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ABSTRACT

Large eddy simulation (LES) paradigms are employed to
analyse the internal flow field of a lean premixed swirl-stabilized
combustor with axial air injection at both non-reacting and react-
ing conditions, for a methane and a methane-hydrogen fuel mix-
ture. The thickened flame combustion model (TFM) with detailed
chemical kinetic mechanism is employed to simulate the flow. An
adaptive mesh strategy is used to maximise the mesh resolution
in the flame and boundary layer regions. The numerical results
for the methane flame are firstly validated against experimental
velocity measurements obtained via particle image velocimetry
(PIV). Subsequently the LES is employed to simulate hydrogen-
enriched methane flames by keeping the same output power in the
combustor, in order to obtain insights on the flow behaviour when
hydrogen is added, in terms of flame stability and emissions. A
POD analysis reveals the presence of a precessing vortex core
(PVC) in both reacting and non-reacting conditions, and how this
PVC is affected by the reactants mixture is discussed in the paper.
Moreover, the flame is observed to propagate upstream in the
Jjet core despite the use of axial air injection, although flashback
is not observed. In terms of emissions, significant reduction in
CO and NOy is observed when adding the hydrogen to the reac-
tants mixture despite the higher flame speed, the reason for are
discussed in the paper.

NOMENCLATURE

PVC  Precessing Vortex Core

SGS  Sub-grid scale

TFM Thickened flame model

AMR Adaptive mesh refinement

AAI  Axial air injection

CRZ Central recirculation zone

ORZ Outer recirculation zone

POD Proper Orthogonal Decomposition

T Joint first authors
*Corresponding author: g.ferrante @tudelft.nl

R Mixing tube radius [mm]
Se Geometric swirl number
ed At equilibrium

air Air stream

fuel  Fuel stream
ad Adiabatic

1. INTRODUCTION

Hydrogen is amongst the most promising clean energy carri-
ers for powering long-distance flights due to its high energy den-
sity, zero-carbon emissions, and the possibility of producing it
from water electrolysis through renewable energy [1]. Neverthe-
less, its relatively high flame temperature might cause substantial
nitric oxides (NO,) formation. This can be effectively decreased
by using premixed lean-burn technology, and taking advantage of
hydrogen’s wide flammability range to stabilize the flame under
very lean conditions [2]. However, due to its higher reactivity,
the addition of hydrogen in existing lean-burn system imply an
increase in flame speed and consequent higher risk of flashback.
Furthermore, hydrogen addition affects significantly the flame
dynamic response e.g. to acoustic perturbations [3]. The addi-
tion of hydrogen in such systems must thus be investigated with
care to prevent unexpected flame propagation.

In lean premixed, swirl stabilised systems, flashback can oc-
cur either in the jet core, when the flame speed is higher than the
reactants speed; or via the boundary layer on nearby walls; or by
means of thermoacoustic instabilities; or via the so called com-
bustion induced vortex breakdown (CIVB) [4]. Common mea-
sures to prevent the first two mechanisms consist in the increase
of bulk air velocity or a decrease in swirl intensity. Neverthe-
less, such measures can also lead to higher pressure losses and
inhomogeneous mixing, which in turn can level up emissions [5].
Alternatively, axial air injection can be employed to suppress the
upstream flame propagation either in the boundary layer [6, 7] or
directly in the jet core. In the latter case flashback is prevented
by creating a plug flow-like axial velocity profile that pushes the
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stagnation point downstream [7-9]. This type of injection was
also observed to be effective in keeping low NOx levels [10].
Other works played on the axial injection of fuel rather than air
to suppress flashback, although in this case NOx was observed to
significantly increase [11, 12]. Despite these works, how the axial
injection affects mixing and emissions is not fully clear. More-
over, mixing inhomogeneities can couple with velocity and heat
release fluctuations and trigger additional instabilities or flash-
back [13-16]. Also, the possible presence of a precessing vortex
core (PVC) may further exacerbate this coupling [13, 17, 18] and
trigger flashback via the CIVB mechanisms [16]. Since hydro-
gen induces further inhomogeneities due to differential diffusion
effects, it is of paramount importance to study the effect of hy-
drogen addition in combination with axial injection in order to
understand, and prevent, unexpected flashback and/or increase of
emissions level.

The present work aims at contributing to the development of
alean premixed hydrogen combustor for aeronautical applications
with axial air injection and minimal NOx and carbon emissions.
A laboratory-scale, swirl stabilised combustor located at TU Delft
is numerically simulated to investigate turbulent swirling flow fea-
tures, temperature field, flame stabilization and emissions. The
combustor is composed of an axial swirler issuing into a mixing
tube, where the fuel is injected and mixes with air before entering
the combustion chamber. To prevent flashback, the stream-wise
momentum component is increased by means of axial air in-
jection [9], with the intended effect of achieving control on the
stream-wise position of the flame stabilization point. Differently
from the similar combustor studied in [9], where a radial swirler
is used, an axial swirler is employed in the present set up. This
will be used as a starting point for future parametric analysis on
this design choice.

Particle image velocimetry (PIV) measurements for both re-
acting and non-reacting flow with a CHy4/air mixture are avail-
able to support the numerical results [19]. Large eddy simulation
(LES) is used for the numerical analysis of the combustor. The
capability of the LES to accurately predict unsteady reacting flow
features with an affordable computational cost makes it a suitable
tool to analyse the complex swirled and recirculating turbulent
flow field inside the combustor as compared to Reynolds-averaged
Navier Stokes (RANS) and direct numerical simulations (DNS)
methodologies. Many combustion models have been proposed in
the literature to mimic the interaction between turbulence, diffu-
sion and reactions at the subgrid scale, and the reader can find a
review in [20]. In the present work, this interaction is modelled
using the thickened flame model (TFM), which predicts mixing
in the under-resolved flame front by artificially thickening the
flame [21]. The TFM is used together with detailed chemistry to
properly account for the turbulence-flame interaction in presence
of differential duffusion effects that can arise due to the presence
of hydrogen in the fuel stream. In addition, an adaptive mesh
refinement strategy based on the flame location and velocity gra-
dients is used to maximise the mesh resolution in the flame and
boundary layer regions.

The objective of this work is to shed light on the effects
of hydrogen addition on the operational characteristics of lean-
burn swirled combustion devices under a fixed condition of axial
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FIGURE 1: SKETCH OF THE COMBUSTOR AT TU DELFT AND TYP-
ICAL MESH USED FOR THE LES. RIS THE RADIUS OF THE MIXING
TUBE.

air injection level, and in particular to investigate the effects of
hydrogen addition on flow field, flame stability, mixing effec-
tiveness and emissions characteristics. The TU Delft combustor
is operated with a minimal amount of axial air injection to pre-
vent the occurrence of flashback. Numerical simulations of this
combustor operating with CH,4 under reacting and non-reacting
conditions are carried out first, and the results are compared to
the experimental measurements to validate the numerical model
and to provide additional insights on the general reacting flow
features within the combustor and associated emissions. The
analysis is then extended to another operating set point with the
same power setting and air stream mass flow rate, but with a
fuel mixture composed by 60% H, and 40% CHy4 in volume.
The effect of hydrogen addition is evaluated in terms of effec-
tiveness of fuel/oxydiser mixing, flame anchoring and emissions
level as compared to the methane-only case. LES results further
indicate the presence of a precessing vortex core (PVC), whose
characteristics are analysed in this work by means of proper or-
thogonal decomposition (POD) analysis. This work is organised
as follows. In Sec. 2 the laboratory scale combustor used for the
present analysis is introduced. In Sec. 3 the combustion model
is discussed along with further numerical details of the LES and
the numerical solver. Validation and analysis of the simulation
results are presented in Sec. 4. Final remarks are provided in
Sec. 5.

2. TEST CASE

The laboratory-scale combustor at TU Delft [19], simulated
in the present study, is illustrated in Fig. 1. The design comprises
an axial swirler with a geometric swirl number S, = 1.1. A
mixing tube with a radius R = 12 mm and a length of 60 mm
is present downstream of the swirler to ensure fuel/air mixing
before issuing into the cylindrical combustion chamber. The
total air mass flow rate rir,;; = 5.061 g/s is split into a part injected
axially into the mixing tube and a part entering the swirler vanes
through four radial ports. The fuel is injected in the mixing tube
through four separate radial ports with a diameter of 5.5 mm,
which are located downstream of the swirler. The ratio between
the combustion chamber and mixing tube diameter, defined as
confinement ratio C, is equal to 6. The expansion of the cross
section combined with the flow swirl causes a characteristic flow
pattern with the formation of an outer recirculation zone (ORZ)
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TABLE 1: OPERATING CONDITIONS.

Property value ‘ Property value
Power [kW] 11 T;n [K] 288

M gir [g/s] 5.061 | pous [Pa] 101325
AAI % 5 % Sq 1.1

and a central recirculation zone (CRZ) over which the flame
stabilises as illustrated in Fig. 1. Fuel and air are at a temperature
T;,, of 288 K before entering the swirler. The combustion chamber
is operated at atmospheric pressure p = pou;-

Two operating conditions are studied numerically, which dif-
fer for the fuel used: one consisting of methane-only (Case A)
and one consisting of a methane/hydrogen blend (Case B), where
the percentage of hydrogen amounts to 60% in volume, corre-
sponding to 16% in mass. The fuel mass flow rate is set to
ritggel = 0.22g /s for the methane-only case and g = 0.18g/s
for Case B. The reacting flow fields resulting from the methane
and methane/hydrogen blends are compared at the same power
output and air mass flow rates. The power output of the com-
bustor is calculated based on the fuel mass flow rate, fuel lower
heating value (LHV) and density [22], and is 11 kW. The amount
of axial air injection (AAI) is defined in terms of its percentage
in respect to the total air massflow rate, and is set to 5%. When
hydrogen is added to the fuel, the air flow rate is kept constant.
Consequently, due to the higher LHV of hydrogen as compared
to methane, the equivalence ratio ¢ has to decrease to maintain
the same power output of 11 kW. A summary of the overall op-
erating conditions is given in Table 1. Fuel and oxydizer (air)
compositions are instead reported in Table 2 for the two analysed
cases in terms of species mass fractions Y.

Additional flame properties as computed from one-
dimensional, freely-propagating laminar flames in the solver
CHEMI1D [23] with the GRI 3.0 chemical kinetics mechanism,
are also reported in Table 2 for completeness. Due to the rela-
tively low amount of hydrogen mass addition and the decreased
equivalence ratio ¢, the density of reactants, presc, and products,
Pprod, mixtures are decreased by only 6.2% and 1% respectively
when hydrogen is added (Case B). Moreover, the adiabatic flame
temperature 7,4 decreases by 1% in case B due to the combined
effect of lower equivalence ratio ad higher specific heat capacity
¢ in the combustion products. This implies that NOx emissions
at the equilibrium (Y ;"O in Table 2), which are mainly generated
via the thermal pathway, also decrease slightly despite the blend
has a 62% higher laminar flame speed S; and 25% thinner lam-
inar flame thickness §; due to the higher reactivity of hydrogen.
Carbon-based species at the equilibrium, Yégz and YS3, also de-
crease for case B, due to the reduced content of carbon in the
fuel. This result is important for the analysis to be conducted in
Sec. 4, as it suggests that a faster flame in the combustor does not
necessary imply increased NOx when comparing at same power
conditions.

Velocity measurements are available in the combustor region
between the combustor entrance and an axial location of z/R =
15, at the aforementioned conditions. These measurements were
taken using particle image velocimetry [19] (PIV) using TiO;

TABLE 2: REACTANTS COMPOSITION AND LAMINAR FLAME
PROPERTIES FOR THE TWO TWO CASES INVESTIGATED.

Property CaseA CaseB A
fuel You, |1 0.84 -16%
Yo, - 0.16 +16%
¢ 0.75 0.7 -6.7%
Preac Lkg/m3] 1.181 1.108 -6.2%
Pprod [kg/m?] 0.177  0.175 -1.1%
Taq [K] 1913 1892 -1.1%
S; [m/s] 0.21 0.34 +38%
6; [mm] 0.59 0.44 -25.4%
Yes, 0.114  0.079 -30.7%
ved 2.07e-4 1.069e-4 -48.4%
Yo 1.82¢-5 9.46e-6  -48%
Yo, 2.68¢-8 1.60e-8  -40.3%

seeds, a laser-pulse of 200 mJ at 532 nm and CCD cameras, and
are used in this work to assess the capabilities of the LES model
to predict the reacting flow physics within the combustor.

3. LES DETAILS

The Favre-filtered Navier Stokes equations including conser-
vation of mass, momentum and absolute specific enthalpy (sum of
formation and sensible enthalpies) are solved in the LES frame-
work. A set of Favre-filtered transport equations is solved for
each chemical species involved in the combustion process within
the thickened flame model approach, to be described in the next
paragraph. The sub-grid scale (SGS) stresses 7;; in the filtered
momentum equations are closed using the one-equation, dynamic
structure model, as [24]:

@) 1)

Tij = LU( L.
il

where L;; and L;; are the Leonard stress tensor and its trace
respectively, and kg is the subgrid kinetic energy, which is mod-
elled using a transport equation as in [16, 25]. The filtered diffu-
sion terms in the scalar equations are modelled using a gradient
hypothesis, and a subgrid Schmidt number (Prandtl number in
the case of the enthalpy equation) of 0.7, except for the species,
where a constant Lewis number formulation, with Le # 1, is as-
sumed for the calculation of the diffusion coefficients. The SGS
turbulence-combustion interaction model is discussed next.

3.1 Combustion model

For the present study the thickened flame model (TFM) is
adopted to close the filtered reaction rate terms in the species
transport equations. In this approach the flame is artificially
thickened with respect to its actual size while retaining the same
laminar flame speed. This is achieved by multiplying the ther-
mal and molecular diffusivities by a factor F, and by dividing
the reaction rate by the same factor [26]. The thickened flame
model is adopted in conjunction with an adaptive mesh refine-
ment strategy so that the factor F is automatically determined in
order to ensure five or more cells across the flame front. Species
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transport equations, including NO and NO,, can thus be directly
resolved across the thickened flame front [21], which is done here
according to the multi-step kinetic mechanism GRI 3.0 [27], so
that differential diffusion of hydrogen is taken into account at a
resolved level. The reaction rate in each species transport equa-
tion is expressed using the Arrhenius form for both forward and
reverse rate coefficients.

The flame thickening is achieved without varying the laminar
flame speed using the procedure reported in [28] with dynamic
local thickening. A flame sensor S is used to identify the reaction
zone and ensure that the thickening factor only affects the flame
region [29]. The diffusion coefficients and reaction rates are
multiplied with an efficiency function to ensure that the flame
propagating speed is unaffected by the flame thickening and to
account for subgrid turbulence chemistry interaction, e.g. flame
wrinkling [26]. The transport equation for the mass fraction Y;
of species 7, in Einstein’s notation, is then written as

dpY;  opYuy _ 9 ( 6Yi) E

= E-F-Di—|+ =0, 2
ar " ox, oy \P e @

0x 'j F
where w; is the reaction rate per unit volume, p is the mixture
density and u; is the velocity component in direction j. The
diffusivity coefficient D; is pre-multiplied by E - F to counteract
the effect of the decreased flame wrinkling.

The thickening local factor F is modelled as F' = 1+ (Fj;qx —
1)S. The maximum value of F can be imposed as a function of
the desired number of cells in the flame front n,., the local cell
size A, and the flame thickness &;, so that Fi,x = nyesA/6;. The
flame sensor S is computed as

. |asens i
S = —F-1,1],0 3
max [mln (ﬁ Cens s 0(¢) &

where |55ens | is chosen to be the methane reaction rate for all sim-
ulations in the present work, Qeens .0(¢) is the maximum reaction
rate in a premixed laminar flame at a given equivalence ratio ¢,
and S is a modelling coefficient.

The efficiency function measures the reduction in the sub-
grid flame surface due to the thickening process and is defined
as the ratio between the wrinkling parameter for unthickened and
thickened flames, E = E|s=s,/E|s=Fs,. The wrinkling parameter
Z in the latter is modelled as

_ A A w1\

A = (1+m1n |:6—I—I,FA ((?l,s—l,REA) S—l:|) (4)
where u) is the subgrid scale velocity, S; is the laminar flame
speed, A is the LES filter size (taken as the cubic root of the
local cell volume), and 8 is a dynamically-modelled exponential
coeflicient [30]. The factor I'x accounts for the strain effect in the
flame caused by the sub-grid turbulent scales and is calculated
based on the Reynolds number Re,, the turbulence fluctuations
u’A and flame characteristics [28]. Further details on this model
can be found in [21, 28].

3.2 Numerical details
The LES equations are resolved using the pressure-implicit
with splitting of operators (PISO) algorithm for the pressure-

15 w157
7R z/R
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FIGURE 2: MIDPLANE RENDERING OF THE MESHES USED FOR
THE LES WITH UPPER RESOLUTION OF 3M (LEFT), 6M (CENTRE)
AND 12M (RIGHT) CELLS. DASHED LINES INDICATE THE LOCA-
TIONS WHERE MEASUREMENTS ARE TAKEN.

velocity coupling [31] available in the commercial software Con-
vergeCFD [32]. A minimum of 2 and a maximum of 9 itera-
tions are used to solve the velocity and pressure fields through
predictor-corrector strategy. An external loop is used to solve for
the energy, species and other transport equations. A variable time
step is used to guarantee a CFL number smaller than 0.5 every-
where in the domain. The temporal terms are discretised using
an implicit Euler scheme, while second order central schemes are
used for all the convective terms except for the subgrid kinetic
energy transport equation, where an upwind scheme is used. No
blended scheme or limiters are used.

Boundary conditions are assigned as follows. A flat velocity
profile is specified at the inlets according to the respective mass
flow rate from the experimental data, while a zero-gradient con-
dition is given at the outlet. At the walls the boundary layer is not
entirely resolved within the computational grid, therefore wall
functions are used along with the non-slip condition. Both the
Werner and Wengle model [33] and the Law of the Wall model
[34] were tested in preliminary simulations for sensitivity pur-
poses, showing similar results. The former is computationally
more efficient and is therefore used in this work. Temperature
is assigned at the inlet using data from the experiments, and
adiabatic conditions are assumed at the walls. All scalars are
zero at the inlet except for oxygen, nitrogen and fuel, which are
specified according to the specific fuel and air compositions. A
zero-gradient condition is used for all scalars at the outlet and on
walls, except for the subgrid kinetic energy, which is zero at the
walls.

The mesh has been setup using the adaptive mesh refine-
ment utility available in ConvergeCFD. A baseline mesh with
a characteristic cell size of 5 mm in all directions is used for
initialisation purposes. Subsequently, the mesh is refined based
on sub-grid scale (SGS) velocity, wall distance values and the
TFM thickening factor. Three mesh resolutions have been tested
for sensitivity purposes, where the total number of cells is lim-
ited respectively to 3M, 6M and 12M cells. For the 6M mesh,
also used for follow-up analyses, the maximum cell size results
in 0.3 mm in the flame front and 1.25 mm in the region nearby
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FIGURE 3: POPE’S CRITERION OF TURBULENT KINETIC EN-
ERGY [35] IN THE MIDPLANE OF THE COMBUSTOR.

(up to a downstream location of 9R in the combustion chamber).
At the wall, the height of the first cell is limited to a maximum
y* = 15, where y* = yu, /v is the normalised wall distance, y
is the wall-normal coordinate, u, is the friction velocity and v
is the kinematic viscosity. The typical mesh in the combustor
midplane at a generic time step is shown in Fig. 2 for the three
resolutions, where it can be appreciated how the mesh resolution
increases near the walls and in the regions where the flame front
is expected. Pope’s 80% turbulent kinetic energy criterion [35] is
used to evaluate the mesh quality in preliminary simulations, and
it is shown in Fig. 3 (only for the 6M mesh). As observed from
the figure, the ratio between modelled, kg, and total turbulent
kinetic energy (resolved plus SGS) is observed to be smaller than
0.2 [35] everywhere except in the low-speed, ORZ region near the
walls (non-reacting case), where both resolved and SGS turbulent
kinetic energy go to zero, and downstream the region of interest,
where the mesh coarsens.

Each simulation is run fora total period of 15 flow-through
times, where the flow-through time #7w =~ 10 ms is defined as the
time a parcel of fluid needs travelling at the bulk speed U, ~ 10
m/s to reach the position z = 110 mm (~ 9R). Six flow-through
times are used in each simulation to pass the transient (after
ignition in the reacting flow cases) and further nine to collect
the statistics. The achievement of the steady state after transient
was verified by monitoring the fluctuations of massflow rate at
the section z = 9R. All simulations were run on the TU Delft
HPCI12 internal cluster using 480 cores in parallel. This resulted
in about 1.9 - 10° CPU hours per simulation using 2.3 GHz AMD
Pprocessors.

4. RESULTS AND DISCUSSION
4.1 Sensitivity analysis & validation

A preliminary analysis using different turbulence models and
mesh sizes is carried out first for the non-reacting case with the
CHy/air mixture. Time averaged axial velocity (i) radial profiles
are shown in Fig. 4 for different stream-wise locations z in the
combustor, with z = 0 corresponding to the outlet of the mixing
tube; and compared with the experimental measurements in [19].
Two SGS turbulence models are compared on the 6M mesh: the
dynamic structure model (DS) [24] and the Smagorinsky model
(Smag) [36]. As observed, the predicted velocity field does not
exhibit a strong dependence on the chosen mesh. Thus, the

z/R=1 z/R=2 z/R=4
18 18

12
7 6/,
\ a

-6
0 15 3 45 6

-6
0 15 3 45 6

-6
0 15 3 45 6
/R r/R /R

- DS3M — DS 6M -+ DS 12M —Smag 6M |

FIGURE 4: RADIAL PROFILES OF MEAN AXIAL VELOCITY AT
DIFFERENT STREAMWISE LOCATIONS OBTAINED FROM NON-
REACTING METHANE/AIR LES, FOR DIFFERENT MESH SIZE AND
TWO TURBULENCE MODELS: DYNAMIC STRUCTURE MODEL (DS)
AND SMAGORINSKY MODEL (SMAG).

6M elements mesh is retained for the following analysis, as this
mesh satisfies Pope’s criterion as was shown in Fig. 3. Results
obtained with the two turbulence models are also very similar,
with a relative error of the peak velocity that remains below 3% at
any axial location. Since the dynamic structure model is suited for
anisotropic turbulence effects [24] that may arise in the reacting
case, the latter is retained from now on for the following analyses.

Next, radial profiles of mean axial velocity (i) are compared
to experimental findings [19] at four axial locations in Fig. 5 for
both non-reacting and reacting cases. Only the Case A of Table 2
(methane-only fuel) is shown as no experimental data is available
for the methane/hydrogen blend case. It is worth to mention that
the following comparison is only performed to gain an under-
standing of the general flow features within the combustor and
the ability of the LES to capture these from a qualitative point
of view. In particular, significant backflow was observed at the
combustor outlet for the non-reacting case during the experimen-
tal campaign, with consequent uncertainty in the outlet velocity
and pressure boundary conditions, that could not therefore be ex-
actly assigned in the LES. These, in turn, were observed to affect
the jet spread angle at the entrance of the combustor, which is
larger in the experiments with consequent shorter central recir-
culation region. Adiabatic boundary conditions at the wall might
also have influenced the jet spread angle [37] as compared to
real conditions, although this effect is expect to be limited in the
non-reacting case. In general, the effect of the imposed boundary
condition on the calculated flow field can be minimized by appro-
priate modifications in the computational domain geometry, e.g.
by elongating the combustion chamber or including part of the
external atmosphere in the computational domain [38]. While
this strategy works well for reacting flows issuing in atmosphere,
it is unfortunately not applicable to the present case, because
an exhaust tube is mounted at the outlet of the experimental set
up, making it hard to identify an outlet location of known pres-
sure conditions. It is also worth noting that the spread angle
was observed to remain unaffected in the LES sensitivity anal-
ysis discussed earlier, using different mesh resolutions and SGS
models, and also repeating the simulation with a different code
(OpenFOAM) and similar numerical details, which suggests that
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FIGURE 5: RADIAL PROFILES OF MEAN AXIAL VELOCITY
FROM LES AND EXPERIMENTS, FOR THE REACTING AND NON-
REACTING METHANE-ONLY CASES.

numerical diffusion or modelling may not be the cause of these
differences. Therefore, comparisons of statistics between LES
and PIV measurements for the non-reacting case would not be
meaningful and are not performed here. On the other hand, non-
reacting LES results are still presented in light of the comparisons
between reacting and non-reacting conditions and their relative
differences to be discussed in the next sections.

The backflow effect on the spreading angle was somewhat
observed to be less strong in the reacting case, probably due to
the flow acceleration as result of the gas expansion in the flame
region. A comparison of midplane contours of axial velocity
between LES and experiments is shown in Fig. 6. As can be
observed, the jet spread angle and velocity field from the LES
remains similar to that observed in the experiment in the region
of the flame (up to z/R = 5), while significant deviations are
observed in the region downstream, where the measured flow field
indicates negative axial velocity along the centreline up to at least
z/R = 16. The extent of the region with negative velocity could
be varied in the LES by varying the outlet boundary conditions
(not shown). Considering that finding these exact conditions is
quite a tedious operation, and since only the flame region is of
interest here, statistics are compared next only up to z/R = 5 as
for the present work the only purpose of these comparisons is to
get a qualitative understanding of the LES ability in predicting a
meaningful reacting flow field. Boundary conditions at the outlet
in the LES are thus kept as indicated in Section 3.2.

Radial profiles of mean axial velocity as predicted from the
LES are compared to experimental values in Fig. 5 at different
axial locations within the flame region. The velocity field as
predicted by the LES for the reacting case (methane-only) is
observed to mimic the experimental trend quite well at z/R = 1.
Some overestimation is observed at more downstream locations,
which is partly explained by the approaching backflow region in
the experiments, and could in part be explained by heat losses at
the wall, e.g. see [39], which were not taken into account in the
LES. However, the location of the peaks is well predicted, which
suggests that the flame shape in the LES and in the experiments
is similar. The location of these peaks appear to shift towards
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FIGURE 6: MIDPLANE CONTOURS OF AXIAL VELOCITY FROM EX-
PERIMENTS (LEFT) AND LES (RIGHT).

higher radial locations in the reacting case as compared to the non-
reacting case, also shown in the figure, which indicates a larger
jet spreading angle at the combustor entrance, with consequent
larger extent of the central recirculating region (Fig. 6). This
variation is also observed qualitatively in the experiments, whose
non-reacting condition is only shown here for reference since, as
mentioned earlier, values are not directly comparable to those of
the LES. Note that the numerical data for the non-reacting case
obtained using OpenFOAM are also shown for reference.

The above analysis indicates that the LES model used in the
present work predicts the velocity field with reasonable accuracy,
at least in the flame region. Since velocity gradients increase
due to the heat release from the flame, these comparisons further
suggest that the correct flame shape and position might have been
captured, although quantitative investigations on temperature and
species are necessary to validate this assessment, and they could
not be performed as this data was not available from experiments.
Because of the above reasons, the LES setup with TFM and
detailed chemistry is further used for the investigations in the
next section.

4.2 POD Analysis and PVC

The proper orthogonal decomposition (POD) method is em-
ployed to identify the presence of coherent fluctuating structures
and describe their behaviour. This anlysis is further finalised
to investigate the possible presence of a precessing vortex core
(PVC) in the flow, since this unsteady structure can often form
in confined swirled flows [17] and interact with the flame dy-
namics. The reacting LES dataset is therefore analysed with the
method of the snapshots described in [40]. The same analysis is
performed on the non-reacting, methane-only LES dataset, and
results are compared to those obtained from PIV [19]. According
to the POD method, the fluctuating velocity field in the transver-
sal direction y, v’ (X, 1), can be described as a linear combination
of a set of orthonormal spatial functions (POD modes) @y (x),
weighted by time-varying coefficients ay ():

o)

v(x,1) = ) ar(H)®x(x) 5)

k=1

The first n POD modes capture most of the turbulent kinetic
energy (TKE) of the fluctuating flow field (only including the
in-plane fluctuations). These modes give information about the
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FIGURE 7: FIRST TWO POD MODES COMPUTED FROM THE
EXPERIMENTAL DATASET FOR THE NON-REACTING, METHANE-
ONLY CASE.

degree of correlation between the velocity fluctuation v’ at each
point of the domain and it is possible to relate them to the coherent
structures in the fluctuating flow field. The POD modes are
obtained by computing the n eigenvectors @ of the correlation
matrix (Cs), defined as:

C= ——VV7, ©)
m—

where each of the m rows of the matrix V contain the v’ values
at the n domain points at a specific time step. The corresponding
eigenvalues indicate the contribution of each mode to the TKE on
the plane associated with fluctuations in the transversal direction
v, and most of the fluctuations can be described by the first two
modes. The temporal coefficients ay(¢) are computed as the
projection of the velocity matrix on the modes, and by looking
at their evolution in time it is possible to identify whether the
associated mode exhibits an oscillatory behaviour. The POD
analysis performed on the PIV data used a total of 200 snapshots
at an acquisition frequency of 15 Hz. Since the PVC has a higher
frequency, no assessment is possible on the frequency from the
PIV data, but only on the coherence of the two POD modes. On
the contrary, the acquisition frequency in the LES is about 50
kHz, and a time window of 8 to 14 ms was used to process the
POD data, corresponding to at least one PVC revolution.

POD modes obtained from the LES for the methane-only
cases (reacting and non-reacting) are firstly compared to those
obtained using the experimental dataset to assess whether a sim-
ilar dynamics is predicted. The first two spatial modes obtained
using the PIV dataset are plotted in Fig. 7, which contribute
respectively to 9.96% and 8.74% of TKE on the 2D plane. Since
regions with similar values of the spatial mode @y (x) correspond
to in-phase fluctuations of v” (counter-phase if of opposite sign),
these plots reveal the presence of transversal oscillations and the
shedding of vortical structures. In particular, the pattern of the
first two modes near the inner shear layer reveals the presence
of the typical helical structure associated with the PVC [41, 42].
In fact, the 90° phase shift in the streamwise location of the two
modes is associated to the motion of the PVC and describes the
periodic movement downstream of the helical vortical structure
intersecting the plane [43]. These modes are compared to those
obtained from the LES next. Figure 8 shows the first two POD
modes from the simulated non-reacting case. It can be observed
that modes 1 and 2 from the LES also present the characteristic
pattern associated with the presence of the PVC described before.
These two modes together contribute to about 27.4% of the TKE
on the 2D plane, which is higher than the amount obtained sum-
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FIGURE 8: FIRST TWO POD MODES COMPUTED FROM LES FOR
THE NON-REACTING, METHANE-ONLY CASE.
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FIGURE 9: FIRST TWO POD MODES COMPUTED FROM LES FOR
THE REACTING, METHANE-ONLY CASE.

ming the first two modes from the PIV, but consistent with past
works on swirled configurations at similar conditions [41]. The
analysis of the temporal coefficients associated with these modes
further reveals a frequency of precession of about 250 Hz, which
is consistent with values reported in literature [41]. Note that
the distribution of these spatial modes is different between LES
and PIV as it reflects the different jet spreading angle discussed
earlier.

The reacting case is analysed next using the LES dataset. The
first two POD modes are shown in Fig. 9 for the methane-only
case. An inspection of these modes indicates that the PVC is still
present in the flow when combustion occurs, which is in contrast
to findings for similar configurations (e.g. see [41]). Moreover,
both modes appear to contribute to the TKE in higher percentage
as compared to the non-reacting case, suggesting that the inten-
sity of the PVC has also increased. The addition of hydrogen to
the flow is also investigated for completeness, and related POD
modes are shown in Fig. 10. It is important to note, however, that
only about 5 ms time-window was used for this case due to com-
putational limitations, since POD data was not originally stored
and further simulation time had to be allocated to extract this
data. Although 5 ms is sufficient to capture an entire PVC revolu-
tion (see discussion later on temporal coefficients), the reader is
reminded to interpret these results with care. As can be observed
in the figure, when hydrogen is added to the fuel, the ampli-
tude of the modes associated to the PVC tend to be much milder
near the combustor entrance, which may be a consequence of the
stronger reactivity of hydrogen. This behaviour might indicate a
suppression of the two modes near the combustor entrance or, al-
ternatively, one can interpret it with a delayed development of the
helicoidal structure of the PVC and the consequent shift down-
stream of the oscillatory region in respect to the flame anchoring
position (which has moved upstream, see Fig. 12).

The temporal coefficients associated with the POD modes
and their respective spectra are further shown in Fig. 11. The
analysis of the respsective spectra indicates that the PVC fre-
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SPECTRA (RIGHT), OBTAINED FOR NON-REACTING AND REACT-
ING (METHANE ONLY AND HYDROGEN BLEND) CASES.

quency has increased from about 250 Hz in the non-reacting case
to about 380 Hz in the methane-only reacting case. For the hy-
drogen blend case, the frequency of the temporal mode seem to
decrease below 220 Hz, although the time window used here may
not be sufficient, as explained earlier, to have a precise assess-
ment of this frequency. The Nyquist criterion remains satisfied.
By looking at the temporal evolution of the coeflicients, one can
however still appreciate that the frequency associated to the PVC
revolution is somewhat decreased by the hydrogen addition, and
that at least one PVC revolution was captured within the time
window used for the POD.

These differences are interesting as they might explain some
non-straightforward behaviour observed in the flow field when
hydrogen is added to the flow, which is discussed in the next
section.

4.3 Effects of hydrogen addition to flame and emissions

The effects of H, addition to the fuel stream are investigated
in this section. The most obvious effect of adding hydrogen is that
the flame propagates and stabilises upstream in the mixing tube,
which can be appreciated by looking at the midplane temperature
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FIGURE 12: MIDPLANE CONTOURS OF MEAN TEMPERATURE
FROM LES FOR METHANE-ONLY AND METHANE/HYDROGEN
CASES.
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FIGURE 13: RADIAL PROFILES OF MEAN TEMPERATURE AT
DIFFERENT AXIAL LOCATIONS, OBTAINED FROM LES FOR
METHANE-ONLY AND METHANE/HYDROGEN CASES.

contours in Fig. 12. In particular, the averaged anchoring point
of the flame along the centreline moves from a location of about
z/R = 0 (combustor entrance) to z/R ~ —2.5. This also implies
a central recirculation zone that extends within the mixing tube.
The higher flame speed, however, does not correspond to a higher
temperature as observed in the figure, which is consistent with the
adiabatic flame temperatures computed from the flamelets (see
Table 2). These lower temperatures in the hydrogen blend case are
mainly driven by the overall leaner mixture in this case. Moreover,
temperature in the ORZ in the case of the blend suggests that
combustion is incomplete there and mixing is less efficient. The
non-perfectly symmetric temperature field observed in the ORZ
may further be the result of a higher residence time at this location,
which might be associated to the lower PVC frequencies observed
in the temporal modes in Sec. 4.2. Further analyses on this aspect
are beyond the scope of this work and will pe performed in future
studies.

Radial profiles of mean temperature for the two reacting cases
are shown in Fig. 13 in the region immediately upstream and
downstream the combustor entrance. These indicate that while
temperature in the hydrogen blend case is much higher in the
mixing tube due to the presence of the flame, immediately down-
stream the combustor entrance the temperature behaves similarly,
except within the ORZ as mentioned before. It is also interest-
ing to note that the bubble of recirculating burnt gases in the
hydrogen blend case acts now as an obstruction in the mixing
tube, reducing the effective cross-sectional area at the exit of the
mixing tube. This results in slightly higher velocities near the
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FIGURE 15: MIDPLANE CONTOURS OF AXIAL VELOCITY OB-
TAINED FROM LES FOR THE REACTING CONDITION WITH
METHANE-ONLY AND METHANE/HYDROGEN FUEL.

combustor entrance in the case of the hydrogen blend, as can be
observed in Fig. 14, and a lower spreading jet angle (with conse-
quent shorter extension of the central recirculation region in the
combustor), as shown in Fig. 15. These differences further affect
the effective swirl number and fuel/oxidiser mixing process in the
mixing tube, which are discussed next. It is worth to note that
the addition of hydrogen in the non-reacting case (Fig. 14) does
not result in any significant effects on jet spreading, size of the
recirculation zones and velocity field, since the variation in the
reactants mixture density is minimal (see Table 2).

The evolution of the effective swirl number S, averaged
equivalence ratio ¢, and its standard deviation o throughout the
mixing tube are shown in Fig. 16 to gain further information on
the flow field behavior within the mixing tube and how this can
affect the combustion downstream. These quantities are in fact
significantly affected by the propagation of the flame within the
mixing tube as one would expect. The effective swirl number
is computed in the LES as the ratio between the axial fluxes of
tangential and axial momentum [44]:

_ | pwigrda

g =<+ 7
“ " R putda
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where p is the filtered density of the local mixture, ug is the
velocity component in the azimuthal direction, r is the radial co-

FIGURE 16: AXIAL PROFILES OF MEAN SWIRL NUMBER (LEFT),
EQUIVALENCE RATIO (CENTRE) AND ITS STANDARD DEVIATION
(RIGHT) IN THE MIXING TUBE AHEAD OF THE COMBUSTOR
CHAMBER.

ordinate and A is the sectional area in the mixing tube. At the
outlet of the swirler vanes S, equals the geometric swirl number
Sg = 1.1. As observed from Fig. 16, the effective swirl num-
ber then increases in the mixing tube first up to z/R ~ -5.5,
to then decrease again quickly at z/R ~ —4.5. This decrease
is due the reduction of irregularities in the radial and tangential
directions as the flow evolves in the mixing tube, consistently to
previous studies [45], and is aided by the fuel injection between
z/R =—4.1 and z/R = —4.6. In turn, this affects the viscous dis-
sipation and radial flow divergence, thus the axial flux of angular
momentum [46]. The resulting effective swirl number at the end
of the mixing tube is about 0.77 for both the non-reacting cases
regardless of the fuel, while it decreases to 0.61 and 0.57 in the re-
acting cases respectively for the CH4-only and the CH4/H> blend.
This decrease as compared to the non-reacting case is caused by
the increased axial velocity at the combustor entrance [46], and
is thus of larger extent in the hydrogen blend case consistently
with the higher axial velocity observed in Fig. 14. The slightly
higher effective swirl number in the the reacting methane-only
case may also partly explain the wider opening of the jet ob-
served in Fig. 14 as compared to the CH4/H, case [47]. More
interestingly, the evolution of the effective swirl number in the
mixing tube between the swirler vanes exit and the combustor
entrance is different in the hydrogen blend case, exhibiting lower
values, which is likely to be a consequence of the flame being
located in the mixing tube. These differences could affect the
mixedness of the flow, causing variation of equivalence ratio up
to the flame region with a direct effect on the emissions [9, 48].
The level of unmixedness in the flame region is therefore investi-
gated using the method of Li et al. [49] as follows. By looking at
the mean behaviour of equivalence ratio ¢ and its standard devia-
tion o in Fig. 16, one can notice that, while the mixture becomes
substantially leaner when hydrogen is added to the mixture, no
significant change occurs in terms of o~. This might suggest that
any change in emissions has to be attributed to variation in mean
equivalence ratio, rather than turbulent mixing or further fluctu-
ations caused by differential diffusion effects. The distribution
of mean equivalence ratio near the flame anchoring point is thus
further investigated by looking at the radial profiles of ¢ at differ-
ent axial locations in Fig. 17, for both reacting and non-reacting
conditions. First, one can notice that there is significant variation
of ¢ in the radial direction for all conditions investigated in this
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FIGURE 17: RADIAL PROFILES OF AZIMUTHALLY AVERAGED
EQUIVALENCE RATIO AT DIFFERENT AXIAL LOCATIONS AT THE
END OF MIXING TUBE AND AT THE BOTTOM OF THE COMBUS-
TION CHAMBER (FLAME REGION)

work, and at all axial locations. This is the result of the fact that
the fuel is injected radially in the highly turbulent swirling flow in
the outermost region of the mixing tube (at an axial coordinate of
z/R = —4.1) and has to mix into the mixing tube core, where the
stream of axial air injection implies ¢ = 0. It is worth mentioning
that the momentum of the injected fuel in the transversal direc-
tion is small compared to the axial momentum of the swirling air
and the axial air streams. For this reason, mixing near the cen-
treline occurs mainly through turbulent and molecular diffusion,
rather than convective processes. Moreover, for all conditions
the reactant mixture does not achieve perfect homogeneity at the
entrance of the combustor chamber (z/R = 0), although mixing is
observed to significantly improve in the reacting cases. Similarly
to earlier observations, the non-reacting cases exhibit very similar
mixing behaviours and no significant differences are observed in
equivalence ratio at almost all location. Let’s note that, since the
global equivalence ratio in the case of the hydrogen blend is lower
than in the methane-only case (the two cases are compared at the
same output power), the value of the peaks must also be lower
as observed in Fig. 17 (see for example z/R = —1.5). Neverthe-
less, despite the milder equivalence ratio radial gradients driving
turbulent and molecular diffusion, the centreline appears to get
richer at a faster rate in the case of the hydrogen blend even in
the non reacting case, which becomes evident at z/R = —1 near
the centreline. This effect, which is due to the higher diffusivity
of hydrogen that improves the air/fuel mixing, becomes milder
downstream because convective effects in the recirculation zone
become dominant. Although this variation of equivalence ratio
distribution right upstream the combustor entrance (z/R = 0) did
not lead to any significant differences in the flow field behaviour
in the non-reacting case, it may trigger an upstream propagation
of the flame in the reacting case. For the reacting cases, the
presence of the flame appears to improve mixing near the com-
bustor entrance, especially in the CH4/H; case where both flame
and recirculation bubble have moved upstream. The recirculation
brings in fact more homogeneous mixture parcels from the com-
bustion chamber to inside the mixing tube. On the other hand,
the significant increase in equivalence ratio near the centreline at
z/R = —1 is still observed for the reacting case in the case of the
hydrogen blend, as compared to the methane-only case. By com-
paring the profiles of ¢ with the temperature profiles in Fig. 13,
one can thus argue that the upstream propagation of the flame
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near the centreline in the hydrogen blend case is partly due to
the equivalence ratio being locally higher than expected (imply-
ing higher flame speeds) as compared to the methane-only case.
Another observation is that the flame in downstream positions
burns over a wider range of equivalence ratios in the hydrogen
blend case, as compared to the methane-only case. These local
differences in mixing are expected to affect the level of emissions,
which are discussed next.

In Table 3, the sectional average of mean mass fraction of
CO,, CO and NOx (NO and NO,) at the combustor exit plane
are provided. The addition of hydrogen to the fuel results in a
decrease in CO, and CO, as one would expect for a fuel mix-
ture containing fewer carbon atoms and an overall decrease of
equivalence ratio. Moreover, consistently with the decrease of
temperature peaks in the mean field, an overall decrease of 88%
of NO is observed. Similarly, the mass fraction of NO, is ob-
served to decrease of about 30%. The emission values from the
LES and their decrease appear to be in line with the 1D laminar
calculations in Table 2. However, the emissions from the LES
are in general higher than in the laminar case due to turbulence-
chemistry interaction effects and the presence of equivalence ra-
tios inhomogeneities as described before. In fact, the presence
of rich regions (outer part of the mixing tube) intuitively causes
local increase in carbon based emissions and produces overshoots
of temperature which favour the NO formation. Moreover, due
to its slow rate of formation (nitrogen oxydation), the production
of NO is highly affected by flow features such as recirculation
zone and turbulence, which ultimately affect the residence time.
These results indicate the paramount importance of achieving an
effective mixing to have a balance between emissions and flame
position in the context of lean swirled combustor technology. On
the other hand, the relative strong decrease of NO in the hydro-
gen blend case as compared to the methane-only case could also
be a result of a decreased flame wrinkling observed for the for-
mer, which in turn is a result of the higher local reactivity of the
hydrogen blend. In fact, the flame regime is observed to shift
towards the bottom-left part of the Borghi diagram in the case
of the hydrogen blend, as observed in Fig. 18, which indicates
weaker turbulent fluctuations on the flame. This results in less
overshoots of temperature, which can be verified by looking at the
temperature variance in the region of the flame in Fig. 19, except
for z/R = —1 since a flame is not present in the methane-only
case at this location. The smaller variance of temperature implies
less peaks of temperature and, given the exponential dependence
of thermal NOx on temperaure,

TABLE 3: SECTION-AVERAGED MEAN MASS FRACTIONS OF
CARBON-BASED SPECIES AND NOX FROM LES AT THE COM-
BUSTOR EXIT FOR METHANE-ONLY AND METHANE-HYDROGEN
CASES.

Species CHy CH4/H, AY

(Yco,)  0.12 0.08 33 %
(Yeo)  22le-4 2.55e-5 -88%
<ZNO> 5.08e-5 1.4le-5 -72%
(fno,)  7.62e-8  532e-8  -30 %
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FIGURE 19: RADIAL PROFILES OF TEMPERATURE RMS IN THE
REGION OF THE FLAME BRUSH (ABOUT -1 < z/R < 1) FOR THE
REACTING CASES PREDICTED FROM THE LES.

consequently less NO. This is an important consideration to
keep in mind for the design of ultra-low emissions system.

Some final consideration is given about the risk of flashback.
Although flashback is not observed in the LES, the upstream
propagation of the flame in the hydrogen blend case raises some
concern about whether it could be triggered. While the upstream
propagation is in fact mostly driven by the increased flame speed
in the hydrogen blend and also its characteristic higher reaction
rate at leaner conditions (resistance to lean extinction), the mixed-
ness level near the centerline of the mixing tube also appears to
be a critical factor as analysed earlier for Fig. 17. Indeed, this
region is characterised by relatively high equivalence ratios and
lower velocities, due to the presence of the recirculation bubble
and the shear layers between inner axial air stream and swirling
flow in the outer region of the mixing tube (see Fig. 15). Con-
sidering the presence of the PVC in the flow as discussed in
Section 4.2, this situation can lead to a coupling between fluc-
tuations of equivalence ratio, heat release and vorticity that can
trigger flashback via the combustion induced vortex breakdown
(CIVB) mechanism as for example discussed in [15, 16], with un-
controlled upstream propagation of the recirculation bubble. In
such a case the amount of axial injection is not just to be designed
to balance the higher flame speed of the hydrogen blend, but also
to optimise the mixing process to avoid the aforementioned cou-
pling to establish. It is worth to note that an increase in AAI also
lead to increased pressure losses. This sensitivity to the amount
of AAI and its effects on mixing and combustor efficiency will
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be therefore investigated in a future study. It is also worth to
note that boundary layer flashback, which was neither observed
or initiated in the present study, is in principle less likely at the
operated conditions because of the high equivalence ratio near
the wall caused by the fuel injection. Nevertheless, one should
again be mindful that the recirculation bubble was observed to be
still relatively far from the fuel injector ports in the present sim-
ulations. A possible further propagation upstream could result in
the equivalence ratio near the wall crossing the flammability lim-
its (which are very wide in the case of hydrogen) and triggering
flashback via this mechanism rather than the CIVB mechansism.
This aspect will also be investigated in a future study.

5. CONCLUSIONS

In the present work, the TU Delft swirl stabilized lean com-
bustor was analysed at non-reacting and reacting conditions using
a LES framework with thickened flame model and detailed chem-
ical kinetics. Two fuels conditions are simulated, one consisting
of 100% methane and the other having 16% split of hydrogen in
mass and 86% methane. The two conditions are compared at the
same power, implying that the equivalence ratio in the hydrogen
blend case decreases from 0.75 to 0.7 to balance the higher re-
activity of hydrogen in the fuel. A 5% of axial air injection is
used in both conditions as a measure to prevent flashback. The
methane-only case is simulated first and the results are compared
with available PIV data. The predicted velocity field in the react-
ing case compares well with the experimental data in the region of
the flame, while the results from the non-reacting case were found
not to be directly comparable to those from the experiments due
to some uncertainty in the boundary conditions. The presence of
a PVC is further revealed through POD analysis for both reacting
and non-reacting case, in agreement with the experiments.

The LES is then used to shed light on the effects of hydrogen
addition. The PVC is still observed when hydrogen is added,
but the associated modes appear to be suppressed near the com-
bustor entrance. The highest temperature is also lower in the
hydrogen blend case, which is a consequence of the lower global
equivalence ratio and this is consistent with a priori flamelet
computations. This is very beneficial in terms of emissions re-
duction, in particular NOx which is observed to decrease more
than 70% in respect to the methane-only case. Nevertheless, the
flame shifts significantly upstream in the case of the hydrogen
blend and enters the mixing tube along with the recirculation
bubble (most upstream part of the central recirculation zone).
The higher flame speed of the hydrogen blend (despite the lower
equivalence ratio) and its higher resistance to lean extinction are
found to only partly explain this upstream propagation. An anal-
ysis of equivalence ratio distribution in the mixing tube reveals in
fact that mixing is mostly driven by turbulent and molecular dif-
fusion and this leads to a richer mixture near the centreline in the
region immediately upstream the combustor entrance in the case
of the hydrogen blend, due to the stronger diffusivity of the latter.
Although flashback was not observed in the present work, these
variations of equivalence ratio could couple with heat release
and the vorticity generated by the recirculation bubble to trigger
combustion induced vortex breakdown, for which the use of ax-
ial air injection might become ineffective. This should be taken
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into account when designing new combustor geometries employ-
ing hydrogen or hydrogen blends. A careful balance between
fuel port sizing, radial fuel momentum and axial air momentum
needs to be designed when adding hydrogen to maintain the de-
sired mixing characteristics. This interplay is the objective of a
future study.
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