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1 Introduction

Fluorinated gases are critical to a number of high-technology industries including
semiconductor manufacturing and related processes such as flat panel display, LED,
and photovoltaic manufacturing. These fluorinated gases have very high global
warming potentials (GWPs) and, unfortunately are chemically very stable, in some
cases lasting for thousands of years in the atmosphere. For environmental reasons,
it is imperative that the release of these gases be minimized, but existing methods
to destroy them requires a significant amount of energy. The goal of this project is
to develop a more energy efficient method of destroying these high GWP gases. Due
to the complexity of the abatement process, computational fluid dynamics (CFD)
can be a valuable tool, but the computational requirements are significant. In this
project, we bring together resources available at the national labs, including high-
performance computing hardware and modern computational methods, in order to
explore an industrially important problem with key environmental and economic
impact.

2 Configuration

In this project, we investigate a “burn-wet” type reactor produced by the company
ALZETA for the purposes of CF4 abatement via high-temperature combustion. Fig-
ure |1} shows a schematic of the ALZETA reactor along with the axisymmetric rep-
resentation of it we have used in our computational study. In this reactor a stream
of “process gases” (e.g., CF, + CHy + air) is injected through the top boundary
of the reactor; three different configurations have been investigated for the process
gases: single jet, concentric nozzles and porous top wall, as shown in Figure
and [Le| respectively. A porous ring “main burner” surrounds the top section of
the reactor side walls, and supports a premixed flame along the inner surface of the
vessel. The side walls below the porous burner are water-cooled, and water spray
injectors cool the exiting product stream. In this configuration, hot gases converge
radially on the process stream and ignite the contained fuel, creating the extreme
enviroment necessary to break the strong bonds of the CF, molecules. As the flow
proceeds down the reactor, the primary goal of the device is to ensure that the flu-
orine radicals generated in this process will not reform CFy, but rather will end up
in HF molecules. While HF gas is extremely toxic, it is relatively simple to remove
in a subsequent chemical “scrubber” device that is attached to the bottom of the
burn-wet reactor.

The chemical model describing this system is discussed in Section It combines
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the details necessary to describe both the combustion of methane and the reaction
chemistry of fluorine. In addition to being a relatively large model, it exhibits
an extremely broad range of time scales, resulting in considerable complications
when used in coupled CFD calculations. Prior to this study, the model was only
successfully used in extremely simplified computational configurations, including
point-reactors and 1D flame idealizations. ALZETA also attempted to incorporate
the model into multidimensional simulations using the reacting flow modules in
OpenFoam, but the resulting numerical time step restrictions rendered practical use
impossible. Without additional help, ALZETA had no viable method of simulating
this device. Yet, because of the geometry of the system, very little is known about the
details of the reactions within the vessel, and thus there was very little information
on which to base any reasonable optimization strategy. As a result, the device is
run in an “over-firing” mode, consuming a significant amount of fuel and resources
in order to guarantee elimination of CFy.

In Section we summarize the salient aspects of the advanced numerical model,
PeleLM, that we brought to bear on this system. PeleLM solves the reacting flow
equations specialized to the low Mach number regime (appropriate here since the flow
velocities are considerably lower than acoustic propagation speeds within the vessel),
and because of the way PeleLM iteratively couples the various physical process, is
capable of much larger time steps than traditional CFD codes. In Section {4] we
discuss aspects of the chemical model relevant to the flow solver and the chemical
objective here. Finally, in |5 we present some of the early findings and suggest
directions for future work.

3 Numerical model

3.1 PeleLM and the low Mach number regime

A broad range of flow phenomena occur under conditions where advective transport
is considerably slower than the local speed of sound: incompressible and inelastic
hydrodynamics, atmospheric combustion, stellar hydrodynamics, etc. In such sys-
tems, it can be shown that acoustic waves transport very little energy, and thus
have minimal effects on the flow evolution. A generic flow solver code could be used
to simulate such conditions, but would be severely limited by the need to evolve
fast-moving pressure disturbances that have no significant impact on the solution.
As an alternative, this scale separation can be exploited to construct an approxi-
mate model where acoustic phenomena are entirely eliminated analytically. PeleLM
is a finite-volume fluid solver for reacting flows in this low Mach number regime.
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PeleLM was developed at LBNL, and is built upon the AMReX software framework
for block-structured adaptive mesh refinement. It incorporates community-standard
parameterized models for thermodynamics, detailed transport and Arrhenius reac-
tion chemistry [1]. Additionally, the integration schemes in PeleLM are designed to
iteratively couple the various physical processes that represent “fast” physics, with
respect to advective transport. The low Mach number model, together with this
coupling procedure, allows extremely large numerical time steps compared to those
taken by generic compressible reacting flow solvers. PeleLM is implemented using a
solution-adaptive approach to mesh generation, and executes efficiently on massively
parallel computing hardware. PeleLM represents a uniquely efficient reacting flow
simulation tool.

3.2 The low Mach number equations set

In the low Mach number regime, the speed of the fluid U is everywhere much smaller
than the speed of sound, a; i.e., the Mach number M = U/a ~ 0.1, is a small
parameter. To analyze this situation formally, we decompose the total pressure field
as the sum of a spatially uniform value, pg, and a perturbation, m(x,t),

p(x,t) = po + 7(x,t) (1)

and use asymptotic analysis beginning with the reacting Navier-Stokes equations in
order to estimate the magnitude of the various contributions. It has been shown
that under conditions satisfied by laboratory-scale open combustion devices, 7/pg ~
O(M?), and 7 becomes independent of the thermodynamic state of the fluid. In
this regime, 7 acts as a Lagrange multiplier that is consistent with the evolving flow
field. po becomes independent of space and time. The resulting set of equations
that express conservation of species mass, enthalpy and momentum in the low Mach
number limit [2] are given by:

a<f(’§m):—v.(Ume)—v~Fm+wm m=1:N (2)
9(ph) _
5 =~V (Uph) +V AVT Zm:v (hn L) (3)
p%_?:_pU-VU—w+v-r (4)

where N is the total number of species, p is the density, Y,, is the mass frac-
tion of species m, U is the fluid velocity, I, is the diffusive flux of species m,
h =75, (Yinhy) is the total enthalpy with h,,(T") the enthalpy of species m, W, is
the production rate of species m due to chemical reactions, and A is the thermal
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conductivity of the mixture. Ignoring bulk viscosity terms, the stress tensor in the
momentum equation [4] is defined as:

T=U VU+(VU)T—§I(V'U> ()

where (Y, T) is the dynamic shear viscosity and Z is the identity tensor. Evolution
of this approximate system allows a ~ 1/M increase in numerical time step size,
compared with that of a fully compressible method.

Note that these evolution equations are closed by an equation of state. For this
work, we assume a mixture of ideal gases:

Ry Yo
= pRpicT = p==T = pR, Y~ 6
Po=p Pt = R 2 (6)

where W is the mean molecular weight of the mixture, W,, is the molecular weight
of species m and R, is the universal gas constant. Also, there are several additional
constraints implicit in this formulation. Since neither species diffusion nor chemistry
redistribute total mass, > Ty, =0 and ) @, = 0. Using the definition of mass
fraction, ) Y, = 1, the continuity equation can be derived summing up the species
continuity equations:

XY =0 ")

In this work, we assume a mixture model for species diffusion:

where V,,, defines the diffusion velocity of species m. The transport properties of
this system are evaluated using EGLIB [3], in terms of the “flux diffusion vector”
Y = %Dm and the diffusive driving force, d,,. EGLIB provides D,,, (Y, T'), based
on a mixing rule that combines the multispecies binary coefficients of all species,
k. EGLIB also provides i and A. Ignoring Dufour, Soret and barodiffusion terms,
the diffusion driving force becomes d,, = V.X,,, where X,, is the mole fraction of
species m.

3.3 Overview of the PeleLM time step

PeleLM implements a complex, iterative predictor-corrector strategy to advance the
low Mach system of conservation equations. To facilitate the large time steps af-
forded by the low Mach number model, time-implicit solvers are use to advance the
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diffusion physics and reaction dynamics separately, and are coupled to the time-
explicit treatment of advection. The iteration is based loosely on a spectral-deferred
correction strategy, where each term is advanced with a lagged approximation of
the other terms in the form of a time-dependent auxiliary forcing. The diffusion
advance resembles a generalized Crank-Nicolson step, with a correction to ensure
discrete conservation. The reactions are integrated with a stiff ODE solver for ro-
bustness. The advection is advanced with a high-resolution fractional step approach
that employs a density-weighted approximate projection to ensure the flows satisfies
the divergence constraint. The PeleLM integration scheme is embedded in a parallel
adaptive mesh refinement framework based on a hierarchical system of rectangular
grid patches. The integration of finer levels in the hierarchy are sequenced with
a subcycling approach, where each level is advanced with a time step appropriate
to its grid spacing. When adjacent levels in the hierarchy reach the same time, a
synchronization step is applied to ensure conservation and consistency across lev-
els. Refinement levels are static during their time step, but are redistributed at
user-specified intervals in order to satisfy refinement criteria that may evolve with
the dynamic solution. This recursive adaptive integration algorithm is second-order
accurate in space and time, and discretely conserves species mass and enthalpy.

Implementation of the iterative adaptive projection-based time step makes efficient
use of distributed-memory parallel computing architectures; a dynamic load balanc-
ing algorithm accomodates the heterogeneous and time-dependent workload asso-
ciated with chemical kinetics near the evolving flame surface, as localized patches
of grid refinement are created and destroyed during the simulation. The reader is
referred to [2], and subsequent enhancements [4, 5] for additional details of the low
Mach number model and its adaptive implementation.

4 Reactions mechanism and path diagrams

The “reaction mechanism” is the combined specification of thermodynamic relation-
ships (such as temperature-dependent parameterization of species specific heats),
transport coefficient functions, and a network of detailed Arrhanius kinetic reac-
tions. Our intial starting point was a mechanism provided by the ALZETA staff
that included 72 species and 518 reactions. The model was assembled from two
different sources:

e GRI-3.0 (53 species, 325 reactions) [0], describing the combustion of methane
and subsequent formation of nitrogen-based emissions

e O-carbon and 1-carbon reaction subset (19 species, 193 reactions) describing
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fluorine combustion, as obtained from NIST [7]

Early in this project, considerable efforts were devoted to characterize this kinetic
model, and to successfully incorporate it into PeleLM. It is important to stress that
this type of detailed model for fluorine and carbon chemistry is not widely used in
high-resolution, time dependent reacting flow calculations. The models include a
number of chemical subprocess which exhibit evolution dynamics over an extremely
broad range of timescales — some far shorter than the advection phyics evolved by
PeleLM. A key result of this early analysis was the identification of a subset of the
reactions in the model which drive the smallest of time scales observed, yet were
also identified as sources of considerable uncertainty. Through careful analysis and
an extensive literature search, we were able to manually adjust the parameters as-
sociated with these reactions within the bounds of published uncertainties to obtain
a new model that, while still providing acceptable predictions for measured exper-
imental data, led to far less extreme variations in observed chemical reaction time
scales.

In order to identify the key chemical processes that convert CF4 to HF in the context
of the flow reactor fluid environment, a reaction path analysis was performed based
on a range of simple idealized steady 1D counterflow diffusion flame solutions, and
later, based on a set of 2D premixed flames. Based on these flames, we identified
the dominate pathways the F atoms take through chemical space from CF, to HF.
One important use of this information is as a quantitative measure of space and
time resolution requirements for the multidimensional coupled simulation. That is,
what are the cell size and time steps required of PeleLM in order to capture the key
chemical pathways, and what are the degradation modes as we reduce the resolu-
tion? This provides a meaningful approach to computational convergence analysis
that focuses on the end goals of the simulation, and can be contrasted to typical
approaches that involve norms over the domain of various state quantities. A second
outcome of this analysis is that once we have identified the most important chemical
pathways of this system, we can ask whether simpler models could reproduce the
results at a fraction of the cost. In fact, we used our analysis to verify that a simpler
model, based on DRM19 (21 species, 84 reactions), rather than Gri-30, was able to
capture the key fluorine pathways. Note that this finding is key discovery of
the work! DRM19, coupled with the NIST fluorine mechanism, resulted in a ma-
jor reduction in the stiffness of the overall chemical model, while also dramatically
reducing the number of species that had to be evolved by PeleLM. Thus, we were
able to rigorously justify the use of a model that required orders of magnitude less
computing resources.

Table (1| summarizes the initial conditions for the different types of flames considered;
results from these simulations show that:

10
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Composition Temperature Inlet velocity Software
Counterflow | Fuel: 95% CHy + 5% CFy | Ty = 350K uy = 0.37% Cantera
diffusion Ox: product of CH4-air T.. = 1588 K Uz = 0.3%
flame premixed flame (¢ = 0.558)
Counterflow . Ty = 400K my = 0.72 ngs CCSE’s
diffusion | Luel 990 CHy+ 5% CF fp ook | _ o355 | RPD

Ox: air ox po

flame
Premixed | (95% CHy + 5% CFy)+air T. = 350K | u, =02m PeleLM
flame Alzeta mechanism s

Table 1: Initial conditions for reaction path analysis and sensitivity analysis

. both mechanisms well represent the flame structure (i.e., temperature and
therefore heat release), as shown in Figure

. both mechanisms provide good match for the H radical, which is a key species
since it links methane and fluorine chemistry; however, there is a ~ 20% over-
estimation of F' and HF' in the reduced model, as represented in Figure

. compared to the Alzeta mechanism, the reduced mechanism does not capture
in detail the conversion from CF, to HF, as shown in Figure {4| and || (in
both Figures, the branching ratios shown are normalized to the integrated
conversion in the reactor from C'Fy to CF3)

. using the Alzeta mechanism, a base mesh with spatial resolution dz = 0.0016m
and temporal resolution dt < le —5s is required in order to accurately capture
the flame topology.

5 Results and discussion

Given the limited duration of this study, combined with the difficulties encountered
early in the investigation, the “results” we present consist primarily of demonstra-
tion calculations, and a single subsequent iteration with ALZETA to hone in on
interesting aspects of parameter space. These results are followed by a collection
of what we believe to be the primary “non-technical” findings of the study to be
considered as the work moves forward.

11
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5.1 Solution profiles and discussion

This section describes results obtained from two different sets of Case Studies:

e the first set includes 15 simulations and a single reactor configuration, as shown
in Table 2l and Table 3]

e the second set includes 10 simulations and three different reactor configura-
tions, as shown in Table

Results have been obtained using a 2D axial-symmetric model of the Alzeta reactor,
as shown in Figures [I} depending on the reactor configuration, a mixture of CHy,
0y, Ny and CFy is injected from the top face of the cylinder in different ways,
as shown in Figure [1d, and [Ief The constant flow rates of Ny and CF, are
identical for all the Case Studies, while those of CH4 and O, are adjusted for each
case, as shown in Table [3] and Table [l In the laboratory device, a premixed flame
is maintained around the porous inside walls of the lateral surface of the reactor,
and its combustion products are used to heat the process stream gases; the design
parameters for the premixed flame are the flow rate of main burner methane and the
equivalence ratio, as shown in Table [3] and Table [l The water-cooled walls below
the porous burner surfaces are maintained at a constant temperature of 70°F via
water cooling. Note that all inlet flow rates are considered to be steady over time;
time-dependence arising from initial transients at device startup are ignored, since
the device is designed for longer-time steady-state operation.

Results have been obtained using a single level grid of 256x3328 uniformly-sized
cells. All simulations were carried out on the “Theta” supercomputer at the Argonne
Leadership Computing Facility; each case ran on 8 compute nodes of Theta (each
contains 64 cores), for a total of 512 cores. Since the main goal of this project is to
minimize production of CF4 by converting it into HF, we defined the steady state
regime in terms of the integrated production rate of HF: when this quantity reaches
a constant value over time, the system is considered steady, from the point of view of
CF4 consumption. We acknowledge that additional time is required for the product
gases to move through and exit the bottom of the device. However, we observed
that in the cases we considered, once the primary reaction zone was established,
the subsequent flows and device residence times downstream had little impact on
chemical conversion process. With this definition, the wall-clock time required to
reach “steady state” with PeleLM was approximately 7-10 days for each case, and
the total amount of CPU time required was:

e Approximately 2M CPU hours (total) for the first set of Case Studies

e Approximately 1.5M CPU hours (total) for the second set of Case Studies
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5.2 Results for the 15t SET of Case Studies

This first set of runs was based on a single jet configuration: the process gases (e.g.
CF4+CH,+air) are injected through the single jet located at the center of the top
boundary of the reactor, as shown in Figure A list of the design parameters used
for these simulations can be found in Table 2l and Table Bl

Figure [6] shows the time evolution of the integrated production rate of HF: since the
flow rate of CFy is identical for all cases considered, it is not surprising that most
of the simulations stabilize around the same value. However, several cases exhibited
profiles such as that shown for Case 15. This behavior results from the fact that
the CF4 consumption was too slow in these cases and the exit stream at the reactor
bottom contained a significant fraction of unreacted CF,. Also, many of the cases
exhibit a transitory peak in integrated HF production early in the evolution, as a
result of transients due to startup - a large vortical structure is generated at the
process stream inlet and propagates downward through the reactor.

These results suggest that, depending on how the fluorine chemistry evolves in the
combustion zone, the flame structure can be of two different types:

a) The CFy reacts completely in the flame zone. Here the flame assumes a
downward-pointed conical shape; CF, is converted to HF, which then advects
downstream and out of the reactor domain

b) The CF, reactions are slow, in which case much of the CF, exits the bottom
of the domain unreacted. Certainly, this is a condition we want to avoid.

The following figures show the time evolution of some of the most relevant data
fields; plots have been obtained using the open-source visualization package “yt”
[8]. For sake of simplicity, we do not report results for all the Case Studies involved
in this first set of runs; instead, we simply show a comparison between a case in
which all CF, reacts in the flame zone and a case in which unreacted CF, advects
out of the reactor.

In particular |I|:
e Figures [7] to [12] refer to Case 11

e Figures [13] to [1§ refer to Case 15

'Notice: the units of both radial and velocity profile should be m /s, and not em/s.
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Figure 6: Time evolution of the integrated production rate of HF for the 1% SET of
Case studies
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Figure 7: Case 11 - Time evolution of temperature profile
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Figure 8: Case 11 - Time evolution of density profile
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Figure 9: Case 11 - Time evolution of radial velocity profile
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Figure 10: Case 11 - Time evolution of axial velocity profile
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Figure 11: Case 11 - Time evolution of CF4 molar fraction profile
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Figure 12: Case 11 - Time evolution of HF molar fraction profile
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Figure 13: Case 15 - Time evolution of temperature profile
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Figure 15: Case 15 - Time evolution of radial velocity profile
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Figure 16: Case 15 - Time evolution of axial velocity profile
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Figure 17: Case 15 - Time evolution of CF4 molar fraction profile
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Figure 18: Case 15 - Time evolution of HF molar fraction profile
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5.3 Results for the 2" SET of Case Studies

Upon initial review of the early results, the researchers at ALZETA created a second
set of cases to study:

e Additional single jet cases (Case 1, Case 2, Case3): as in Set 1, process gases
are injected at the center of the top boundary, as shown in Figure

e Concentric nozzle cases (Case 4, Case 5, Case 6, Case 7): process gases are
injected through the inner nozzle, while CHy is fed through the annulus, as
shown in Figure

e Single jet, and a porous top wall (Case 8, Case 9, Case 10): process gases are
injected through the single jet, while air or CH, is fed through a new top wall
fabricated from a porous material, as shown in Figure . E|

A list of the design parameters used for these simulations can be found in Table [4]

Figure shows the time evolution of the integrated HF for the 2"? set of Case
Studies; as for the 1% set, since the initial flow rate of CF, injected in the system
is the always the same, Cases with the same geometry stabilize around the same
value. However, it is evident that the geometry of the process inlet strongly affects
the flame behavior, and subsequently the time required to reach steady state. In
fact, results for Casel, Case2 and Case3 are very similar those from the majority
of the Case Studies of the 1% SET: most of the CF, reacts in the flame zone to
forms HF, which then advects downstream; the flame assumes the typical conical
shape. Cased, Caseb, Case6 and Case7 exhibit a slightly different behavior: the flow
coming from the annulus induces strong vortical structures at the flame surface,
which then propagates downstream until the vortex detaches; the flame tip retreats
slightly upward until it finds a steady position. The physical time to reach teady
solutions in the concentric nozzles configurations was nearly twice that as those with
the single jet configuration. Differences in the initial dynamics notwithstanding, CF,
typically reacts away completely in the flame zone leaving negligible amounts in the
product stream.

The following figures show the time evolution of the most relevant data fields; again,
for sake of simplicity we do not report results for all the Case Studies. Since Cases
with the same geometry exhibit very similar behavior, we show only one Case per
each reactor configuration. In particular:

e Figures [20] to |25 refer to Case 1 (single jet)

2Results for these three Case Studies have not been included in the current report since simu-
lations have not reached steady state yet.
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Figure 19: Time evolution of the integrated production rate of HF for 2"¢ SET of
Case studies (Casel to Case7 only)
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e Figures 26| to [31] refer to Case 4 (concentric nozzles)

Independent Variables

Inject Flow Design DOEx Levels
Methane Inject 10 | slpm | 20% 0 |-20% | -40% | -60%
Oxygen Inject 18 | slpm | 20% 0 |-20% | -40% | -60%

Main Burner
Main Burner Methane 5.375 | slpm | -25% 0 25%

Equivalence Ratio 0.625 - 0.625 | 0.714
Constants

Process Flow

Process Nitrogen 50 slpm

Process CF4 2 slpm

[sothermal Wall Temp 70 | deg F

Table 2: List of independent variables defined for the 15 SET of Case Studies
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Figure 20: Case 1 - Time evolution of temperature profile
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Figure 21: Case 1 - Time evolution of density profile
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Figure 22: Case 1 - Time evolution of radial velocity profile
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Figure 23: Case 1 - Time evolution of axial velocity profile
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Figure 24: Case 1 - Time evolution of CF, molar fraction profile
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Figure 25: Case 1 - Time evolution of HF molar fraction profile
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Figure 27: Case 4 - Time evolution of density profile
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Figure 28: Case 4 - Time evolution of radial velocity profile
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Figure 29: Case 4 - Time evolution of axial velocity profile
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Figure 30: Case 4 - Time evolution of CF, molar fraction profile
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Figure 31: Case 4 - Time evolution of HF molar fraction profile
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Test Matrix

Baseline Vary CH4/02 Inject (same ratio)
Test 1 2 3 4 5
Values
Methane Inject 10 12 8 6 4
Oxygen Inject 18 21.6 14.4 10.8 7.2
Main Burner Methane 5.375 5.375 5.375 5.375 5.375
Equivalence Ratio 0.625 0.625 0.625 0.625 0.625
Adjustment
Methane Inject 0 20% -20% -40% -60%
Oxygen Inject 0 20% -20% -40% -60%
Main Burner Methane 0 0 0 0 0
Equivalence Ratio 0.625 0.625 0.625 0.625 0.625
Test Matrix

Factorial Design (Vary CH4, O2 2-levels, Methane 3-levels)

Test 6 7 8 9 10 11 12 13 14 15
Values
Methane Inject 12 8 12 8 12 8 12 8 8 12
Oxygen Inject 21.6 21.6 14.4 14.4 21.6 21.6 14.4 14.4 21.6 14.4
Main Burner Methane 6.71875 6.71875 | 6.71875 | 6.71875 | 4.03125 | 4.03125 | 4.03125 | 4.03125 | 5.375 | 5.375
Equivalence Ratio 0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625 | 0.625 | 0.625
Adjustment
Methane Inject 20% -20% 20% -20% 20% -20% 20% -20% | -20% | 20%
Oxygen Inject 20% 20% -20% -20% 20% 20% -20% -20% 20% | -20%
Main Burner Methane 25% 25% 25% 25% -25% -25% -25% -25% 0% 0%
Equivalence Ratio 0.625 0.625 0.625 0.625 0.625 0.625 0.625 0.625 | 0.625 | 0.625

Table 3: List of 1% SET of Case Studies
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Test Matrix \ \ \ \ \

1.8 Ratio | Other Ratios Concentric Nozzle Porous Top
Test 1 2 3 4 5 6 7 8 9 10
Values
Methane Inject 7 10 10 10 6 10 10 10 10 10
Oxygen Inject 12.6 16 22 18 18 18 18 18 18 18
Main Burner Methane 5.375 5.375 | 5.375 | 5.375 | 5.375 | 5.375 | 5.375 | 5.375 | 5.375 | 5.375
Equivalence Ratio 0.625 0.625 | 0.625 | 0.625 | 0.625 | 0.625 | 0.625 | 0.625 | 0.625 0.625
Geometry A A A B B B B C C C
Concentric Nozzle Methane 4 4 2 8
Porous Top Air 9 18 0=.625
Porous Top Methane 0 0 0.64

Table 4: List of 2" SET of Case Studies
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5.4 Summary of findings and further discussion

e The LBNL code, PeleLM, was used to create simulations of the ALZETA
burn-wet CF, processing reactor. The code was adjusted to incorporate two
rather detailed chemical models of fluorine in the presence of methane com-
bustion. The models were ssembled from a combination of GRI3.0, DRM19
and a NIST database. Based on PeleLM performance characteristics using
these models, the chemical descriptions appear to exhibit considerably shorter
time scales than the fluid dynamics expected in this low Mach number regime.
This “chemical stiffness” leads to substantial difficulty in numerical simuations.
PeleLM was used to compute these flows in spite of the numerical difficulties,
although consiserable HPC resources were required. To our knowledge, this
data could not have been produced by any other approach available.

e Considerable effort early in the project was devoted to characterizing the na-
ture of the chemical system, as modeled with the GRI/DRM/NIST databases.
As part of this work, we developed a criteria to use in adaptive simulations that
focuses on the chemical processes of interest, rather than a more traditional
approach based on spatial resolution of flame and/or fluid features, which are
only indirectly related to the objective. Based on this approach we were able
to assess the capability of a reduced chemical model as a replacement for the
prohibatively expensive one. This pragmatic approach to chemical resolution
assessment is of independent scientific interest in our work moving forward.

e On this first pass of the research, ALZETA was interested only in quasi-
stationary results from the inherently transient simulation. With no existing
steady state flow solver capable of solving this problem, PeleLM was used to
generate transient solutions until an approximately steady solution was found.
For each case, the resulting “solution” consists of a snapshot containing a set
of concentration profiles for 72 chemical species, plus temperature and velocity
fields, over the 2d cylindrical computational domain. In order to analyze the
detailed chemical system however, complex transformations of this raw data
are required which involve the reaction rate expressions, transport properties,
thermodynamic relationships, etc. For example, the chemical path analysis,
which was summarized earlier in this document, was constructed by using the
steady solution state to evaluate instantaneous reaction progress rates over
the domain. Those rates were integrated over the computation volume, and
collated into fluxes of F' atoms moving between chemical species. These types
of diagnostics are required to understand and quantify the behavior of the
system, but they also hint at the richness of the analysis work yet to do in this
area. More complex scenarios would likely increase the volume of data dra-
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matically. For example, high-speed and/or time-dependent flow rates into the
process inlet may favorably enhance mixing, and possibly turbulence which
must be resolved numerically, and analyzed statistically. It is worth noting
that our simulations suggest that it may in fact be advantageous to run the
system with time-varying inlet conditions, as it may enhance the flame surface
density in the device, leading to a more efficient process. Such scenarios were
outside the scope of this exploratory study, however.

e The issue of data analysis, even for only the steady solutions, is further com-
plicated by several issues. Practically, there is the need to overcome the hurdle
of reading and interpreting the block-structured hierchical adaptive mesh data
generated by PeleLM. There is also the complexity of coupling the analysis
to tools that are aware of the transformation listed above. Finally, there is
the ongoing science of translating physics-based “questions” to ask about the
system into quantifyable results and understanding. For example, an engineer
may wish to understand the precisely how CFy is broken down chemically, and
to what extent it is reformed in the reactor. If so, are there distinct regions
in space, and/or intermediate chemical compositions that can be altered with
auxiliary injection points, so that the reformation is interrupted? As the com-
putational solutions became available in this project, the team was able to
begin to address these issues, but little progress has yet been made to extract
useful engineering information from the simulation results.

e Although the PeleLM calculations were successful, it is our opinion that the
code is likely not currently well-suited for hand-off to ALZETA for the pur-
poses continued independent study. The computational algorithms and data
structures in PeleLM are extremely complex, and under these condition, par-
ticularly brittle. The code “crashed” often for a variety of reasons, mostly
originating from the numerical stiffness of the chemical models, which wer not
developed or tuned for time-dependent practical-scale scenarios. Diagnosing
and circumventing these failures required considerable expertise not available
outside of LBNL.

The above qualifications notwithstanding, this exploratory project has demonstrated
to ALZETA that HPC can indeed provide a unique view into their complex engineer-
ing problem - one that is simply inaccessible by any other means. The tools allow
us to explore the details of the chemical process, and allow one to construct “what-
if” scenarios to address shortcomings of the physical device in its current operating
modes. However, as with many sources of completely new information, many new
questions are illuminated with this capability. It will take considerable time, effort
and experience before we learn to probe the solutions, pose operating scenarios and
confirm modifications to the device that lead to real engineering advances.
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