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ABSTRACT
Direct numerical simulations of H2-enriched CH4/air

turbulent swirling premixed flames in a cuboid combus-
tor have been performed to clarify effects of hydrogen en-
richment on the flame structures in a gas turbine model
combustor. Two mixture conditions, fuel molar ratio is
XCH4 : XH2 =1 : 1 and 4 : 1 are simulated by using a reduced
chemistry with 25 species and 111 reactions. The visual-
izations revealed that the flame shapes and the behaviors of
H2 are qualitatively different between the cases with dif-
ferent H2-enrichment ratios. For higher H2-enrichment ra-
tio case, fuel species are almost consumed in the upstream,
whereas the reaction zones locate in further downstream for
lower H2-ratio case. To figure out the behaviors of H2 in
the flames, the conditionally averaged mass fractions and
reaction rates are evaluated by comparing with unstrained
and strained laminar flames. For the higher H2-ratio case,
the H2 mass fraction profile is similar to the unstrained and
strained laminar flames on average. However, for the lower
H2-ratio case, it deviates from the laminar profiles substan-
tially. In addition, all of the conditionally averaged fuel
species reaction rates are decreased and deviate from the
laminar reaction rate profiles. These results suggest that
the reaction zone profiles of swirling flames can not be pre-
dicted properly only by considering the effects of tangen-
tial strain rate. Therefore, the effects of transports might be
more important than the chemical reactions and should be
considered to elucidate the flame structures in detail.

INTRODUCTION
Using H2 as a fuel for combustion devices is one of the

promising methods to achieve both thermal efficiency and
reduced emissions of environmental pollutants, because of
its great energy density and zero emissions of CO2 during
its combustion processes. However, there are still difficul-
ties due to the characteristics of H2 combustion (France,
1980). As an alternative method, H2-enriched natural gas
has brought our attention. Advantages of using CH4/H2
multi component fuel in lean premixed combustion are im-
proved thermal efficiency with reduced emissions of envi-
ronmental pollutants (Coppens et al., 2007), extended lean
blowout limit (Schefer, 2003) and resistance to strain rate
induced extinction (Shanbhogue et al., 2016). Thus, using
such a fuel is considered to contribute to resolve recent en-
vironmental issues, because it can achieve both higher ther-

mal efficiency and reduced emissions of pollutants.
Gas turbine engines are considered as one of the pre-

dominant devices where utilization of the CH4/H2 multi
component fuel is effective. In such devices, turbulent
swirling flows are widely used for flame stabilization and
enhancement of turbulent mixing. Furthermore, relatively
stronger three-dimensionality of the flow affects the flame
structures and dynamics substantially. Therefore, under-
standing the structures of H2-enriched CH4/air turbulent
premixed swirling flames is important for development of
H2-enriched gas turbine engines.

Wang et al. (2009) have investigated chemical charac-
teristics of H2 in one-dimensional CH4/H2/air laminar pre-
mixed flames with various H2 enrichment ratios. Their re-
sults suggest that the chemical characteristics of H2 shifts
from an intermediate species to a reactant species when the
volume ratio of H2 in the premixed mixture is increased
from 20% to 30%. Day et al. (2011) have conducted 2-
dimensional simulations of lean H2-enriched CH4/air tur-
bulent premixed flames, which are categorized into the lam-
inar flamelet regime. Here, the focus was on investigating
the effects of the H2 ratios on the local flame structures and
C1 and C2 reaction pathways. They also concluded that the
flame inner structure and H2 show different behaviors when
the H2-enrichment ratio is higher than 25%. These results
indicate reaction pathway alternation with the increase of
the H2/CH4 ratios in both laminar and relatively low level
turbulent flames. However, the effects of H2-enrichment
ratios on the H2-enriched CH4/air turbulent swirling flame
structures are not clarified yet. Therefore, in this study, di-
rect numerical simulations (DNS) of H2-enriched CH4/air
turbulent swirling premixed flames in a cuboid combustor
have been conducted by using a reduced chemistry to clar-
ify the effects of H2 enrichment on the flame characteristics
in H2-enriched natural gas turbine combustors.

DNS OF TURBULENT SWIRLING FLAMES
The DNS code, called TTX (Tokyo Tech Combustion

Simulation), developed by our previous works (Tanahashi
et al., 2000; Tanaka et al., 2011) solves fully compressible
governing equations with temperature dependency of trans-
port and thermal properties by using CHEMKIN-II pack-
ages (Kee et al., 1986, 1989) with vector and parallel com-
putation modification. The governing equations are for con-
servation of mass, momentum, energy and species. The
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Figure 1. Schematics of the computational domain and
coordinate system.

Table 1. Flame properties of one dimensional unstrained
laminar conditions.

Case SL [m/s] δth [mm] ωT,L [W/m3]

H2-50% 2.73 0.221 1.63 ×1010

H2-20% 1.97 0.249 1.16 ×1010

equations are discretized by using a fourth-order central
finite difference scheme and advanced in time by a third-
order Runge-Kutta scheme. The multi timescale (MTS)
method (Gou et al., 2010) is adopted for integration of
chemical source terms and the correlated dynamic adaptive
chemistry and transport (CO-DACT) method (Sun et al.,
2015; Sun & Ju, 2017) does for computing the transport and
thermal properties of species. Navier-Stokes characteristic
boundary condition (NSCBC) (Poinsot & Lele, 1992; Baum
et al., 1994) is imposed on the combustor walls, inflow and
outflow boundaries. The effects of pressure gradient and the
Soret diffusion are not considered in the calculation of the
diffusion velocity. The Dufour effect is also neglected in the
energy conservation equation. The detailed UCSD mecha-
nism (Petrova & Williams, 2006) consisting of 57 species
and 268 elemental reactions without nitrogen chemistry is
reduced to 25 species and 111 reactions by the path flux
analysis (PFA) method (Sun et al., 2010).

Figure 1 shows schematics of the computational do-
main. The dimensions of combustor is Lx× Ly × Lz = 15
mm × 10 mm × 10 mm and the number of uniform grid,
Nx × Ny × Nz = 1152 × 768 × 768. The inlet bound-
ary geometry is a concentric annulus of which inner and
outer diameters are 0.6 mm and 2.5 mm, specified in the
same manner as previous studies (Tanaka et al., 2011; Aoki
et al., 2015; Minamoto et al., 2015; Aoki et al., 2017). The
combustor wall is no-slip, inert and isothermal at 700 K.
The stoichiometric mixture is preheated to 700 K at 0.1
MPa. Two mixture conditions with fuel species molar ra-
tio; XCH4 : XH2 is 1 : 1 (H2-50%) and 4 : 1 (H2-20%) are
simulated. These mixture conditions are determined to in-
vestigate the changes of the flame structures between differ-
ent XCH4 : XH2 ratios. The flame properties, laminar flame
speed SL, flame thermal thickness δth = (Tb −Tu)/|∇T |max
and the maximum heat release rate ωT,L for two mixture
conditions are summarized in Table. 1.
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Figure 2. Turbulent combustion conditions of the present
DNS (red and blue squares). The previously reported H2-
air cases (Tanaka et al., 2011; Aoki et al., 2015; Minamoto
et al., 2015; Aoki et al., 2017) are denoted by black circles.

Table 2. Parameters of the present DNS. u′rms and lE de-
note turbulence intensity, integral length scale. δF denotes
the Zel’dovich thickness (νu/SL). RelE , Ka and Da is
Reynolds number, Karlovitz number and Damköhler num-
ber based on lE .

Case u′rms/SL lE/δF RelE Ka Da

H2-50% 31.4 50.9 1598 24.6 1.62

H2-20% 44.1 38.1 1680 47.4 0.86

The swirl number is 1.2 and the bulk mean axial ve-
locity at the inlet, ub

x is set to be 190 m/s to provide almost
equivalent calorific input (≈1.16 kW) to the stoichiometric
H2/air flames in the previous studies (Tanaka et al., 2011;
Aoki et al., 2015). The inflow velocity perturbations, u′ fol-
lowing the same manners to Wang et al. (Wang et al., 2007)
are added to the mean velocity profiles. The perturbations
consist of simple white noise in which each frequency has
a randomly-given lifetime for its phase. The maximum ve-
locity perturbation intensity u′max is 0.15ub

x = 28.5 m/s and
corresponding root mean square velocity fluctuation u′rms at
the inflow boundary is 10.5 m/s (about 5.5% of ub

x) .
Figure 2 shows turbulent combustion conditions of

the present study with previously reported H2/air cases
(Tanaka et al., 2011; Aoki et al., 2015, 2017) on the com-
bustion regime diagram (Peters, 2000). Several important
non-dimensional parameters are listed in Table 2. Here,
u′rms = (2/3k̃)2 and lE = (u′rms)

3/ε̃ . k̃ is the turbulence
kinetic energy and ε̃ is the turbulent kinetic energy dissi-
pation rate. δF = νu/SL is the Zel’dovich thickness. The
diagram is constructed base on volume averaged statistics
in the region 0.1 ≤ c̃Y ≤ 0.4 by using 150 samples within
the sampling period of 300µs. Here, c̃Y is a Favre aver-
aged reaction progress variable, cY ≡ (Ys −Y u

s )/(Y
b
s −Y u

s ).
Ys ≡ YH2 +YH2O +YCO +YCO2 suggested in Ihme & Pitsch
(2008a,b). The superscripts u and b denote the value of the
unburnt and burnt gas sides in the corresponding laminar
flame. As Fig. 2 shows, the turbulent flames are categorized
in to the thin reaction zones regime. The Karlovitz numbers
of present study are higher than those of H2/air cases, due
to lower laminar burning velocities than H2/air flames.
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Figure 3. Instantaneous fields of normalized heat release rate ω+
T (volume rendered) and iso-surface of the second invariant

of velocity gradient tensor Q∗ = 0.01Qmax (white) for H2-50% (a) and H2-20% (b).

Figure 4. Instantaneous (left-half) and time-averaged (right-half) distributions of temperature T , contour lines of ũx = 0 and
normalized heat release rate ω+

T at the mid plane of the combustor for H2-50% (a, b) and H2-20% (c, d).

H2-ENRICHMENT EFFECTS
To figure out the effects of H2-enrichment on the

global flame features, instantaneous fields of heat release
rate and the second invariant of velocity gradient tensor
are shown in Fig. 3. The heat release rate is normalized
as ω+

T = ωT /ωT,L, where ωT,L is the maximum heat re-
lease rate of the corresponding laminar flame. The sec-
ond invariant of velocity gradient tensor Q is computed as
Q = 1/2(−Si jSi j +Wi jWi j). Here, Wi j and Si j is the sym-
metric and antisymmetric part of the velocity gradient ten-
sor respectively. The threshold of Q∗ field is 1% of its max-
imum. For both cases, larger-scale and an aggregation of
fine-scale vortical structures are observed near the relatively
upstream, due to strong shear layer and rapid development
of turbulence. However, the shapes of ω+

T fields seem to be
different between the different mixture conditions.

Figure 4 shows temperature and normalized heat re-
lease rate at the mid plane (z = 0) of the combustor. The
left-half of is for instantaneous and the right-half is for time-
averaged distribution respectively. The contour lines are a
Favre averaged axial velocity component ũx = 0. The in-
ner recirculation zones (IRZ) where heat and combustion
products are recirculated by the swirling flows are formed
in the central part of the plane. At the corners of the plane,
the outer recirculation zones (ORZ) are observed which re-

sulted from the existence of combustor walls. In this study,
we refer the shear layer formed between the annular jets and
IRZ or ORZ as the inner or outer shear layer (ISL or OSL)
respectively.

For H2-50%, ω+
T is relatively high in the upstream re-

gion of the combustor and near to the combustor walls. On
the other hand, for H2-20%, the high ω+

T region exists both
in the upstream and downstream regions, whereas the ω+

T
near the combustor walls is lower than 0.1. Focusing on
the near field of annular jets, the magnitudes of ω+

T in the
ISL and OSL are relatively similar for H2-50%. For H2-
20%, however, the ω+

T is higher in the ISL rather than OSL.
Furthermore, the temperature in the region spans from the
OSL to the combustor walls are lower than H2-50% case.
These different flame shapes between the cases are qual-
itatively similar to experimental observations of CH4/H2
swirling flames with lower H2-enrichment ratios in litera-
ture (Cheng et al., 2009; Shanbhogue et al., 2016; Taamal-
lah et al., 2016).

To specify the distributions of the fuels in the combus-
tor, the normalized species mass fractions, Y ∗

i are shown in
Fig. 5. The superscript “∗” denotes normalization by the
value at the inflow boundary Y u

i , hence, Y ∗
i ≡ Yi/Y u

i . For
H2-50%, the fuels are almost consumed in the upstream of
the combustor (Figs. 5a and b). However, for H2-20%, the
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Figure 5. Instantaneous (left-half) and time-averaged (right-half) normalized species mass fractions, Y ∗
i at the mid plane of

the combustor for H2-50% (a, b) and H2-20% (c, d).

Figure 6. Instantaneous (left-half) and time-averaged (right-half) distributions of normalized fuel species reaction rates ω+
i at

the mid plane of the combustor for the case of H2-50% (a, b) and H2-20% (c, d).

fuels remain in the region spans from the near field of OSL
to relatively downstream of the combustor (Figs. 5c and d).
Especially, Y ∗

H2
is as high as or higher than Y u

H2
in the down-

stream. This implies that consumption of H2 is suppressed
and/or there is active production of H2 for H2-20% case.
These results suggest that H2 shows different chemical be-
haviors with the increase of H2-ratios in the mixtures under
relatively intense turbulence.

To clarify the chemical behaviors of the fuel species in
detail, reaction rates of the fuels, ω+

CH4
and ω+

H2
are shown

in Fig. 6. Here, the superscript “+” denotes normalization
by ωi,L, which is the maximum of |ωi| in the correspond-
ing laminar condition. Thus, ω+

i ≡ ωi/ωi,L. Production
and consumption reaction rates are colored by red and blue,
respectively. Overall, the magnitudes of the fuel species re-
action rates, |ω+

i | are decreased compared to the ωi,L in the
present study, which is similar to previous studies (Tanaka
et al., 2011; Aoki et al., 2015; Minamoto et al., 2015; Aoki
et al., 2017). For both cases, only consumption of CH4 can
be observed in the combustor. However, for H2-20% case,
the magnitudes of ω+

CH4
in the ORZ are noticeably reduced.

As for ω+
H2

, both consumption and production reactions are
observed. However, the tendencies are distinctively differ-
ent between the cases. For H2-50%, consumption of H2 is
dominant in the upstream region and production of H2 is

observed in the unburnt side of the reaction zones with rela-
tively low magnitude. On the other hand, for H2-20%, con-
sumption reaction occurs at the trailing edge of the flame,
while production does in the unburnt side with relatively
high magnitude. However, the magnitudes of ω+

H2
are very

small in the ORZ. Therefore, the Y ∗
i remaining relatively

high in the region spans from the near field of OSL to the
down stream region in Fig. 5d are mainly due to the slow
chemistry in the ORZ.

Overall, the reaction rate contours suggest that both
temperature and fuel species mass fraction fields consis-
tently show different reaction zone locations between H2-
50% and H2-20% cases under similar turbulent intensity.
This indicates that even in strong turbulence, the chemical
characteristics of H2 are varied from an intermediate species
to a reactant species with the increase of H2 ratios.

EVALUATIONS OF THE FLAME STRUC-
TURES IN PHASE SPACE

To evaluate the observed chemical characteristics, the
conditional averages of Y ∗

i conditioned based upon cY ,
⟨Y ∗

i |cY ⟩ are examined. The unstrained and strained lami-
nar flame profiles are superimposed to figure out the effects
of tangential strain rate on the reaction zone profiles. The
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Figure 7. Conditional averages of the fuel species mass
fractions, Y ∗

i (dashed line) with respect to cY and standard
deviation ±σ about the mean (red surface) for H2-50% (a,c)
and H2-20% (b, d). The arrow indicates increase of the tan-
gential strain rate at .

superscript “∗” denotes the normalization by the value at
the inflow boundary, Y u

i . Here, cY can be larger than unity
probably due to molecular transport to the burnt gas sides
in the turbulent flames. In the process of conditional aver-
aging, the samples obtained within approximately δth from
the wall are excluded to prevent the thermal boundary lay-
ers affecting the statistics. The thermochemical conditions
of the strained laminar flames are set to be fresh reactants
at fuel side (Y u

i and Tu) and burnt gases at oxidizer side (Y b
i

and Tb), which are the identical values to the corresponding
unstrained laminar flames. The tangential strain rate, at of
the strained laminar flame is defined to be the first peak of
velocity gradient, −du/dx in the reactant side. The values
of at range from 2% to 200% of the mean strain rate in the
unburnt gas sides of the DNS results, which is estimated to
u′rms/λ ≈ 5.0×105 s−1. Here, u′rms is the velocity fluctua-
tion and λ is the Taylor microscale.

As Fig. 7 shows, no significant difference is observed
for Y ∗

CH4
between the different mixture conditions. All of

the Y ∗
CH4

decrease monotonically with the increase of cY and
the values decrease to nearly zero in the burnt gas sides.
With the increase of at , the strained laminar profiles in-
crease gradually for both cases, indicating decreased con-
sumption of CH4 with the increase of at . Furthermore, the
⟨Y ∗

CH4
|cY ⟩ for both cases are similar to the strained laminar

flames in which at ≥ 5.0× 105 s−1, on average. Thus, the
deviation form the corresponding unstrained laminar solu-
tion may suggest the decreased consumption of CH4 and
increased influences of molecular transport resulted from
strong turbulent motions as shown in Fig. 6.

However, as for Y ∗
H2

, substantial differences are ob-
served between the cases with different fuel compositions
in Figs. 7c and d. For H2-50% case, ⟨Y ∗

H2
|cY ⟩ shows rela-

tively similar behaviors to the laminar profiles on average
in the entire cY region. The strained laminar flame pro-
file decreases slightly with the increase of at . However,
for H2-20% case, ⟨Y ∗

H2
|cY ⟩ deviates from the correspond-

ing unstrained and strained laminar values in the unburnt
gas sides, cY ⪅ 0.6. Such Y ∗

H2
values as high as its inflow

Figure 8. Conditional averages of the fuel species reaction
rates, ω+

i (dashed line) with respect to cY and standard de-
viation ±σ about the mean (red surface) for H2-50% (a,c)
and H2-20% (b, d). The arrow indicates increase of the tan-
gential strain rate at .

value correspond to the observations in the near wall region
of Fig. 5d. Furthermore, the values of Y ∗

H2
for the strained

flames decrease gradually with the increase of at , suggest-
ing higher sensitivity of Y ∗

H2
to at than H2-50% composition.

To figure out the responses of Y ∗
i to the at in detail, the

fuel species reaction rate profiles in cY space are shown in
Fig. 8. The superscript “+” denotes normalization by ωi,L,
the maximum of |ωi| in the corresponding unstrained lam-
inar flames, ω+

i = ωi/ωi,L. For both of the mixture condi-
tions, the responses of ω+

CH4
to the at are relatively similar.

With the increase of at , |ω+
CH4

| increase in the entire cY re-
gion, which suggests the increased influences of molecular
transport. On the other hand, the responses of ω+

H2
to the

at are more sensitive for H2-50% composition, which is an
opposite tendency to the observed one in the the responses
of Y ∗

H2
to the at in Fig. 7. However, all of the conditionally

averaged reaction rates in the swirling flames deviate from
the laminar profiles in the entire cY region. These reaction
rate profiles suggest that the reaction zone profiles of the
swirling flames can not be predicted properly only by con-
sidering the effects of tangential strain rate. This indicates
that effects of turbulent strain rate should be taken into ac-
count to figure out the deviations in detail. Furthermore, the
effects of molecular transport seem to be more influential
than the chemical reactions and need to be investigated.

CONCLUSIONS
To clarify the effects of H2-enrichment on the flame

structures in a CH4/H2 multi component fuel gas turbine
combustor, direct numerical simulations of stoichiometric
H2-enriched CH4/air turbulent swirling premixed flames in
a cuboid combustor have been performed. Two mixture
conditions, of which volume ratio of CH4:H2 = 1:1 (H2-
50%) and 4:1 (H2-20%) are simulated by using a reduced
chemistry (25 species and 111 elemental reactions).

Overall, the results suggest that H2 shows different
chemical characteristics with the increase of H2-enrichment
ratios. This indicates that reaction pathways alternation
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of H2, the role of H2 shifts from an intermediate species
to a reactant species, reported in Wang et al. (2009) and
Day et al. (2011) are also observed even in strong turbu-
lence. The differences induced by different H2 ratios in the
mixture conditions are pronounced in the ORZ and down-
stream. For H2-50% case, the reaction zones are observed
in the upstream due to rapid consumption of the fuel species
in the near field of the OSL and ORZ. For H2-20% case,
however, the reaction zones locate in further downstream
due to the slow chemistry in the OSL and ORZ.

The conditionally averaged mass fraction profiles of
CH4 and H2 for H2-50% case are similar on average to the
unstrained and strained laminar flames, whereas H2 mass
fraction profile for H2-20% case deviates from the laminar
profiles. Furthermore, all of the averaged fuel species re-
action rates in the swirling flames deviate from the laminar
reaction rate profiles. The results suggest that the reaction
zone profiles of the turbulent swirling flames can not be pre-
dicted properly only by considering the effects of tangential
strain rate. It also indicates that other types of transports,
such as turbulent and molecular diffusion are more impor-
tant than the chemical reactions in the present DNS and the
effects of turbulent strain rate should be considered.
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