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High-Performance Computing and Big Data for Understanding

Lean-Premixed Hydrogen Combustion

Abhishek Lakshman PILLAI (H22/2010 Z£)

[Can High-Performance Computing (HPC) and Big Data be leveraged to
enable a comprehensive understanding of lean-premixed hydrogen

combustion?]

1. Introduction

Modern numerical simulation methods, such as Large-scale Direct Numerical
Simulation (DNS) for the prediction of complex flow and transport phenomena in
the turbulent combustion of hydrogen (Hz) have become realizable with the advent
of massive High-Performance Computing (HPC) infrastructure like the
supercomputer “FUGAKU” in Japan. Given their immense computing capacity,
supercomputers can play a pivotal role in the development of next-generation
clean gas turbine combustors powered by carbon-free fuels like hydrogen, which
can help Japan meet its target of Net Zero CO> emissions by 2050. The Lean-
Premixed combustion of H> which offers advantages like higher thermal
efficiencies and low NOx emissions (due to lower flame temperatures) is a viable
approach to develop next-generation clean combustion technologies. However,
insight is lacking about the complex physics of flame-turbulence interactions in
swirling lean-premixed H. flames, which is relevant for developing accurate
turbulence and combustion models used in numerical simulations. With this
objective in mind and as a first step towards turbulent combustion modeling of lean-
premixed swirling H> flames, a large-scale DNS database, AKA “Big Data”, is
generated using the supercomputer FUGAKU at RIKEN Center for Computational

Science, Japan.
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2. Computational Configuration and Numerical Methods
The configuration used in this study mimics a lab-scale low-swirl burner (LSB)
used at JAXA by Shoiji et al. [1]. The LSB has an inner exit diameter of d = 35 mm.
A swirler assembly comprising an annular vane swirler and a central channel, is
recessed from the burner exit plane in the upstream direction at a distance of 43
mm as shown in Fig. 1. The annular swirler is equipped with 12 curved blades,
each inclined at 37° with respect to the burner axis. A perforated screen with a
diameter of 25 mm is fitted to the bottom of the vane swirler to enable a portion of
the reactants to bypass the swirl annulus, and thus remain unswirled. The
geometric swirl number of the annular vane swirler is 0.39. Similar to Shoji et al.’s
experiment [1], unburned swirling Hz-air premixed gas at an equivalence ratio of ¢
= 0.45 and temperature of 300 K, flows out of the burner exit into air at 300 K and
standard atmospheric pressure. The bulk velocity of the gas mixture at the burner
exit is 15 m/s. The DNS domain measures 1000 mm x 560 mm x 560 mm in the

x-, y- and  z-directions,

density [Kg/m3]

respectively. The DNS s 3
performed on a non-uniform
staggered Cartesian grid
featuring 1800 grid points in the
streamwise x -direction, and
1800 grid points each in the y-
and z-directions as well. The
minimum grid spacing used in
the DNS grid is Ax = Ay = Az =

50 ym which ensures the flame

thickness of this lean-premixed
Fig. 1 Instantaneous distribution of density in the

central x-y plane (i.e., z = 0 mm) predicted by the
9 grid cells (since the laminar |arge-scale DNS. The white isoline denotes the

flame thickness of a premixed reaction progress variable (RPV), ¢ = 0.858, which
corresponds to the peak mean heat release rate value

H> flame is resolved by at least

Ho-air flame is about 450 ym for . ) .
and is representative of the flame-front or reaction

@ = 0.45 at an unburned Hz-air zone.
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premixed gas temperature of 300 K [2]).

The DNS is performed using an in-house code called FK3 [3], which employs a
pressure-based semi-implicit solver for compressible flows, whose algorithm
comprises a fractional-step method [4]. The governing equations of DNS solved
using our code are the standard conservation equations of mass, momentum,
enthalpy, and species mass fractions for multi-component reacting flows.
Combustion of H2 is modeled using a detailed chemical kinetics mechanism
comprising 20 chemical species and 73 elementary reactions [5], and the
differential diffusion of chemical species and heat (i.e., the non-unity Lewis number
effect) is considered by solving the Maxwell-Stefan system of equations to
compute the diffusion velocities of each chemical species as described in [2].
Details of these governing equations, the FK® code, and the numerical schemes
used for the spatial and temporal discretization can be found in [2,3]. The
instantaneous distribution of density in the central x-y plane of the computational
domain obtained from the DNS is depicted in Fig. 1 along with the isoline of the
reaction progress variable, ¢ = 0.858 (explained in Section 3) corresponding to the
peak mean heat release rate. It is evident that a lifted flame is formed above the
burner exit that spreads radially as it swirls, and interactions of the flow-field
turbulence with the flame-front, produce deformations/wrinkling of the flame
surface. The lifted flame can freely propagate upstream (towards the burner exit)
and stabilizes aerodynamically at the axial location where the local flow velocity

equals the flame’s turbulent burning velocity.

3. Results and Discussion

Before performing any analysis on the Big Data, it is essential to validate the
DNS against experimental measurements to assess the DNS'’s fidelity. Therefore,
as depicted in Fig. 2, the radial profiles of the time-averaged axial velocity (U) and
radial velocity (V) components predicted by the DNS are compared with the
corresponding experimentally measured [1] velocity component profiles, at
different axial distances from the burner exit plane. Reasonably good agreement

is found between the DNS and experiment data, and hence it is safe to say that
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Fig. 2 Comparisons of radial profiles of time-averaged axial velocity (top row) and radial
velocity (bottom row) between the DNS predictions and corresponding experimental data at
different axial distances (x = 10 mm and 25 mm) from the burner exit.

the DNS accurately predicts this lab-scale lean-premixed swirling H> flame,
including features such as the flame’s spread and the radial locations of the
velocity components’ peak values.

Following the DNS validation, focus can now be shifted on analyzing the flame
structure in some detail. When talking about flame-turbulence interactions, we are
mainly concerned with the phenomena occurring close to and within the flame-
front (i.e., the reaction zone of the flame) and a comprehensive characterization of
the flame-front structure is helpful in this regard for robust turbulent combustion
modeling. To do this, the flame-front location first needs to be identified, which can
be directly done using the heat release rate (HRR) in DNS. However, when
performing Large-Eddy Simulations (LES) or Reynolds-Averaged Navier-Stokes
(RANS) simulations which are computationally much faster and cheaper than a
DNS, the information about HRR or reaction rate in the flame is not readily
available. Instead, the HRR or reaction rate in LES and RANS simulations are
modeled in terms of a more basic statistical quantity called the reaction progress
variable (RPV) denoted by c. The RPV, c, is a characteristic non-conserved active
scalar quantity which quantifies the progress of chemical reactions in the

inhomogeneous gas mixture of a flame, and is defined using the mass fraction of
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water vapor, H20 (i.e., the product of H> combustion), in this study as follows [2]:

¢ = (YHZO - YHZO,u)/(YHZO,b - YHZO,u) (1)

where Yy , is the mass fraction of H>O in a given computational cell within the
computational domain, Yy, ., is the mass fraction of H20 in the unburned H-air
gas mixture introduced into the LSC, so Yy, = 0 in this study, and Yy, is the
mass fraction of H2O in the fully burned gas mixture. Knowledge of the statistical
behavior of RPV is necessary for developing computationally efficient turbulent-
combustion models and closures for reaction rate that are used in LES and RANS
simulations. Hence, all further analysis of the flame structure is based on the RPV.

Coming back to the identification of the flame-front location, it is possible to
compute the correlation between mean heat release rate (HRR) in the flame-front
and the RPV. This is illustrated in Fig. 3, which shows the variations of mean values
of the HRR conditioned on the reaction progress variable (RPV), ¢, at various axial
distances from the burner exit as well as for the entire flame (Global). It is evident
that the value of ¢ corresponding to the peak mean HRR varies minutely depending
on the axial location, but is usually within 0.84 < ¢ < 0.88, and the value of RPV ¢

corresponding to the peak mean

Global

HRR when the entire flame is

— "= = x=5mm
. . . b0 =
considered (i.e., the solid black = 6000 --'X:igmm
- = X= mm
i i i ; = § 5000 ¢ ;D X =20 mm
line in Fig. 3), is ¢ = 0.858. = ;00
. 2 4000} PR
Therefore, a ¢ value of 0.858 lies R y
] / \
- ; : 2 3000} /
in the flame’s reaction zone 3 ’
L
& 2000}
(flame-front) and can be used as 3
_ . T 1000}
a marker to identify the flame-

0 - 1 1 1 L e
front location. The iso-surface of 0.0 02 04 06 08 10 12

. . Reaction Progress Variable, ¢ [-]
RPV ¢ = 0.858 which is

. Fig. 3 Variations of mean values of heat release rate
representative of the flame-front

conditioned on reaction progress variable c at
is then used to characterize the yarious axial distances (x-locations) and for the

different combustion modes entire flame (Global).
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occurring in this swirling H2 flame using a parameter called the Flame Index, Fl,

whose definition follows that of Briones et al. [6]:
FI = 0.5 X (Z = Zs)/(1Z = Zs D (1 + (VY - VYo,)/([VYy, | - [VYo,])) (2)

where Y, and Y, are the mass fractions of H> and O, respectively, Z is a
characteristic conserved scalar called the mixture fraction which measures the
local fuel/oxidizer ratio and characterizes the inhomogeneity in the composition of
the mixture of reactants and products, and Z., is the value of Z corresponding to
the stoichiometric fuel-oxidizer mixture (Z,; = 0.0283 for Hz). Figure 4 depicts the
iso-surface of ¢ = 0.858 colored by the Flame Index, FI. An F/ value of -1 indicates
the presence of lean-premixed combustion mode, while a value of 0 indicates the
non-premixed combustion mode. While combustion is found to occur
predominantly in the lean-premixed mode (blue regions), some local regions of
non-premixed combustion (red regions) are present in the shear layers as a
consequence of spatial inhomogeneities in the mixture fraction (see Fig. 5(a))
caused by the flame stretch-induced preferential diffusion of light chemical species
such as Hz, and mixing/entrainment of the ambient air into the swirling H> flame’s
turbulent shear layers.

To understand the preferential diffusion effect of H> in more detail, the iso-

surface of ¢ = 0.858 (viewed

Flame Index

from the unburned gas side) ~30 mm
colored by the ratio of local
mixture fraction Z to the
mixture fraction of the unburned . |
Ho-air mixture, Z;,, flowing out
of the burner exit (Z;,, = 0.0128)

is depicted in Fig. 5(a). It can be

L -30 mm

seen that the ratio Z/Z, is
greater than 1 in certain regions Fig. 4 Iso-surface of RPV, ¢ = 0.858 colored by Flame

and less than 1 in other regions, Index, Fl. x is the streamwise direction.

-18 -



HH5EIE  No0.395, 20244 8H
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Fig. 5 Iso-surface of RPV, ¢ = 0.858 colored by (a) ratio of local mixture fraction Z to the
mixture fraction of the unburned Hz-air mixture at burner exit Z;,, (b) Flame Curvature k, and
(c) Temperature T (Adiabatic flame temperature = 1530 K).

due to a phenomenon called preferential diffusion, which arises from the stretching
of the flame-front due to its interaction with the flow-field turbulence. Preferential
diffusion refers to the molecular diffusion of a highly diffusive chemical species,
such as Ha in this study, from the unburned to the burned gas side causing it to
converge across the regions where the flame-front is convex towards the unburned
gas side (i.e., upstream of the flame-front), and diverge across the concave regions
of the flame-front. In Fig. 5(b), the same iso-surface of ¢ = 0.858 is colored by the
Flame Curvature k, and a positive value of k denotes a convex flame-front while a
negative k denotes a concave flame-front. So from Fig. 5(a) and 5(b), it can be
seen that Z/Z;, > 1 at the positive curvature regions of the flame-front, and
Z/Z;, <1 atthe negative curvature regions of the flame-front. This results in an
increase and decrease, respectively, in the burned gas temperature, as shown in
Fig. 5(c), due to a higher H2 concentration (higher Z) at the positive curvature
(convex) flame-front regions, and lower Hz concentration (lower Z) at the negative
curvature (concave) flame-front regions. Additionally, super-adiabatic flame
temperatures (i.e., temperatures > 1530 K, which is the adiabatic temperature of
H2-air flame at ¢ = 0.45) are observed at certain convex flame-front regions owing

to high H> concentrations in those regions resulting in intense heat release.
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4. Conclusions and Future Work

Large-scale Direct Numerical Simulation (DNS) of a laboratory-scale lean-
premixed (¢ = 0.45) swirling H2 flame has been performed on the supercomputer
FUGAKU at RIKEN, Japan. Fidelity of this DNS has been established by
comparing the experimental measurements of velocity statistics with the
corresponding DNS predictions. Interrogation of the generated DNS database,
AKA Big Data, reveals that while combustion mostly occurs in the lean-premixed
mode, some localized regions with non-premixed combustion mode occur in the
turbulent shear layers of the swirling premixed Hz flame due to flame stretch-
induced preferential diffusion of H2, and mixing/entrainment of the ambient air into
the flame. Preferential diffusion of H> also influences the flame structure, such as
the mixture fraction values in the reaction zone exceeding that on the unburned
gas side along the positive curvature regions of the flame-front and vice-versa, and
the occurrence of localized super-adiabatic temperatures in the positive curvature
regions of the flame-front. These findings have major implications for the turbulent
combustion modeling of lean-premixed H> flames and therefore, the future work
will involve further interrogation of the Big Data for turbulence and scalar statistics,
such as the Probability Density Functions (PDFs) and joint-PDFs of the reaction
progress variable, ¢, and the mixture fraction, Z, and their gradients as they are
relevant to the modeling of reaction rate and other closures used in LES and RANS

simulations.
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