 'MoleFr actions'

gas2 = IdealGasMix( 'GRl.cti' );
set(gas2, ‘Temperature’ ,T2, 'Pressure’ ,P2, 'MoleFractions'
equilibrate(gas2, TP );

R2 = 8314/meanMolecularWeight(gas?2);
gammaz2 = cp_mass(gas2)/cv_mass(gas2);
density2 = density(gas2 );

u2 = intEnergy_mass(gas2);

R1 = 8314/meanMolecularWeight(gasl);
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ul = intEnergy_mass(gasl);

F(1)=u2 -ul+q-0.5%(P2/2 - PL"2)*(1/(gamma2*P2*density2));
F(2) = (P1+P2)*(R1*T1/P1 - R2*T2/P2) - (P22 - P172)*(R2*T2/(gamma2*P2/2));
F(3) =Vd - (P2*R1*T1)/(P1*R2*T2)*sqrt(gamma2*R2*T2);

end
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