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Abstract
The effects of hydrogen enrichment on flame and flow dynamics of a swirl-stabilised 
partially premixed methane-air flame are studied using large eddy simulation. The sub-
grid reaction rate is modelled using unstrained premixed flamelets and a presumed joint 
probability density function approach. Two cases undergoing thermoacoustic oscillations 
at ambient conditions are studied. The addition of hydrogen modifies both thermoacous-
tic and fluid dynamical characteristics. The amplitude of the fundamental thermoacoustic 
mode increases with the addition of 20% hydrogen by volume. A second pressure mode 
associated with the chamber mode is also excited with the hydrogen addition. Intermittent 
single, double and triple helical instabilities are observed in the pure methane case, but are 
suppressed substantially with hydrogen addition. The results are analysed in detail to shed 
light on these observations. The feedback loop responsible for the thermoacoustic instabil-
ity is driven by mixture fraction perturbations resulting from the unequal impedances of 
the fuel and air channels. It is shown that hydrogen addition increases the flame’s sensi-
tivity to these perturbations, resulting in an increase in amplitude. This higher amplitude 
thermoacoustic oscillation, along with a higher local heat release rate in the presence of 
hydrogen, is shown to considerably modify the flow structures, leading to a suppression of 
the helical instabilities.

Keywords  Hydrogen combustion · Large eddy simulation · Thermoacoustic oscillation · 
Swirling flame · Helical instabilities

1  Introduction

The increasing demand for green energy necessitates the development of low-cost novel 
technology and hydrogen as an energy carrier has the potential to tackle the energy stor-
age problem of intermittent renewable sources (Yue et al. 2021). Retrofitting the current 
Gas Turbine (GT) with technology for using hydrogen-enriched fuels promises a signifi-
cant reduction in greenhouse gas emissions (Nemitallah et al. 2018), which also addresses 
grid-level storage issues encountered by intermittent renewable sources. Therefore, there is 
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a growing interest in comprehending the dynamics of swirl-stabilized hydrogen flames for 
aeronautical and ground-based GT combustors.

Several past studies (Yu et  al. 1986; Gauducheau et  al. 1998; Schuller et  al. 2022; 
Aniello et al. 2023; Chterev and Boxx 2021; Indlekofer et al. 2021) have provided useful 
insights on hydrogen-enriched methane-air flames. These studies demonstrated that hydro-
gen-enriched fuels exhibit larger laminar flame speeds and extinction strain rates. Conse-
quently, hydrogen-enriched flames have improved blow-off characteristics, but are more 
susceptible to flame flashback (Tuncer et al. 2009). Practical combustors typically operate 
under partially premixed conditions to prevent flame flashback. However, the partial pre-
mixing preventing the flashback may result in thermoacoustic instabilities (TAI) caused 
by equivalence ratio fluctuations (Lieuwen and Zinn 1998; Ducruix et  al. 2003). Com-
bustors typically operate under lean conditions to meet stringent emission regulations for 
NOx emissions, making them susceptible to TAI (Dowling and Hubbard 2000). Long-term 
operation of GT combustors under unstable conditions can lead to fatigue induced struc-
tural damage. Therefore, stable operation with no self-excited TAI is essential for low-cost 
operation of GT combustors. Understanding the effects of hydrogen enrichment on TAI is 
important for decarbonisation.

Hydrogen combustion results in several changes in combustion characteristics. For 
instance, hydrogen enrichment leads to a change in the mean flame length altering the con-
vective time scales for velocity and equivalence ratio fluctuations (Beita et al. 2021). This 
change in the convective time scale of fluctuations in heat release can alter the frequency of 
thermoacoustic instability (Ghani and Polifke 2021). The change in flame length can also 
lead to mode switching to higher harmonics (Lee et al. 2015). Also, the change in flame 
shape resulting form higher extinction strain rates seems to excite TAI in some hydrogen-
enriched turbulent flames as observed in Shanbhogue et al. (2016). Hence, the influences 
of H2 enrichment on turbulent flow with partially premixed combustion and TAI are inves-
tigated in this study.

The addition of hydrogen leads to complex non-linear dynamical states in combustion 
systems. For instance, hydrogen enrichment showed an intermittency route (Kabiraj and 
Sujith 2012) to limit cycle oscillation (LCO) in a swirl-stabilized combustor (Karlis et al. 
2019). Recent studies have investigated the influence of hydrogen addition on flame topol-
ogy, combustion characteristics, and bimodal thermoacoustic instability (Chterev and Boxx 
2019; Agostinelli et  al. 2022). Various dynamical states such as intermittency, period-1 
LCO, period-2 LCO, and chaotic state were observed for hydrogen-enriched flames in the 
PRECCINSTA burner (Kushwaha et  al. 2021). Period-1 LCO was the focus of previous 
experimental and numerical studies using the PRECCINSTA burner (Meier et  al. 2007; 
Franzelli et al. 2012; Lourier et al. 2017; Stöhr et al. 2017; Fredrich et al. 2021a, b). Here, 
the effects of hydrogen enrichment on the transition from period-1 to period-2 LCO behav-
ior are studied.

Swirl is commonly used for flame stabilisation in GT combustors (Syred 2006; Lucca-
Negro and O’doherty 2001). Above a critical swirl number, which depends on the geom-
etry and flow conditions, the vortex breakdown bubble (VBB) precesses about the central 
axis as a result of super-critical Hopf bifurcation (Liang and Maxworthy 2005; Manoharan 
et al. 2020). This results in the formation of precessing vortex core (PVC) which plays a 
crucial role in flame stabilisation and mixing (Gupta et al. 1984; Syred 2006; Meier et al. 
2006; Weigand et al. 2006; Massey et al. 2019, 2022). The PVC in reacting flows may be 
severely damped (Syred 2006; Roux et al. 2005), occur intermittently (Oberleithner et al. 
2015; Fredrich et al. 2021b; Yin and Stöhr 2020) or is sustained fully (Chen et al. 2019a; 
Massey et al. 2019; Karmarkar et al. 2022) depending on the flow and thermo-chemical 
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conditions. Viscous damping (Roux et  al. 2005), centrifugal stability (Syred 2006; Ray-
leigh 1917) or density stratification along with backflow intensity (Terhaar et  al. 2015; 
Oberleithner et al. 2015) can suppress the PVC under reacting conditions. While transient 
PVC dynamics have been studied extensively in the PRECCINSTA burner (Yin and Stöhr 
2020; Oberleithner et al. 2015; Zhang et al. 2023) for premixed cases, this work attempts 
to capture such dynamics in partially premixed cases using LES. The linear stability analy-
sis of Oberleithner et al. (2015) showed that the higher density stratification in cases with 
global equivalence ratio 𝜙glob > 0.65 at a thermal load of Pth = 20 kW were correlated with 
the lower PVC growth rates. Zhang et al. (2023) have quantitatively shown the competi-
tion between convection, production and viscous diffusion of velocity perturbation to play 
an important role in intermittent PVC dynamics. The PVC is often denoted as a helical 
instability with an azimuthal wavenumber m = 1 of fluctuating velocity component. Recent 
studies have shown the presence of higher azimuthal wavenumbers in reacting flows (Vig-
nat et al. 2021) similar to those found under non-reacting conditions (Liang and Maxwor-
thy 2005; Vanierschot et al. 2018). The thermoacoustic oscillation can modulate the PVC 
(Chen et al. 2019a) and even suppress it intermittently in some cases (Vignat et al. 2021). 
Thus it is useful to study the effects of H2 addition on the PVC.

The foregoing discussion identifies the following objectives: 

1.	 To investigate the effects of H2-addition on the flame, flow and TAI characteristics,
2.	 Specifically of the transition from period-1 to period-2 LCO, and
3.	 Changes in the structure and role of PVC because of H2-enrichment. These objectives 

are addressed by conducting LES of H2-enriched combustion in PRECCINSTA burner. 
A presumed joint probability density function approach (PDF) with tabulated chemistry 
is used to model the filtered reaction rate (Ruan et al. 2014; Chen et al. 2017, 2019a, 
b, 2020; Chen and Swaminathan 2020; Langella et al. 2018, 2020; Massey et al. 2022; 
Fiorina et al. 2003).

This paper is organised as follows. The modelling methodology is described in Sect. 2. The 
cases studied and their numerical setup are presented in Sect. 3. The details of the non-
reacting flow field, comparisons of LES with measurements along with grid-dependency 
are discussed in Sect. 4.1. The comparisons of LES statistics to measurements and reacting 
flow structure are presented in Sect. 4.2. The thermoacoustic instability mechanisms are 
discussed in Sect. 4.3. The interactions of the coherent structures with the thermoacoustic 
oscillation are presented in Sect. 4.4 and a summary of the key findings is given in the final 
section.

2 � Modelling Methodology

Fully compressible Favre-filtered transport equations for mass, momentum, and total 
enthalpy are solved. A presumed joint probability density function (PDF) approach with 
tabulated chemistry is used for sub-grid reaction rate closure (Ruan et al. 2014; Chen et al. 
2017, 2019a, b, 2020; Chen and Swaminathan 2020; Langella et al. 2018, 2020; Massey 
et al. 2022; Fiorina et al. 2003). The adiabatic flamelet library is obtained using Cantera 
(v2.4.0) (Goodwin et  al. 2018) which solves the steady one-dimensional freely propa-
gating flame equations for species transport and temperature. The flamelet equations are 
solved with a multicomponent transport model. The mixture fraction, which tracks fuel-air 
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mixing, is calculated using Bilger’s formula (Bilger 1989). The progress variable is a meas-
ure of the reaction extent and defined as c ≡ �∕�eq , where � ≡ YCO + YCO2

 , and �eq rep-
resents the equilibrium value for the local mixture (Fiorina et al. 2003). Thermochemical 
quantities are functions of mixture fraction �̃  , c̃ , and their respective sub-grid scale (SGS) 
variances. These 4 quantities and the total enthalpy are obtained from their transport equa-
tions (Chen et al. 2017; Massey et al. 2021), written as

where the vectors of Favre-filtered scalars, source and sink terms are respectively given by

The effective diffusivity is Deff = D + �t∕Prt with Prt = 0.7 for total enthalpy and Prt is 
replaced by Sct for other scalars with Sct = 0.7 . The values for the turbulent Prandtl and 
Schmidt number are guided by past work (Chen et al. 2020; Langella et al. 2020; Kumar 
et al. 2023). The sub-grid eddy viscosity is �t and �̃i,sgs denotes the scalar dissipation rate of 
scalar i at the sub-grid level. The sub-grid eddy viscosity �t is modelled using the dynamic 
Smagorinsky model (Germano et al. 1991; Lilly 1992).

The flamelet reaction rate is 𝜔̇fp =
(
𝜔̇CO + 𝜔̇CO2

)
∕𝜓eq . A sub-grid model accounting for 

both premixed and non-premixed combustion modes is used and this model is Chen et al. 
(2017), Massey et al. (2021)

where � and � are the sample space variables for � and c respectively. The joint Favre fil-
tered density function is approximated as P̃(�, � ) ≈ P̃�(�;�̃, �

2
�,sgs

) × P̃�(� ;̃c, �
2
c,sgs

) , where 
the marginal filtered density functions are modelled using Beta functions. The sub-grid 
scalar dissipation rate, �̃c,sgs (Dunstan et  al. 2013) is modelled using an algebraic model 
with the scale-dependent parameter �c set to 7.5 following earlier studies (Ruan et al. 2014; 
Chen et al. 2017, 2019a, b, 2020; Chen and Swaminathan 2020; Langella et al. 2018, 2020; 
Massey et al. 2022). A linear relaxation model is used for the mixture fraction sub-grid sca-
lar dissipation rate �̃�,sgs (Pierce and Moin 1998).

Thermochemical quantities such as specific heat capacity at constant pressure ( ̃cp ), 
molecular mass M̃ and formation enthalpy Δ̃h

o

f
 of the mixture are computed analogous to 

Eq. (5). The mixture filtered density is obtained using � = pM̃∕(T̃Ro) , where Ro = 8.314 
J mol−1 K−1 is the universal gas constant and T̃  is the mixture filtered temperature. The 
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solution of Eq. (1) gives control variables �̃, �2
�,sgs

, c̃ and �2
c,sgs

 which are used to obtain var-
ious sources and thermo-chemical quantities from a lookup table. This modelling frame-
work has been assessed for LES in Ruan et al. (2014), Chen et al. (2017, 2019a, b, 2020), 
Chen and Swaminathan (2020), Langella et al. (2018, 2020), Massey et al. (2022).

3 � Experimental Case and Numerical Setup

Figure 1a shows the schematic of the PRECCINSTA (Meier et al. 2007; Dem et al. 2015) 
combustor. Dry air at ambient conditions enters the burner nozzle through 12 swirler vanes 
after passing through a plenum. Fuel is delivered to the fuel plenum through a channel 
below the swirler (Dem et al. 2015), in which the fuel is supplied through three ports lead-
ing to the fuel plenum. Two of the fuel inlet ports were closed off to test the influence of 
a single fuel inlet port on the thermoacoustic aspects, but no significant effect is observed. 
Therefore, the results in the rest of the paper correspond to three fuel inlets. The fuel ple-
num is included, as a previous study showed that it can play an important role in capturing 
the thermoacoustic behavior (Chen and Swaminathan 2020). This plenum feeds fuel into 
the air stream through 12 small holes located near the base of the swirler vanes. The coni-
cal central body in the convergent nozzle with exit diameter of 27.85 mm has its tip located 
at the nozzle exit plane (dump-plane). The PIV measurements are limited to a region 
bounded by 0 < z < 50  mm and −30 < x < 30  mm. Further details of the experimental 
setup can be found in Datta et al. (2022), Kushwaha et al. (2021). The operating conditions 
are listed in Table 1.

Fig. 1   a Schematic of the gas turbine model combustor (Meier et al. 2007; Dem et al. 2015) showing loca-
tions of pressure probe PP1 (LES) and PP2 (LES, Exp) and b part of the computational grid
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The computational grid shown in Fig. 1b comprises of 8 million unstructured tetrahedral 
cells with a refinement in the swirler region and combustion zone (cell size of 0.8 mm). The 
hemispherical domain cells have an average size of 12 mm, while the remaining regions have 
a cell size of 1.5 mm. A finer grid is necessary for the swirler to resolve its geometry and 
to capture the subsequent flow development. A hemispherical domain is included to mimic 
the room volume. A small velocity of 0.1 m/s is specified at the base of this hemispherical 
domain, with a wave transmissive boundary condition on its outer boundary. Top-hat profiles 
of constant mass flow rates listed in Table 1 are specified without turbulence at the inlets. All 
walls are adiabatic with no-slip conditions, and Spalding’s wall function is used for near-wall 
turbulence (Spalding 1960).

Temperature measurements are not available for the cases considered in this study. As an 
alternative to adiabatic boundary conditions, one of the three approaches summarised in Kraus 
et al. (2018) may be considered for treating the thermal boundary condition. The first option 
is to impose a guessed temperature profile to account for heat loss, which can lead to incor-
rect flame anchoring and an artificial forcing of the solution (Kraus et al. 2018). It was also 
observed (Gong 2022) that imposing an isothermal boundary condition led to extremely high 
thermoacoustic amplitudes which significantly moderate the flow field. Therefore, it is con-
sidered to be an undesirable option. The second option is to link the local wall temperature 
and heat flux, but this requires several LES runs to tune the heat resistance in the absence 
of temperature measurements. Finally, a coupled LES with conjugate heat transfer may be 
performed, fully accounting for the heat loss via conduction through the walls. Although this 
approach has the highest fidelity, the computational cost can be about twice that of an adi-
abatic LES (Kraus et al. 2018). However, due to the uncertainty and computational expenses 
involved, the influence of non-adiabatic conditions in conjunction with non-adiabatic flame-
lets (Massey et al. 2021) on the thermoacoustic aspects is beyond the scope of this study. This 
will be explored in the future.

All simulations are performed using OpenFOAM v7 with a compressible PIMPLE algo-
rithm (rhoPimpleFoam solver). Second-order central difference schemes are used for the spa-
tial derivatives and a first-order implicit Euler scheme is used for the temporal derivatives. A 
small time step of Δt = 0.25 μs is used to ensure numerical stability. The resulting CFL num-
ber remains below 0.4 for the entire domain. After reaching a stationary state, time-averaged 
statistics are collected for about 0.2 s which corresponds to 12–15 characteristic flow-through-
times based on the entire domain length and bulk mean velocity of air at the inlet. The simula-
tions are run on ARCHER2, a UK high-performance computing facility, using 1536 cores and 
each case requires 90 h of wall clock time.

Table 1   Summary of condtions 
simulated

Case �glob ṁf  (g/s) ṁa (g/s) % H2 (vol.) Pth (kW)

H0 0.65 0.40 10.55 0 20
H20 0.65 0.38 10.43 20 20
NR – – 10.55 – –
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4 � Results

4.1 � Non Reacting Flow Field

The non-reacting case NR listed in Table 1 is used to assess the grid dependency using 
two grids with 2 million (2M) and 8 million (8M) cells. The grid resolution is increased 
(from �x ≈ 2 to 0.8 mm) only in the fine cell regions (covering parts of the air plenum, 
fuel plenum swirler and combustion chamber) visible in Fig. 1b and the cell sizes in the 
remaining regions are approximately same in both grids. Measured time-averaged and 
root-mean-square (rms) values are compared with the LES results in Fig. 2 at four stream-
wise, z, locations where the origin is at the tip of the centrebody cone as shown in Fig. 1a. 
The computed rms values are obtained using only the resolved variance ( ⟨Ũ2⟩ − ⟨Ũ⟩2 ) to 
understand the effects of the grid independent of the sub-grid model.

The results show weak sensitivity to the grid, as both the 2M and 8M grids give reason-
able agreement with the measurements. The 8M grid performs slightly better than the 2M 
grid by capturing the peaks of the axial velocity profiles depicted in Fig.  2a and  b. 
Although the size of the Inner Recirculation Zone (IRZ) is better captured with the 8M 
grid (see Fig.  2a), the differences are less than 10%. The differences in the x-direction 
velocities for the two grids are mostly within 10%, but some discrepancies close to the wall 
in the most downstream location is observed which is because of the lower resolution close 
to the wall at this streamwise location.. The velocity gradients for the y-direction velocity 
are better captured by the 8M grid. However, a discrepancy in the 

�
⟨�2

W
⟩ values near the 

IRZ is noticeable in Fig. 2f, but it is important to consider the larger uncertainties in the 
Particle Image Velocimetry (PIV) measurements for the out-of-plane velocity W in this 
context. Overall, the 8M grid shows comparable results with the 2M grid and captures the 
flow field satisfactorily. The performance of the two grids is also assessed using Pope’s 
criterion (Pope 2000; Chen and Swaminathan 2020) which is given by

where kres is the resolved kinetic energy given by

and the sub-grid kinetic energy ksgs is approximated as Pope (2000) ksgs ≈
3

2
u�2
Δ

 . The sub-
grid scale velocity is modelled using the scale similarity model (Pope 2000; Chen and 
Swaminathan 2020), u�

Δ
= |̂̃U − Ũ| , where Ũ is the filtered velocity vector and ⋅̂  denotes 

a test-filtering operation. Figure 3 shows that the Pope’s criterion is sufficiently satisfied 
by both 2M and 8M grids with the 8M grid performing better because of the higher resolu-
tion. Since finer cells will be required to resolve the increase in rms values in the reacting 
flow, the 8M grid is used for reacting conditions.

4.2 � Reacting Flow Field

Figure  4 displays the computed and measured streamlines along with the contours of 
time-averaged axial velocity in the combustor for case H0, illustrating the characteristic 
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features of a swirling flow jet. The streamlines show the Outer Recirculation Zone (ORZ) 
near the combustor corners, two axial jets, and the IRZ composed of two asymmetric Vor-
tex Breakdown Bubbles (VBB). The upstream VBB exhibits an asymmetry as seen by the 

Fig. 2   Cold flow comparison of axial, x-direction and y-direction velocity variations for four streamwise 
locations. Symbols: measurements, lines: LES using 2 different grid resolutions
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differences in the flow field between the left and right halfs as highlighted using a rec-
tangular box in Fig. 4 (see also Fig. 5). The left-hand side of the pink box in both Fig. 4a 
and b indicate recirculation without a distinct bubble. The downstream VBB is only par-
tially visible in the measurements due to being further downstream of the PIV measure-
ment window. Despite slight differences both measurements and computations indicate an 
asymmetry that cannot be attributed to incoherent turbulent fluctuations. This suggests that 
the asymmetry is due the presence of an intermittent coherent oscillation. Since the bulk 
flow is a swirling jet, this suggests the presence of an intermittent PVC which is consistent 
with the recent study (Datta et al. 2022). Note that the averaging window for PIV spans 1 s 
whereas it is 0.2 s in LES for both H0 and H20. While the averaging window is shorter for 
LES, it is still approximately 100 times the 1∕fPVC ( fPVC ≈ 500 Hz). Statistics collected at 
later times (0.3 s and 0.4 s—not shown) reveal no significant difference in the flow field 
and we conclude that the LES flow field is statistically stationary.

The length of the VBB is about 0.045 m in Fig. 4a and about 0.05 m in Fig. 4b. The 
computations show a wider upstream bubble compared to experiments (maximum width 
of 0.015 m in LES compared to 0.012 m in experiments) for case H0, due to the wider 

Fig. 3   Ratio k
res
∕k

tot
 for a 2M and b 8M grids

Fig. 4   Comparisons of computed and measured streamlines of time-averaged axial velocity for case H0. 
The colour indicates the axial velocity
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jet angle resulting from the intense flame flapping due to large amplitude thermoacoustic 
oscillation (see Fig. 26). Swirl number fluctuations (studied in Sect. 4.4) induced by the 
thermoaocustic oscillation result in this flame flapping motion and has been studied previ-
ously (Candel et al. 2014). It will be shown in Sect. 4.3 that the amplitude of thermoacous-
tic oscillation is overestimated for this case, which is the likely cause of these discrepan-
cies in the flow field. Additionally, the further upstream flame stabilisation in LES due 
to adiabatic boundary condition augments the flame flapping further which can result in 
these discrepancies. Past studies on this geometry (Fredrich et al. 2021a; Agostinelli et al. 
2022) and other geometries (Chen et al. 2019b; Chen and Swaminathan 2020) have similar 
discrepancies due to overestimated thermoacoustic amplitude. This aspect is also clearly 
visible from the visualisation of the flow field depicted in Figs. 26 and 27 in the “Appen-
dix 1”. Figure 5a shows a slight asymmetry and the maximum length of the upstream VBB 
is about 0.035 m compared to about 0.032 m in Fig. 5b. The maximum width of the VBB 
is about 0.01 m in Fig. 5a whereas the maximum width in Fig. 5b is about 0.006 m. The 
left-hand side of the pink box in Fig.  5a features a distinct VBB whereas the bubble in 
Fig. 4b is more subtle and narrow. These differences arise due to the overestimated ther-
moacoustic oscillation which significantly moderates the flow field as indicated previously 
and in past work (Shanbhogue et al. 2016; Meier et al. 2007). The computed jet, ORZ, and 
IRZ features of the bulk flow are similar to the measurements, with important details such 
as the twin asymmetric VBB being reproduced.

In Fig.  5, the computed and measured streamlines are presented along with the con-
tours of time-averaged axial velocity in the combustor for case H20. The higher reactivity 
of hydrogen is evident from the slightly higher axial jet velocities, which result from the 
higher volumetric expansion. The streamlines show bulk flow features similar to those of 
the pure methane case, with notable differences in the upstream VBB. With the addition of 
hydrogen, the upstream VBB becomes nearly axisymmetric which is consistent with the 
measurements. The length of the upstream VBB/IRZ is smaller in the presence of hydro-
gen, which is likely due to decreased radial pressure forces resulting from a higher local 
heat release rate consistent with Massey et  al. (2019). Other reasons include the higher 

Fig. 5   Comparisons of computed and measured streamlines of axial time-averaged velocity for case H20. 
The colour indicates the axial velocity
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amplitude of thermocoustic oscillations in H20 (shown in Sect. 4.3) and flame flashback 
which modulate the flow reversal in IRZ (see Fig. 27) and ultimately affect both radial and 
axial pressure forces within the IRZ. The reasons for reduction in IRZ length with increase 
in local heat release require further analysis which is not the focus here. The loss of asym-
metry is due to the suppression of intermittent helical instabilities near the dump plane, as 
reported in Datta et al. (2022). The loss of asymmetry and its link with helical instabilities 
is addressed further in the subsequent sections.

Figure 6 illustrates the comparisons of time-averaged statistics between the computed 
and measured mean and rms velocities for case H0. The LES results follow the trends of 
the measurements, with a maximum overestimation in peak axial velocities of about 10%. 
The velocity gradients in the shear layer ( 5 < |x| < 15 mm) capture the trend of the meas-
urements. The LES captures the backflow axial velocity well as seen in Fig. 6a. However, 
the width of the IRZ is slightly overestimated as mentioned in the dicussion of Fig.  4, 
which is related to the overestimation in thermoacoustic amplitude (Agostinelli et al. 2022; 
Fredrich et al. 2021a) to be discussed in Sect. 4.3. The discrepancy in the y-direction veloc-
ity is the result of intense flame flapping due to high-amplitude thermoacoustic oscillation. 
The overestimation in rms velocities in some locations (for example, see z = 10 mm for 
both cases) is also related to the intense flame flapping. Past studies in this geometry (Fre-
drich et al. 2021a; Agostinelli et al. 2022) and other swirling flame configurations (Chen 
et al. 2019a; Chen and Swaminathan 2020) have shown that these discrepancies can arise 
from the overestimation of the thermoacoustic amplitude. The intense modulation of the 
flow field during one cycle of the thermoacoustic oscillation is clearly visible in Figs. 26 
and  27 which suggests that the overestimation in thermoacoustic amplitudes can be the 
reason for such discrepancies. Also, note that PIV usually has an uncertainty varying from 
about 1 m/s for in-plane velocities to 3 m/s in out-of-plane velocities (Kumar et al. 2023). 
However, the specific uncertainties for these cases are not available. Such discrepancies are 
a common feature of LES results of the PRECCINSTA burner as shown in Fredrich et al. 
(2021a), Agostinelli et al. (2022). The PIV measurements are significantly affected by dis-
tortions close to the dump plane, which explains the overestimation in rms values close to 
those locations.

Similarly, Fig. 7 show the comparisons of time-averaged statistics between the com-
puted and measured mean and rms velocities for case H20. The LES results follow 
the trends of the measurements especially in capturing the reverse flow and peak axial 
velocities to within 10%. The locations of peak jet velocity and the maximum width of 
the IRZ are within 20% of the measurements. The trends of increasing peak x-direction 
and y-direction velocities with hydrogen enrichment are captured by the LES, with a 
maximum discrepancy in peak velocities of about 10%. The discrepancy in the y-direc-
tion velocity is likely to be associated with the slightly higher amplitude of thermoa-
coustic oscillation, which will be shown in the subsequent sections. The computed rms 
velocity are mostly within 20% of the measurements. Note that the computed rms values 
shown in Figs. 6 and 7 correspond to only the resolved field, suggesting that the large 
scale turbulence upto 20% of the experimental rms velocity field is resolved by the com-
putational grid. The flame flapping motion results in a slight overestimation of axial rms 
fields as discussed previously. The distortion of the PIV measurements due to reflection 
from the dump-plane is the reason for the significant overestimation of rms velocities at 
z = 5 mm. A similar distortion of the experimental results due to reflection from the side 
walls is also visible in Fig. 7f at z = 10 mm. Figure 8 shows the histogram of normalised 
filter width sizes ( Δ+ = �x∕(�o

L
)st ) where �x is the cell size given by the cube root of the 

cell volume and (�o
L
)st is the laminar flame thickness at the stoichiometric equivalence 
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ratio. The distribution clearly shows that most cells sizes are close to the laminar flame 
thickness suggesting that the combustion occurs at sub-grid scales which are modelled 
using the methodology described in Sect.  2. Past studies (Chen et  al. 2019a; Massey 

Fig. 6   Typical comparisons of measured (symbols) and computed (lines) of time-averaged mean (a, c, e) 
and rms (b, d, f) velocities for case H0. a, b Axial velocity, c, d x-direction velocity and e, f y-direction 
velocity
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et al. 2019) have shown that a grid cell distribution with cell size within Δ+ ≈ 2 is satis-
factory for reactive flows. A grid dependency study for the reacting flows is not required 

Fig. 7   Typical comparisons of measured (symbols) and computed (lines) of time-averaged mean (a, c, e) 
and rms (b, d, f) velocities for case H20. a, b Axial velocity, c, d x-direction velocity and e, f y-direction 
velocity
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since the model used for SGS combustion has the ability to adopt to the local changes in 
flow and chemical processes and their interactions in a statistical sense.

Figure 9a shows the time-averaged reaction rate contours, ⟨𝜔̇c⟩ for cases H0 and H20. 
The V-flame characteristic of swirl-stabilized flames is evident in both cases. Note that 
the two flame branches on the inner and outer shear layer are part of the same branch 
of the “V” structure. The addition of hydrogen slightly increase the local heat release 
rates near the dump-plane and reduces the flame length as seen from the black contour 
line corresponding to the 15% of maximum reaction rate in Fig. 9a. It will be shown in 
Sect. 4.4 that the resulting upstream traversal of the VBB along with additional effects 
related to Swirl number fluctuations suppresses helical motions yielding a symmetric 

Fig. 8   Histograms of the normalised filter width Δ+ = �x∕(�o
L
)
st
 distribution for a H0 and b H20, where the 

cell samples are collected within the reaction region marked using ⟨𝜔̇c⟩ > 0

Fig. 9   Mid-plane contours of a time-averaged reaction rate, ⟨𝜔̇c⟩ and b normalised time-averaged reaction 
rate ⟨𝜔̇c⟩∕⟨𝜔̇c⟩max

 for case H0 and H20. Black line indicates a contour line with a value of 15% of maxi-
mum reaction rate
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upstream VBB. The upstream traversal of the VBB resulting in suppression of the PVC 
is consistent with the recent study by Datta et al. (2022). The higher reaction rates and 
the resulting higher heat release qualitatively explains the decrease in the length of the 
upstream VBB (Massey et al. 2019) as discussed previously. The normalised time-aver-
aged reaction rates are shown in Fig. 9b which reveals that case H20 has a slightly lower 
flame brush width than case H0 with a more uniform distribution of heat release rate.

The addition of hydrogen results in an increase in extinction strain rates as shown in 
Shanbhogue et al. (2016), Datta et al. (2022). Since the flow strain rates are nearly identical 
for the two cases, it was shown in Datta et al. (2022) that the higher extinction strain rates 
in case H20 is responsible for an attached flame. In this work, this aspect is confirmed by 
showing the ratio of the maximum in-plane principal extensional strain rate to the respec-
tive extinction strain rate ( �ext ) obtained from Datta et al. (2022) in Fig. 10. The extinc-
tion strain strain rate are obtained using the counterflow reactant-to-reactant configuration. 
Further details can be obtained in Datta et al. (2022). The maximum extensional strain rate 
�max is the maximum eigenvalue of the rate of strain tensor S given by

It can be seen in Fig. 10a that �max is several times greater than the �ext in case H0. Con-
trastingly, Fig. 10b shows that in case H20 �max∕�ext is lower suggesting that case H20 is 
less prone to extinction by flow induced straining. The values in the nozzle are also lower 
for case H20 compared to H0, hence this is one of the many reasons that the flame in case 
H20 flashes back further upstream than case H0 as seen in Fig. 27. Other reasons for flame 
flashback include higher thermoacoustic amplitude, better mixing in the nozzle, etc. which 
are further analysed in the next section.

Figure  11a shows the radially-averaged distribution of time-averaged reaction rates, 

⟨𝜔̇c⟩† =
1

w∫
w∕2

−w∕2

⟨𝜔̇c⟩ dx for both cases, where w is the width of combustor. The addition of 

hydrogen appears to increase the reaction rates in the flame root. The extent of flame flash-
back is slightly higher in the presence of hydrogen due to its higher flame speed. The peak 
reaction rate in case H20 occurs approximately 6 mm upstream than in case H0. However, 
the flame tip distribution remains unchanged between the two cases. The radially averaged 
rms of the filtered reaction rate which is important to understant the thermoacoustic aspects 

(8)S =
1

2

(
∇Ũ + ∇Ũ

⊺
)
.

Fig. 10   Normalised maximum in-plane principal extensional strain rate ( �max∕�ext ) for a H0 
( �

ext
= 799 s−1 ) and b H20 ( �

ext
= 1410 s−1)
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in Sect.  4.3 is also shown in Fig.  8b for both cases. This quantity is defined as 

Ψ =
1

w∫
w∕2

−w∕2

⟨{𝜔̇c − ⟨𝜔̇c⟩}2⟩
1

2 dx and Fig. 11b clearly shows that the rms values in H20 case 

are larger than in H0. Specifically, the flame root which is located upstream of the dump 
plane fluctuates more in the H20 as indicted by the rms value for z < 0.

Figure  12 shows the Line-of-Sight (LOS) time-averaged mean reaction rates and the 
measured OH* Chemiluminescence (CL) fields which are used for qualitative compari-
sons. The LES manages to capture the trend of decreasing flame length characterised by 
the maximum value, although some notable differences can be observed. The differences 
close to the dump-plane in both cases is attributed to the adiabatic boundary condition 

Fig. 11   Axial variation of radially-averaged a mean reaction rate, ⟨𝜔̇c⟩† and b rms reaction rate, Ψ , of the 
progress variable. The results are shown for cases H0 and H20

Fig. 12   Comparisons of LOS integrated OH* CL images and LOS integrated ⟨𝜔̇c⟩ from LES for case a H0 
and b H20. Red pentagram demarcates the maximum values
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used in the simulations. The adiabatic boundary condition on the dump-plane results in 
an outer flame close to the ORZ (see Fig. 9) as observed in Fredrich et al. (2019), Bénard 
et al. (2019). It should be noted that the lack of temperature measurements in the exper-
iments makes the use of non-adiabatic boundary conditions challenging as discussed in 
Sect. 3. Therefore, the effect of non-adiabatic boundary conditions on the flame shape is 
not considered here. The resulting flame flashback results in larger consumption of reac-
tants upstream of the dump plane which results in shorter flame in the LES compared to 
the experiments. The flame shape and size are within reasonable limits to capture impor-
tant dynamics like transition to period-2 thermaocoustics and intermittent PVC dynamics 
which is the primary motivation behind this work. These aspects are discussed in the fol-
lowing sections.

4.3 � Thermoacoustic Aspects

The pressure time-series p(t) is measured and computed at probe PP2 in the combustor (see 
Fig. 1a). The pressure fluctuations shown in Fig. 13 obtained by subtracting the time-aver-
aged pressure ⟨p⟩ from p(t), which is denoted as p�(t) . Note that �′ is an arbitrary time win-
dow whose values are given in the caption of Fig. 13. The computed pressure oscillation 
has a maximum amplitude of approximately 1000 Pa and 2000 Pa for cases H0 and H20 
respectively. It is observed that the time variation of measured pressure amplitude in case 
H0 is larger than the computed result as shown in Fig. 13a. The measured amplitude drops 
to approximately 250 Pa within the interval to + 3𝜏� < t < to + 4𝜏� due to the intermittency 
in the pressure signal, which has been reported in Datta et  al. (2022). This behaviour is 

Fig. 13   Time series of pressure fluctuations at probe PP2 for case a H0 with �� = 0.02s and b H20 with 
�� = 0.007s
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associated with the intermittent flame lift-off from the centre cone resulting in a temporary 
loss of acoustic-heat release rate coupling and a subsequent reduction in pressure ampli-
tude. Heat loss along the centre cone and dump-plane along with strong influx of velocity 
leads to flame lift-off and a lower extent of flashback in the experiments. While the velocity 
fields are satisfactorily reproduced, the lack of heat loss at the walls does not allow for the 
flame lift-off in the computations. Although the simulations indicate that the flame tends to 
lift-off (shown in Sect. 4.3), complete lift-off is prevented by the adiabatic boundary condi-
tion used on the center cone.

The frequency spectrum of measured and computed pressure and heat release rate for 
both cases are shown in Fig. 14. The peak is at approximately 300 Hz ( f1 = 224 Hz in the 
experiment) for case H0 with an overpredicted amplitude. This overestimated amplitude 
is due to the absence of (i) complete lift-off events in the LES and (ii) the damping caused 
by loosely fitted quartz walls in the experiments. The former aspect leads to low and high 
peak-to-peak pressure fluctuation amplitudes (Datta et al. 2022), as seen in the experimen-
tal pressure trace shown in Fig. 13 which leads to lower peak in the spectrum (averaging of 
low and high amplitudes). The latter aspect is a common feature of LES of thermoacous-
tically unstable cases as reported in Lourier et al. (2017), Agostinelli et al. (2022). As a 
result of the intermittent lift-off events, a delayed feedback response of the flame to acous-
tic and mixture fraction perturbations results in a lower frequency compared to the value 
computed in LES. This particular aspect will be discussed in more detail in this section.

The addition of hydrogen to the fuel mixture yields period-2 dynamics that are evident 
from two distinct peaks in the pressure spectrum displayed in Fig. 14b, as well as the alter-
nate low and high-amplitude peaks depicted in Fig. 13b. The first and second peak depicted 
in Fig. 14 correspond to the plenum and chamber acoustic modes. The LES overestimates 
the amplitude of the first mode at f1 = 370 Hz (283 Hz in the experiment) because of the 
second reason noted above. The overestimate of f1 by about 76–87 Hz in the LES of H0 
and H20 is because of large extent of flame flashback leading to quicker feedback. The 
computed second pressure mode at f2 = 548  Hz is close to the experimental value of 
568 Hz, and the amplitudes are within 20% of the measurements. The third peak observed 
at about 750 Hz is the harmonic of f1.

Figure 14 also shows the frequency spectrum of the volume-integrated heat release rate 
fluctuations for both cases. This fluctuation is Q̇�(t) = Q̇(t) − ⟨Q̇⟩ , where ⟨Q̇⟩ represents 

Fig. 14   Frequency spectrum of the measured and computed pressure and volume-integrated heat release 
rate fluctuations. The red solid line corresponds to the volume-integrated heat release rate fluctuations and 
black lines correspond to the measured (circled) and computed (dashed-dotted) pressure fluctuations at 
probe PP2 (see Fig. 1a)
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time-averaged Q̇ , and Q̇(t) = ∫
V
q̇(x, t) dV  with q̇(x, t) denoting the local heat release rate 

per unit volume at the location x and time t. This spectrum displays strong peaks at the first 
mode for both cases, while no peak is observed in the second mode. This indicates that the 
pressure and heat release rate fluctuations exhibit a 2:1 frequency-locking behaviour, con-
sistent with the experimental results reported in Kushwaha et al. (2021) for case H20.1 A 
similar 2:1 frequency-locking behaviour is observed in a recent study (Kumar et al. 2023), 
and the reasons have been attributed to interactions between the first and second mode 
through the first mode of heat release rate fluctuations. The differences between the LES 
and experimental results are attributed to heat loss at the walls and a detailed investigation 
on this point needs wall temperature data which is not available currently.

The Poincaré maps displaying the successive maxima in the time series of pressure 
fluctuations (see Fig.  13) for each case are presented in Fig.  15. For case H0, the map 
illustrates a single cluster, indicating a single period for the pressure oscillation. Due to 
the large temporal variations in amplitude, the cluster is relatively spread out on the map. 
The map reveals two distinct effects of hydrogen addition on the system’s dynamics: an 
increase in the amplitude of fluctuations and the emergence of two distinct periods of oscil-
lation as evidenced by the two clusters. Despite the fact that Fig. 11 illustrates only a minor 
impact on the time-averaged axial distribution of heat release rate, the system dynamics, 
specifically the LCO characteristics has changed significantly from period-1 to period-2. 
Recent studies (Agostinelli et al. 2022; Kumar et al. 2023) recognised the first and second 
modes as associated with the plenum and chamber modes respectively.

Previous studies (Meier et al. 2007; Franzelli et al. 2012; Lourier et al. 2017; Stöhr et al. 
2017; Fredrich et  al. 2021a, b) have shown that equivalence ratio fluctuations drive the 
thermoacoustic feedback loop in the PRECCINSTA burner. Figures 16 and 17 display the 
temporal evolution of the mixture fraction with a contour line of reaction rate correspond-
ing to 𝜔̇c = 0.3 × (𝜔̇c)max . At instant t1 , rich mixture pockets are visible in the nozzle in 
Fig. 16. These pockets are then transported downstream into the combustion chamber from 

Fig. 15   Poincaré map of computed pressure at probe PP2 (see Fig. 1a) for case a H0 and b H20

1  Note that the cases H0 and H20 reported in Kushwaha et al. (2021) are erroneously listed as CO1 (cha-
otic). These are actually period-1/P1 (can also be considered as weakly period-2/P2 due to low amplitude 
second peak seen in Fig. 14 and intermittent (Datta et al. 2022) as discussed) and period-2/P2 respectively. 
This aspect has been confirmed by personal communication with the authors and an erratum has been pub-
lished (Kushwaha et al. 2023).
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time t2 to t5 , during which the flame cone angle narrows and its length increases dramati-
cally due to flashback. The rich pockets in the combustor are then consumed, resulting 
in an increase in heat release (see Fig.  26 in Appendix 1). The acoustic wave travelling 
upstream modulates the air flow rate of the air stream more than the fuel flow rate (Fran-
zelli et al. 2012; Fredrich et al. 2021a, b) due to the differences in acoustic impedance for 
the two streams. This results in a reduction of air flow rate compared to the fuel flow rate. 
Fuel then accumulates in the swirler during this period as observed in previous studies 
(Franzelli et al. 2012; Fredrich et al. 2021a, b). The axial velocity increases in the nozzle 
during instants t6 to t8 , carry the fuel-rich pockets downstream, which completes the cycle. 
At instant t6 and t7 , the flame can be seen to be stabilised on the centerbody cone even in 
the absence of a stagnation point suggesting that the adiabatic boundary is supporting the 
stabilisation rather than the flow. In the presence of heat loss, like in the experiments, lift-
off events can be expected due to such high axial velocities and lack of stagnation points 
in nozzle. This is indeed the case as reported in Datta et al. (2022). The flame widens and 
gradually becomes shorter during this t6 to t8 period as observed in Fig. 16. Also, it is worth 

Fig. 16   Temporal evolution of the local reaction rate contour (black line corresponding to 
𝜔̇c = 0.3 × (𝜔̇c)max

 ) and mixture fraction for case H0 during one cycle of the fundamental mode. White 
contour lines correspond to stoichiometric mixture fraction �

st
= 0.055 . The centre frame shows the 

combustor pressure signal at probe PP2 and the area-averaged ( {⋅} ) mixture fraction at two planes 
z
1
= −0.016 m and z

2
= 0.03 m
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noting that the significant flame flapping and flashback seen in this figure is overestimated, 
which results in discrepancies in velocity statistics as discussed earlier (see Fig. 6).

The inset of Fig. 16 shows the variation of area-averaged mixture fraction at two axial 
planes z1 = −0.016 m and z2 = 0.03 m. The entire fluid domain in each plane is considered 
for the averaging process. The fluctuations in the nozzle are far greater than in the combus-
tor (rms of ⟨{�}⟩ is ⟨{�}�2⟩1∕2 = 0.0086 at z1 and ⟨{�}�2⟩1∕2 = 0.0019 at z2 ) because of the 
better mixing due to intense vortical motions visible in Fig. 26. The time-averaged mean 
( ⟨{�}⟩ ) of area-averaged mixture fraction at z1 is 0.027 which is significantly below the 
global mixture fraction �glob = 0.038.

In case H20, a similar cycle occurs, but there are three notable differences compared to 
H0. Firstly, during instants t1 and t8 , the flame length is much shorter compared to H0 due 
to the higher reactivity of hydrogen. Secondly, the flame flashback is significantly higher, 
along with a higher heat release close to the flame root, as shown in Figs. 11 and 27. Flame 

Fig. 17   Temporal evolution of the local reaction rate contour (black line corresponding to 
𝜔̇c = 0.3 × (𝜔̇c)max

 ) and mixture fraction for case H20 during one cycle of the fundamental mode. 
White contour lines correspond to stoichiometric mixture fraction �

st
= 0.053 . The centre frame shows 

the combustor pressure signal at probe PP2 and the area-averaged ( {⋅} ) mixture fraction at two planes 
z
1
= −0.016 m and z

2
= 0.03 m
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flashback is governed by several factors such as flow-induced straining, extinction strain 
rates, local reaction rates/flame speed, local mixing, higher diffusivity, thermoacoustic 
amplitude and heat loss. The presence of hydrogen in the flammable mixture increases 
the extinction strain rates (Ren et  al. 2001; Shanbhogue et  al. 2016; Datta et  al. 2022) 
( �ext = 799 s−1 in H0 and �ext = 1410 s−1 in H20). Since the operating conditions (thermal 
load, air/fuel flow rates and equivalence ratio) are nearly identical for H0 and H20, result-
ing in similar flow fields (time-averaged negative axial velocity along the centerline) for 
the two cases, flashback is because of stronger flame root (less prone to extinction). It is 
worth noting that the values of �ext reported in Shanbhogue et  al. (2016) are for an adi-
abatic opposed axi-symmetric jet configuration, and therefore heat loss is not accounted 
for. However, heat loss will only act to reduce the extent of flame flashback. Additionally, 
higher diffusivity of hydrogen (included at the flamelet level in this study), better mixing 
and higher thermoacoustic amplitude also increase the likelihood of flame flashback.

Finally, the mixture fraction contours of H20 exhibit a more uniform distribution, as 
shown in Fig. 17. At z1 , the time-averaged mean ⟨�⟩ of the area-averaged mixture fraction 
fluctuations is 0.036, which is higher than that of case H0 and closer to the global mixture 
fraction. While richer pockets are visible in H0 compared to H20, a large number of lean 
pockets are also visible, resulting in a lower time-average for H0. Additionally, the mixture 
fraction levels in the swirler section are higher in H20 due to the intense flapping of the 
fuel jet. The temporal variation of the area-averaged mixture fraction ( ⟨�⟩ ) at z2 is lower in 
H20 compared to H0 ( ⟨��2⟩1∕2 = 0.001 at z2 for H20). This is due to the higher levels of tur-
bulence, as indicated by the higher rms velocities in Fig. 7 and better mixing in the swirler 
due to the intense flame flapping.

The better mixing in H20, resulting from higher turbulence levels, leads to a slightly 
leaner flame than in H0, as evidenced by the less common stoichiometric mixture fraction 
contours around the flame in Fig. 17. Despite the leaner mixture, the higher reactivity of 
hydrogen and better mixing result in higher local reaction rates (see Figs. 11a, 4 and 5 in 
“Appendix 1”), which contribute to the larger extent of flame flashback. The higher veloc-
ity fluctuations result in higher heat release rate fluctuations (see Fig.  11b). The higher 
local reaction rate fluctuations cause higher pressure fluctuations, which modulate the air 
and fuel stream more intensely. The resulting mixture fraction and velocity fluctuations 
then drive the heat release rate fluctuations, closing the feedback loop.

Due to the greater extent of flame flashback and higher consumption rates in H20, the 
flame responds more quickly to fluctuations in convected mixture fraction, resulting in a 
higher frequency of response. To further explain this point, the following phenomenologi-
cal arguments are used. It is common practice to express the frequency of thermoacoustic 
oscillation as the Helmholtz resonator frequency, which can be calculated as fH ≈ Kc∕2� , 
where K is a constant associated with the geometry, and c is the speed of sound. Since the 
speed of sound is primarily determined by the temperature field, which is nearly identical 
for the two cases (not shown), the increase in the thermoacoustic frequency upon adding 
hydrogen cannot be solely explained by the Helmholtz resonator frequency. The thermoa-
coustic frequency is also affected by time delays associated with fluid mechanical and com-
bustion processes.

The feedback loop consists of three physical processes, each with its own time scale. 
These are: (i) convection of mixture fraction perturbations from the injection point to 
the flame ( �conv ), (ii) consumption of mixture inhomogeneities by the flame resulting in 
heat release rate fluctuations ( �c ), and (iii) generation of pressure perturbations that trav-
erse upstream towards the injection point and modulate the fuel and air streams ( �a ). 
The time taken to complete one cycle of the thermoacoustic instability is expressed as 
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� ∼ �conv + �c + �a . The convective time scale �conv can be expressed as � ∼ l∕Ub , where l 
is the convective length scale from the fuel nozzle to the point of maximum reaction rate 
as marked in Fig. 12, and Ub is the bulk mean velocity. The length scale is taken until the 
root of the flame since the mixture fraction fluctuations further downstream are close to 
one order of magnitude lower ( ⟨��2⟩1∕2 = 0.0129 at z1 and ⟨��2⟩1∕2 = 0.001 at z2 for case 
H20). As the root of the flame is shifted slightly upstream in H20 (see Fig. 11a and b), 
lH0 > lH20 . The operating conditions ensure that the bulk mean velocities are nearly identi-
cal, and hence 𝜏conv,H0 > 𝜏conv,H20.

The turbulent flame speed, ST and consumption rate increases (Garcia et al. 2023) with 
hydrogen addition and hence 𝜏c,H0 > 𝜏c,H20 , where �c ∼ �F∕ST and �F is flame brush thick-
ness. The flame brush thickness is approximated as the maximum width of the flame brush 
demarcated by the 0.15 × ⟨𝜔̇c⟩max contour line as shown in Fig. 9a. Also, the consumption 
rate is higher in H20 because of the higher turbulence levels as seen in Fig. 7b, d and f. The 
correlation between turbulent flame speed and turbulence intensity in Kolla et al. (2010), 
Klimov (1983) given by

which works well for large u�∕SL values are used to obtain approximate values of turbu-
lent flame speed in Table 2. The acoustic time scale can be ignored since the length scale 
of interest (fuel nozzle to flame) is small compared to the acoustic wavelength and the 
speed of sound is large compared to convective velocities. The frequency of the funda-
mental mode is f1 ∝ �−1 and therefore f1H0 < f1,H20 . The trend of increase in frequency 
due to addition of hydrogen is consistent with the experiment and the phenomenological 
model discussed above shows the right trends as shown in Table 2. It is important to note 
that the convective and consumption processes happen simultaneously and therefore some 
overlap in these time scales can be expected. Also, these time scales are dependent delays 
caused by local unmixedness which as seen from Figs. 16 and 17 are quite different. There-
fore, some differences are can be expected. The overestimation of the frequencies in LES is 
attributed to the adiabatic walls, which slightly underestimate l because of the larger extent 
of flashback. It is important to note that lift-off events add an additional time scale to � , 
which further reduces the frequency of H0 compared to H20. Heat loss close to the wall (in 
experiments) reduces flashback tendency due to lower local reaction rates and increases the 
likelihood of lift-off events (Massey et al. 2021, 2022) which explains the overestimation 
of the frequencies in LES.

The shift of the flame upstream can be correlated with the extinction strain rate, bulk 
mean velocity and laminar flame speed ( sL ) as l ∼ (Ub − sL)∕�ext . This correlation is obvi-
ously not comprehensive and additional effects (local mixing, thermoacoustic amplitude, 
diffusivity, etc.) discussed above are ignored for simplicity. As extinction strain rate, lami-
nar flame speed and consumption speed increase with H2 addition, it is expected that the 

(9)
ST

SL
= 3.5

(
u�

SL

)0.7

Table 2   Parameters governing the time scale of feedback loop

Case l (m) Ub (m/s) u�∕SL �F (m) ST (m/s) � (ms) 1∕f1 (ms) (LES)

H0 0.050 35 88 0.029 13 3.65 3.33
H20 0.045 35 91 0.022 18 2.50 2.70
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fundamental frequency will increase with hydrogen blending based on the above argu-
ments, as shown in Fig. 25 in the Appendix. Note that all cases operate at the same thermal 
power ( PkW = 20 kW), and thus Helmholtz acoustics cannot explain the increase in fre-
quency alone. However, the flame cannot shift upstream indefinitely due to the high veloc-
ity further upstream in the nozzle. Therefore, it is expected that the decrease in consump-
tion time scale ( �c ) rather than convective time scale ( �conv ≈ l∕Ub ) contributes more to the 
increase in frequency at higher H2 levels. Additional cases (at Pth = 20kW and � = 0.65 ) 
with higher hydrogen blending used to demonstrate the increase in frequency in “Appen-
dix 1” are not discussed further in this work.

It should be noted that the time delays vary with time and that the length l is only 
weakly defined to draw a conceptual understanding. Additionally, the flame is not a com-
pact element with respect to convective perturbations, making it difficult to define a unique 
and meaningful length scale. However, the upstream shift in the flame is apparent from 
Fig. 11a and b, which is sufficient to gather a qualitative understanding of the convective 
time scale. The response of the flame also changes with hydrogen addition, and additional 
convective scaling (Ghani and Polifke 2021) feature in such cases. Furthermore, there are 
additional driving mechanisms in this complex configuration with their own time scales, 
such as flame-vortex coupling (see Figs. 4 and 5 in the “Appendix”) and their discussion is 
beyond the scope of the present work. But the above conceptual arguments are sufficient to 
qualitatively understand the increase in the fundamental frequency with hydrogen addition.

4.4 � Coherent Flow Structures

Figures 26 and 27 demonstrate the flame-flow interaction by displaying the flame’s tempo-
ral evolution and streamlines. The figures illustrate various vortical structures on the inner 
and outer shear layers, which interact with the flame. The streamlines also feature a recir-
culation zone that constitutes the vortex breakdown bubble. This coherent flow structure is 
crucial in determining flame stabilization. In case H0, Fig. 4 shows two vortex breakdown 
bubbles in the combustor, with the upstream bubble being asymmetric. The asymmetry is 
likely due to intermittently occurring helical instabilities that have been observed in experi-
ments for the same case (Datta et al. 2022). The characteristics of the VBB, its asymmetry, 
and the associated helical instabilities are presented in the following discussion.

Vortex breakdown is a phenomenon that occurs when the cross-sectional area of a vor-
tex suddenly increases, resulting in a low pressure and reverse flow region. This phenom-
enon is typically caused by an adverse pressure gradient encountered by the vortex core 
(Lucca-Negro and O’doherty 2001). The VBB can be identified by the V-shaped contour 
lines near the dump plane (see Figs. 28 and 29 in “Appendix 1”)and are clearly visible dur-
ing instants t1 to t4 . The normalised phase-averaged gauge pressure given by (p∗ − p∞)∕p∞ , 
where p∗ denotes the phase-averaged pressure and p∞ denotes the ambient pressure, is 
shown in Fig. 18. The phase-averaged pressure at a particular instant is computed by aver-
aging across several samples separated by the respective thermoacoustic phase difference 
of 2� . Strong pressure fluctuations in the combustor can modulate the VBB, as observed 
in Figs.  28 and 29. Figure 18a illustrates the radial pressure variation, which reveals an 
asymmetry within the VBB, providing a plausible explanation for the asymmetrical VBB 
observed in case H0. On the other hand, in case H20, the VBB is more or less symmetric 
in the H20 case, which is consistent with the symmetry observed in Fig. 5. The presence 
of a strong helical instability is suggested by the asymmetry observed in case H0. Past 
studies showed a correlation between swirl number and the presence of helical instabilities 
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(Gupta et al. 1984; Syred 2006; Manoharan et al. 2020; Fredrich et al. 2021a; Liang and 
Maxworthy 2005). Thus, studying the swirl number and its fluctuations in the combustor is 
of interest.

The swirl number S1 is defined as the ratio of axial flux of azimuthal momentum and 
axial flux of axial momentum (Gupta et al. 1984; Candel et al. 2014) and is given by,

where R is the duct radius which varies with axial location, � is the fluid density, Uz is the 
axial velocity, U� is the tangential or circumferential velocity, p is the static pressure and 
p∞ is the ambient pressure. The duct radius is equal to the nozzle radius at the dump-plane 
and the maximum width of the combustor at z = 60 mm. An alternative definition of swirl 
number (Beer and Chigier 1972) is given by

 However, it was shown recently (Vignat et al. 2022) that the pressure term is important to 
conserve axial flux of axial momentum especially close to regions of area change. Also, the 
presence of significant thermoacoustic oscillation necessitates the use of the pressure term. 
Since the region of interest is the nozzle exit, the pressure term is not neglected.

Figure 19a displays the fluctuations in swirl number at the z = 0 mm. The non-reacting 
case shows a fairly stable (not intermittent) PVC (not shown) as indicated by its larger 
mean swirl number S1 and fluctuations that are an order of magnitude lower compared to 
H0 and H20. The oscillations in swirl number S1 for H0 and H20 primarily stem from ther-
moacoustic oscillations, helical instabilities and turbulence. In comparison to H20, H0 has 
a higher time-averaged swirl number ( S1 ), and its fluctuations are also greater at z = 0 mm 
as shown in Table 3. The mean and fluctuations are much lower for both cases (H0 and 
H20) at z = 60 mm as indicated in Table 3 and the swirl number variation for this location 
is shown in Fig. 19b. The importance of considering thermoacoustic pressure oscillations 
can be seen from the fairly similar values of S2 at z = 0 mm which would be insufficient 

(10)S1 =
∫ R

0
�UzU�r

2 dr

R ∫ R

0
[�U2

z
+ (p − p∞)]r dr

,

(11)S2 =
∫ R

0
�UzU�r

2 dr

R ∫ R

0
�U2

z
r dr

.

Fig. 18   Radial variation of phase-averaged gauge pressure normalised by ambient pressure for case a H0 
and b H20 at z = 0 m
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in explaining the absence of a steady PVC in the reacting cases. It is worth noting that H0 
exhibits intermittent spikes of very high swirl number values. A recent study (Manoharan 
et al. 2020) has revealed that beyond a critical value, the swirl number leads to the excita-
tion of helical instabilities via the precession of the vortex breakdown bubble. The higher 
level of fluctuations and the intermittent spikes in swirl number are the source of intermit-
tent helical instabilities, which result in the asymmetry observed in the upstream vortex 
breakdown bubble for H0. Zhang et al. (2023) showed that the transient dynamics of the 
helical instability depends on the competition between convection, production and viscous 
diffusion of velocity perturbations. Since swirl number is derived from velocity, findings of 
Zhang et. al. can be related with the intermittency in swirl number. However, it should be 
noted that the study by Zhang et al. (2023) considered premixed flames without a dominant 
thermoacoustic oscillation, which are different from the conditions in the current study.

It is interesting to analyse the flame and flow field during the thermoacoustic cycle in a 
plane perpendicular to the streamwise direction. Figure 20 displays the streamlines along 
with the reaction rate on an x − y plane at z = 0.025 m. The overlayed reaction rate con-
tours show two nearly concentric circular flames associated with the inner and outer shear 
layers. The streamlines within the inner flame zone correspond to the flow within the IRZ 
and reveal both a swirling and radial motion. The consequence of the swirl number fluc-
tuation can be clearly seen in the streamline pattern. The swirling motion is dominant in 
the IRZ during instant t8 to t3 when the inner and outer flames are distinctly separated. 

Fig. 19   Swirl number fluctuations at a z = 0 mm and b z = 60 mm planes for the two cases along with the 
non-reacting (NR) case

Table 3   Time-averaged and 
variance of swirl numbers for 
different cases

Case z (mm) ⟨S1⟩
⟨
S′2
1

⟩ ⟨S2⟩
⟨
S′2
2

⟩

NR 0 0.42 0.003 0.49 0.004
H0 0 0.21 0.058 0.43 0.009
H20 0 0.14 0.015 0.44 0.050
NR 60 0.075 0.003 0.40 0.054
H0 60 0.025 0.003 0.28 0.046
H20 60 0.023 0.002 0.30 0.031
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During instants t4 to t7 , the radial motion in the IRZ is dominant during which inner and 
outer flames are closer to each other. The switching between swirling and radial motion 
is a result of the swirl number fluctuations and this results in the flame flapping seen in 
Fig. 16. Flame flapping motion is a characteristic feature of swirl stabilised flames with 
swirl number fluctuations (Candel et al. 2014; Palies et al. 2010). At certain instants, such 
as t3, t4 and t5 dominant vortical motion can also be discerned in the IRZ which perturb the 

Fig. 20   Evolution of local reaction rates and streamlines in z = 0.025 m plane for case H0

Fig. 21   Evolution of local reaction rates and streamlines in z = 0.025 m plane for case H20
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flame surface significantly. The streamlines in case H20 shown in Fig. 21 reveal rarely any 
instant that has a dominant radial motion like case H0 at instant t7 . The streamlines show 
a swirling nature within the IRZ for almost all instants and this is expected since the swirl 
number fluctuations are lower. The streamlines are also much more incoherent in this case 
compared to case H20.

Helical structure in swirling flows features low pressure cores and are often recognised 
using pressure contours. Therefore, it is interesting to analyse the pressure in the x − y 
plane before looking at their three-dimensional structures. Figure 22a shows the contours 
of the difference in the pressure and surface averaged pressure, p† . These contours reveal 
several low pressure zones which change in both number and strength. Figure 22b shows 
the azimuthally Fourier transformed pressure given by the Discrete Fourier Transform 

Fig. 22   Evolution of p − p† , where p† is the surface averaged pressure in z = 0.025 m plane and the azi-
muthally Fourier transformed pressure for case H0
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(DFT) 2𝜋p̂ =
∑N

i=0
(p − p†)(r, 𝜃i)e

−im𝜃i , where m is the azimuthal wavenumber, �i = 2�i∕N 
is the azimuth and N is total number azimuthal points. It should be noted that the presence 
of a non-zero amplitude at an arbitrary wavenumber may not always necessarily indicate 
the presence of a coherent structure since the helical modes are very weak and of similar 
order of magnitude as the background turbulence. Therefore, these plots are interpreted in 
conjunction with the pressure contour, streamlines and the 3D structures shown next.

These contours show that the there is switching between azimuthal wavenumbers dur-
ing the thermoacoustic oscillation. For instance, at instant t1 a large low pressure region is 
visible in Fig. 22 which corresponds to m = 1 . Figure 20 indicates a streamline pattern that 
resembles a the superposition of a source and voretx flow (swirling and radially outward 
flow) in this region accompanied by a local increase in reaction rate. The 3D structures 
shown in Fig.  24 that are represented by pressure iso-contours reveal that this is indeed 
a manifestation of a m = 1 helical mode. This structure then breaks down into three low 
pressure zones seen in Fig. 22a which correspond to m = 3 as shown in Figs. 22b and 24. 
This structure does not modulate the flow field significantly and only a small change in cur-
vature can be discerned amidst the background swirling flow. Mode merging is seen in the 
next instant when m = 2 mode appears and persists until t4 . The vortical motion resulting 
from this mode is visible in Fig. 20 and the corresponding double helix structure is shown 
in Fig. 24. The rest of the cycle is dominated by either a single helix or m = 0 mode which 
results in a incoherent pressure contour like at instant t7 . Note that a non-axisymmteric 
VBB may also result in a m = 1 mode because the DFT is performed along concentric 
circles. In contrast to case H0, which features higher wavenumbers, case H20 dominantly 
features m = 1 modes (see Fig. 23b) which are most likely the result of slight assymetry 
in VBB as also seen in Fig. 18b. During time instants t1, t6 and t7 , small contributions at 
m > 1 are visible in the Fourier transformed pressure, but distinct low pressure regions are 
not discernible. At t6 , the pressure contours in Fig. 23a reveal that there is two low pres-
sure zones and a third zone of high pressure in the IRZ. Since DFT does not distinguish 
between positive and negative values of p − p† , m = 3 can be disregarded at this instant 
as the third zone does not correspond to a low pressure zone. All other instants at which 
m > 1 appears corresponds to weak and incoherent zones which do not reveal a coherent 
3D structure as shown in Fig. 24.

In Fig.  24, a range of coherent structures can be observed, which are represented by 
pressure isosurfaces. Different helical coherent structures are denoted using the azimuthal 
wavenumber m which is considered to be positive for structures which are counter-winding 
as suggested by Liang and Maxworthy (2005). At instant t1 , the pressure isosurface repre-
senting the vortex core converges towards the centre cone tip and begins to precess as it 
enters the combustion chamber. It is important to note that the precession and swirl direc-
tion of the vortex core are the same, as indicated by the red arrow in Fig. 24 at time t1 . The 
resulting structure takes the form of a single helix with a wavenumber m = +1 because it is 
counter-winding. Additionally, a toroidal vortex ( m = 0 ) is visible which is shed from the 
outer shear layer. This corresponds to the twin vortex structure shown in Figs. 26 and 27 
and has been reported in a previous study (Fredrich et al. 2021b). The toroidal vortex is 
shed due to the pulsating axial velocities in the nozzle during thermoacoustic oscillations.

At instant t2 , the single helix weakens, and a triple helical structure emerges, along 
with a toroidal vortex. This triple helical structure corresponds to the vortex roll-ups on 
the inner shear layer, as depicted in Fig. 26. At time t3 , the red pressure isosurface has 
a slightly higher value than the blue isosurface, indicating a single helical structure fur-
ther downstream. Within the red isosurface, the blue isosurface shows a double helical 
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structure. These helical structures appear intermittently and are short-lived. At time t7 , 
as the pressure in the combustion chamber starts to decrease, only the VBB is visible. 
Among structures with non-zero wavenumbers, the single helical structure ( m = +1 ) 
has the highest strength and its intermittent occurrence results in the asymmetric VBB 
structure in the averaged flow field. The addition of hydrogen mostly dampens the non-
zero wavenumbers as shown at t1 in Fig.  24b, consistent with the experimental study 
(Datta et al. 2022). Structures with m > 1 are rare in case H20 and usually very incoher-
ent as at instants t3 and t8 in Fig. 24b. Since the amplitude of the pressure fluctuations 
induced by the helical instabilities is 1–2 orders of magnitude lower than the thermoao-
custic oscillation, it is not expected that the helical instabilities influence the thermoa-
coustic behaviour as much as vice-versa.

Fig. 23   Evolution of p − p† , where p† is the surface averaged pressure in z = 0.025 m plane and the azi-
muthally Fourier transformed pressure for case H20
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The selection of higher wavenumbers ( m > 1 ) in swirling flow involves complex 
dynamics (Liang and Maxworthy 2005; Gallaire and Chomaz 2003a, b; Douglas et al. 
2021) that are beyond the scope of this work. Various physical mechanisms, including 
axial shear, inertial waves due to coriolis forces, azimuthal shear, and centrifugal insta-
bilities, are at play in swirling flow. A dominant thermoacoustic oscillation is also at 

Fig. 24   Three dimensional coherent structures visualised using isosurfaces of pressure for case a H0 and b 
H20. The red and blue arrows indicate the precession(and swirl) and winding directions, respectively
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play in conjunction with these instabilities which makes this challenging to address and 
is the topic of a future work.

5 � Conclusions

The effects of hydrogen addition on combustion dynamics in the PRECCINSTA burner are 
studied using large eddy simulation. Two atmospheric cases are explored under lean condi-
tions: one with a CH4-air mixture and the other with a blended fuel H2-CH4 (20–80% by 
volume) and air mixture. An unstrained flamelet model is utilised for sub-grid scale com-
bustion closure. The simulation results are validated using measured statistics for velocity, 
and the overall agreement is satisfactory.

The simulations capture the shift from period-1 to period-2 dynamics upon addition of 
H2 , which is attributed to modal interactions between the plenum and chamber acoustic 
modes. Quantitative comparisons of thermoacoustic features are discussed and the ampli-
tudes and frequencies are overestimated in the LES. The overestimation in amplitudes is 
linked to the lack of damping in the simulation, similar to previous studies. The overesti-
mation in frequencies is associated with the use of adiabatic walls, resulting in a quicker 
response of the flames due to flashback. However, the lack of temperature measurements 
calls for advanced thermal treatments at walls which are beyond the scope of the present 
work.

The two cases exhibit a similar thermoacoustic feedback loop that is driven by mixture 
fraction perturbations produced by the pressure fluctuations in the combustor. However, 
when a small volume fraction of hydrogen is added, there is a significant change in the sys-
tem’s dynamics. The addition of hydrogen results in two notable changes in the thermoa-
coustic behavior. Firstly, the amplitude of thermoacoustic oscillation nearly doubles with 
the addition of 20% H2 by volume due higher mixture fraction fluctuations in the nozzle. 
Secondly, the system transitions from period-1 LCO to period-2 LCO, which is associated 
with modal interactions between the plenum and chamber mode.

The pure methane case displayed intermittent hydrodynamic instabilities, which were 
significantly influenced by thermoacoustic oscillation. The presence of the intermittent 
helical instability was confirmed using the radial pressure variation and swirl number fluc-
tuations. Both cases exhibited axisymmetric toroidal vortex shedding due to large ampli-
tude pressure oscillations. However, the case with H20 showed a more symmetric flow 
field due to weaker swirl number fluctuations. In the absence of hydrogen, co-rotating and 
counter-winding helical instabilities with azimuthal wavenumbers of m = +1,+2 and +3 
were observed. These instabilities evolved intermittently and were mostly suppressed with 
the addition of hydrogen. The mode selection characteristics of these helical instabilities 
will be examined in a future study.

Appendix 1

See the Figs. 25, 26, 27, 28 and 29.
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Fig. 25   Fundamental frequency 
variation with hydrogen addi-
tion for 4 cases. Cases H40 and 
H50 represent 40% and 50 % 
hydrogen blending by volume 
which are reported in Table 1 
Ref. Kushwaha et al. (2021)

Fig. 26   Temporal evolution of the local reaction rate contours and streamlines in midplane normal to y-axis 
for case H0 during one cycle of the fundamental mode
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Fig. 27   Temporal evolution of the local reaction rate contours and streamlines in midplane normal to y-axis 
for case H20 during one cycle of the fundamental mode

Fig. 28   Temporal evolution of the fluctuating pressure contours in the midplane normal to y-axis for case 
H0 during one cycle of the fundamental mode. Dark blue line is the zero axial velocity contour
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