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1 Abstract

Multi-point ground flares are frequently used in scenarios where flare gas flow rates can be
high and pollution (noise, light, smoke) needs to be minimized. We have applied Arches,
a large eddy simulation (LES) tool that we have developed for capturing the dynamics of
flares (turbulent mixing, local combustion efficiency (CE), etc.) and the impact of those
dynamics on the quantities of interest (overall CE, heat flux to the surroundings, etc.),
to multi-point ground flares. We use a handoff strategy to resolve the flow field in the
near-burner region, coarsen the solution at a handoff plane, and then introduce the handoff
plane outputs as source terms at the location of the flare tips in a multi-point ground flare
mesh. Using this methodology, we perform large eddy simulations of the John Zink steam-
assisted SKEC multi-point ground flare test series (SN1) described in Marathon Petroleum

Company’s Flare Consent Decree !

Our handoff approach incorporates one-way coupling only; there is no feedback from the
flow field back to the source terms injected at the flare tip. It is a compromise solution that
allows us to compute the far-field flow dynamics of flares located adjacent to each other
while incorporating the flow field generated by the fine-scale resolution of the flare tip.
We will show the impact of the degree of coarsening (fine scale to multi-point flare scale),
the location of the handoff plane, the location of the flare tips relative to each other, and
the wind speed/direction on the computed overall CE. With this tool, we will be able to
investigate effects such as cross-lighting and other interactions amongst multiple flares.

2 Introduction

Multi-point ground flares are frequently employed in systems with high-pressure waste
streams (> 15 psig) to produce smokeless burning at a low operating cost>. As one of
three main flare types used in the refining and chemical process industries (single-point
and enclosed flares are the other two)?, they have been the subject of previous analysis
in American Flame Research Committee (AFRC) meetings. At the 2015 AFRC meeting,
Ian Fischer discussed the design considerations for purchasers of multi-point ground flares,
including flare staging and capacity, burner design, and vent gas composition>. Smith et
al.* analyzed heat flux to structures surrounding a multi-point ground flare using a compu-
tational fluid dynamics model developed for flares.

The work we present in this paper builds on a multi-fidelity approach to modeling multi-
point ground flares that was introduced at the 2020 AFRC meeting®. The specific case
study we target in this work is a series of three John Zink steam-assisted flares operating
at high turndown. Ground flares operate in this mode the majority of the time with full
utilization only occurring during process upsets. The data used in this work were collected
at the John Zink Flare Facility as part of Marathon Petroleum Company’s Flare Consent
Decree (as recorded August 30, 2012)!. We performed the multi-fidelity simulations (both
near-burner and far-field) for this work using Arches/Uintah, a large eddy simulation (LES)



tool developed at the University of Utah for capturing the dynamics of flares and other

reacting fluid flow systems®.

3 Flare Configuration and Data

We obtained most of the information for our analysis from the Marathon report!. This
report did not have detailed information about flare tip geometry nor the experimental con-
figuration of the flare tips, so we deduced what we could from photographs and data in the
report and inferred the rest. We determine the sensitivity of overall combustion efficiency
(CE,yerai), the quantity of interest or QOI, to some of these assumptions in this paper.

We created detailed geometry files of the flare tip and then utilized those same files for
both our near-flare-tip and far-field simulations. The flare tip surface area for the vent gas
exit matched the 4.64 in? reported for the exit area. Based on the photographs in Fig. 1 and
other information, we located the three flare tips along a horizontal line and spaced them
0.91 m apart for the base case. We used outlet boundary conditions for all faces that were
not wind inlets (i.e. no ground planes), so the height of the flare tips off the ground was not
a variable that needed to be accounted for.
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Traverse 3: 1 Flame Length from Flame Tip

Fig. 1. Configuration of three SKEC flares. (left) View of flares on test pad. (right) Three SKEC
flares burning Tulsa natural gas. Images obtained from Performance Test of Steam-Assisted and
Pressure Assisted Ground Flare Burners with Passive FTIR — Garyville by Clean Air Engineering .

The simulations we performed were all variations of the first SKEC test (test 1, replicate
1); see Clean Air, p. 49'. The combined vent gas flow rate for the three flare tips was 60
Ib/hr (0.00756 kg/s), the combined steam flow rate was 130 Ibs/hr (0.01638 kg/s), and
the measured wind speed was 5 mph (2.2352 m/s). In addition to these input variables,
other data collected included wind direction, CE computed from Passive Fourier Transform
Infrared Spectroscopy (PFTIR) measurements, and flare gas composition and net heating
value (NHV).

In a previous paper, we performed a Bayesian analysis of CE using the PFTIR line-of-
sight measurements and results from 20 simulations of a single SKEC flare”. The output
of that analysis was a set of predicted distributions (e.g. CE with uncertainty) of overall
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CE (the actual CE integrated over the entire surface area of the flare) as a function of NHV
in the combustion zone (NHV,;). In this paper, we move from a single-flare regime to the
three-flare regime of the experiment using a multi-fidelity scaling procedure as described
next.

4 Multi-Fidelity and Multi-Flare Framework

We briefly described our first attempt at developing this framework in Cremer et al.>. This
framework provides a way to interface fine-detailed simulations (over a smaller domain)
with coarser simulations (on a much larger domain). We capture near-flare-tip dynamics
with a localized domain and communicate that information to a second simulation of the
larger-scale mixing using a handoff approach described below. This capability is particu-
larly useful for LES of flares since, just slightly downstream of the tip, it is only the largest
eddies that dominate the dynamics of the flow and determine the coupling of mixing and
reaction of the air and fuel. Since Arches/Uintah is built on a static, Cartesian mesh, this
multi-fidelity framework offers a way to perform a mesh refinement calculation with one-
way coupling.

4.1 Fine-Scale Simulations of Near-Tip Region

The first step is to perform fine-scale LES simulations of the near-flare-tip region. We per-
formed three simulations on Ash, a 4000-core machine at the University of Utah’s Center
for High Performance Computing (CHPC). The largest case ran on 2688 cores. The base
case was a 0.3m x 0.3m x 0.35m domain with 1 mm resolution. There was no crosswind
nor reaction (fluid flow only) in this case. The crosswind case had a 5.0 mph (2.2352 m/s)
crosswind at the x- face of the domain, a 0.4m x 0.3m x 0.35m domain, and 1 mm resolu-
tion. We ran the case with reaction in a 0.3m x 0.3m x 0.4m domain at 1 mm resolution.
Figures 2 and 3 show the steam and fuel mass fraction fields at a single time slice in the
three simulations. The impact of the crosswind is evident.

The second step is to time average the important simulation data and then define a
cutting plane that will serve as the handoff location to the coarse level simulation. We
created time-averaged fields of velocity in the vertical (z) direction, enthalpy, fuel mass
fraction, and steam mass fraction; we averaged over the last 0.5 s of data in each simulation
(the stationary-state region). Our first cutting plane was at z = 0.1 m, a location 10 cm
above the exit plane of the vent gas. Based on sensitivities noted in a preliminary round of
far-field simulations, we then created a second set of handoff data at the vent gas exit plane
(z=0.09 m). At these two vertical locations, we extracted data for all four variables from
a subset of the plane that captures the local dynamics of the vent gas and steam flows; in
this case, the subset is a 0.24m x 0.24m square.
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Fig. 2. Steam mass fraction in LES simulations of SKEC burner. (left) Base case, (middle) case
with reaction, (right) case with crosswind through x- plane.
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Fig. 3. Fuel mass fraction in LES simulations of SKEC burner. (left) Base case, (middle) case with
reaction, (right) case with crosswind through x- plane.

4.2 Coarsening the Fine-Scale Data

The third step is to coarsen the extracted data from the fine-scale simulations in a conser-
vative manner to match the resolution of the coarse mesh. For a prescribed fine-to-coarse
ratio, we integrate each variable field (vent gas mass flux, steam mass flux, momentum
flux, enthalpy flux) over all of the fine-scale cells within the coarse-scale cell to obtain the
coarse-grid flux value for that cell and then repeat the process over all the coarse-grid cells
in the 0.24m x 0.24m square. After coarsening, we scale the vent gas and steam mass flow
rates to the experimental values. While this scaling is not conservative with respect to the
fine-scale handoff data, the scaling step is necessary to avoid introducing extra vent gas and
steam mass into the system as the mass flow rates at the cutting plane are different than the
mass flow rates at the inlet boundary of the fine-scale simulation due to recirculating eddies.
Table 1 compares the various mass flow rates and energy rate before and after coarsening

and scaling.



Table 1. Mass balance from fine to coarse scale (10:1 ratio) at the z = 0.09 m (vent gas exit)
cutting plane.

Component Fine Coarse Coarse with scaling Experiment
Total mass flow (kg/s) | 0.03616 0.03616  0.03616

Total fuel flow (kg/s) 0.003038  0.003154 0.002520 0.002520
Total energy rate (J/s) | -14316 -14850 -14850

Total steam flow (kg/s) | 0.0085377 0.008793 0.005460 0.005460

This procedure results in a set of coarsened data over the domain of the subset. Figures 4
and 5 show the steam and vent gas mass flux fields respectively. Figure 4 specifically shows
the impact of the degree of coarsening. Figure 5 illustrates the influence of the cross wind.
The top-row plots are from a cutting plane located 10 cm above the vent gas exit. The wind
creates a handoff plane with an asymmetric fuel mass flux across the vent gas exit. The
higher fuel concentrations are in the downwind direction where, in the far-field simulation,
turbulent mixing enhances the reaction rate. The bottom-row plots are from a cutting plane
at the vent gas exit. The effect of the crosswind is muted at this location, resulting in
roughly symmetric vent gas flux across the exit. This is a more desirable condition for the

handoff files as discussed in Section 5.
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Fig. 4. Steam mass flux field for SKEC flare tip at handoff plane between fine- and coarse-mesh
simulations. Cutting plane is at z = 0.09 m. (left) Fine scale (I mm), (middle) coarsened scale (5
mm), (right) coarsened scale (1 cm).

4.3 Far-Field Simulations

The fourth step is to use the coarsened data as a boundary from which fluxes of mass, mo-
mentum and energy are injected into the coarse, far-field simulations. Using Arches/Uintah,
we constructed an array of three SKEC burners as described in Section 3. At each of the
flare tip locations, we defined internal (to the domain) boundary conditions for steam and
vent gas, momentum, and energy fluxes using the same set of handoff files at each location.

We then performed a suite of LES simulations on the Ash cluster at CHPC to test sen-
sitivity of CE,,.,q to various uncertain parameters. There are many uncertain parameters
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Fig. 5. Vent gas mass flux field for SKEC flare tip at handoff plane between fine- and coarse-mesh
simulations. Fine-scale resolution (left) is 1 mm, coarse-scale (right) is 1 cm. Top row uses cutting
plane at z = 0.1 m. Bottom row uses cutting plane at z = 0.09 m.

in this system: model, scenario (experimental inputs and geometry), numerical, instrument
model (measurement), and handoff (location of handoff plane, degree of coarsening, scal-
ing, etc.). We explored the impact of several uncertain scenario and instrument parameters
in previous work with a single flare’. In this paper, we investigate the sensitivity of CE,, 1
to parameters related to the handoff procedure and to the three-flare configuration includ-
ing location (cutting plane) where the handoff procedure is performed, coarsening ratio
(numerical parameter), wind speed and direction, the conditions in the near-field simula-
tion used for the handoff, and the spacing of the flare tips (an unknown scenario parameter).

For the base case, we used a 10:1 coarsening ratio, corresponding to 1 mm resolu-
tion for the fine-scale simulation and 1 cm resolution for the three-flare simulation. The
computational domain was 2.6 m x 2.6 m x 1.5 m. The wind (5 mph or 2.235 m/s) was
perpendicular to the horizontal line of the three flare tips. The handoff location was the vent



gas exit plane (z=0.09 m) and the handoff files were generated from the near-burner simu-
lation with no crosswind and no reaction (cold flow). To initiate combustion, we inserted a
pilot flame at each flare tip that ran continuously during the simulation. This configuration
may be different than the experimental set-up, where there appears to be only one pilot for
all three flare tips. We determined the pilot fuel flow rate from Table 2.3.2-1 in the Clean
Air report!, which gives a ”pilot rate (per pilot)” of 50 scfh (assumed to be vent gas). We
computed the air flow rate as that required for stoichiometric combustion. We ran the case
for 24 hours on 600 cores to generate sufficient data to perform a stationary-state analysis.
The initial transient exits the domain after 3 s as seen in Figure 6.
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Fig. 6. Base case integrated CO, mass flow rate (kg/s) at downstream exit plane of simulation.

Figure 7 shows the volume-rendered temperature and vorticity fields for this base case
at one time step. For these wind conditions and flare tip spacing, there is no interaction
among the plumes. We performed additional simulations with flare spacing of 0.51 m and
with wind entering the domain at a 45° angle. Figures 8 and 9 show the volume-rendered
temperature and vorticity fields from these simulations. There is still no plume interaction
for either of these configurations, but additional shifts in wind direction or relative locations
of the flare tips will result in such interactions.

5 Combustion Efficiency Results and Discussion

The QOI for our sensitivity analysis is CE,,..q;. It is the integrated value of CE over
the surface that contains the multi-point ground flare and the downstream effluent where
reaction is still occurring. We define it as

dco, 0

CE =
overall Oco, + ¢co + Ouc
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Fig. 7. Volume rendered images (left - temperature, right - vorticity) of the coarse-level, base case
simulation using the fine-level information via a handoff plane (10:1 coarsening ratio).

where @cp, is the combined flux of CO; (kg/s) passing through all of the surfaces, @co is the
combined flux of CO, and ¢y is the combined flux of unreacted vent gas. In our instrument
model for CE,,.,q;, the surface is defined by the domain boundaries. We create time-
averaged plots (Ar = 5s) for each of the flux components (xco,pv, etc.), take a weighted
sum of these components on each face to get a scalar value of flux (kg/s), sum up the total
flux for each component across all faces, and then apply Eq. 1.

We ran a series of simulations to test sensitivity to various uncertain parameters and
then applied our instrument model for CE,,.,,; to the simulation output. All cases were
run out to a minimum of 10 s of simulation time. The results are presented in Table 2.
The “Handoff condition” label in the table refers to fine-scale simulation from which the
handoff data is extracted; see Section 4.1.

We note that the CE,,,.,4; values in the table are for relative comparison only as they do
not include the parametric nor the latent uncertainties. Also, we performed a similar suite
of simulations with a handoff plane 10 cm above the vent gas exit. The effects of the cross-
wind at this location in the fine-scale simulation produce an asymmetry (see Fig. 5) that
strongly impacts the downstream mixing and reaction. This impact is seen in the CE,, 4
results from the base case (0.944) compared with the handoff condition of 2.235 m/s cross-
wind (0.977) at z = 0.1 m. The purpose of our multi-fidelity approach is to leverage the
output from the fine-scale simulation for a large number of far-field multi-flare simula-
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Fig. 9. Volume rendered images (left - temperature, right - vorticity) of the coarse-level simulation
with 5 mph (2.235 m/s) wind at 45° (10:1 coarsening ratio).
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Table 2. Parametric sensitivity of CE,,,.,,;. Handoff plane is at vent gas exit (z = 0.009 m). The
approximation to CE,,.,,; measured experimentally using a PFTIR is 0.977.

A between Wind condition Co‘arsenlng Handoff condition CE,verall
burners ratio

091 m 2.235m/s,90° 10:1 Non-reacting, no crosswind 0.920
091 m 2.235m/s, 45° 10:1 Non-reacting, no crosswind 0.907
091 m 2.235m/s, 90°  10:1 Non-reacting, 2.235 m/s crosswind | 0.929
091 m 2.235m/s, 90°  10:1 Reacting, no crosswind 0.941
0.71 m 2.235m/s, 90°  10:1 Non-reacting, no crosswind 0.918
0.51m 2.235m/s, 90°  10:1 Non-reacting, no crosswind 0.911
091 m 2.235m/s, 90° 7:1 Non-reacting, no crosswind 0.945
091 m 2.235m/s, 90°  5:1 Non-reacting, no crosswind 0.947
091 m 0.1 m/s, 90° 10:1 Non-reacting, no crosswind 0.842

tions. Hence, our objective is to reduce the sensitivity of the handoff procedure to scenario
parameters such as wind speed and direction that would require additional fine-scale simu-
lations to cover the operational space of the flare. By selecting the handoff plane at the vent
gas exit, the crosswind impact is diminished; CE,,.,,; for the base case is 0.920 and for
the crosswind handoff condition is 0.929. Therefore, these handoff files can be applied to
multi-flare simulations over the range of wind conditions observed during the experiment.

The lack of plume interaction for the flare-tip spacing and crosswind directions tested
(see Fig. 8 and Fig. 9) is reflected in CE,,,,; values that do not show much sensitivity
to either of these parameters. Nevertheless, Fig. 9 indicates that for crosswind directions
< 45°, plume interaction is likely to occur.

The effect of a numerical parameter, mesh resolution, is seen by comparing CE,,,4;; of
the base case with a 10:1 coarsening ratio (0.920) to the 7:1 (0.945) and 5:1 (0.947) cases.
The mixing rate, and thus the combustion reaction rate, changes with mesh resolution (Ax);
we resolve all rates at this scale and above. For coarse mesh resolutions, only the larger-size
eddies are resolved. We observe the importance of local mixing in the resolved turbulent
eddies by comparing these results to those in the absence of a crosswind (wind speed =
0.1 m/s) where CE,,.,.;; = 0.842. While these data indicate that a mesh resolution of 7
mm is sufficient, there are computational advantages to running with a coarser mesh (Ax =
Iem requires 600 cores while Ax = 7mm requires 1568 cores). Ideally, we can adjust the
physics (the combustion model) to reduce the sensitivity to mesh resolution. In future work,
we will use the SKEC multi-point ground flare data to learn more about the parameters
in the combustion model, optimize them for this system, and determine the appropriate
scale for mixing. We will also consider using the same combustion model in the fine-scale
simulation given the sensitivity to reaction in the handoff condition.

The phenomena of cross lighting and continued burning in the absence of a pilot flame
require the appropriate resolution for the commensurate mixing and reaction rates. We
turned off the three pilots in both the base case and the 5:1 coarsening ratio case to de-
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termine what resolution is adequate. With the base case, the resolved, large-scale eddies
pushed the hot, reacting gases quickly out of the reaction zone, extinguishing the flames
almost immediately. With the Ax = Smm case, the middle flare tip remained ignited while
the flare tips on the side were extinguished at a slower rate than the Ax = Icm case. This
result suggests that the mesh-resolution threshold for computing these phenomena given
the current combustion model is slightly less than 4 mm.

6 Conclusions

We have demonstrated a framework that uses a multi-fidelity approach to performing LES
simulations of multi-point ground flares. The framework couples a fine-scale simulation
of the near-flare-tip region for a single flare with a far-field simulation of a multi-point
ground flare using a handoff-plane approach with a coarsening ratio defined by the user.
We have applied this approach to a three-flare configuration of SKEC burners and tested the
sensitivity of the computed CE,,.,,;; to various parameters. Because the flares plumes are
non-interacting under the tested conditions for wind speed/direction and distance between
the flare tips, there is no impact on CE,,,,,; for these parameters. The coarsening ratio
(i.e. mesh resolution) directly affects the mixing and reaction rate, resulting in CE,,¢ 11
changing from 0.920 to 0.945 between Ax = 1c¢m and Ax = Tmm.
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