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ABSTRACT

Direct numerical simulations (DNS) of turbulent pre-
mixed flames are conducted to investigate effects of tur-
bulence characteristics on the local flame structure. De-
tailed kinetic mechanism including 12 reactive species and
27 elementary reactions is used to represent hydrogen-air
reaction in turbulence. Numerical conditions of DNSs
can be classified into wrinkled flamelets regime, corrugated
flamelets regime and thin reaction zones near the bound-
ary of Karlovitz number Ka = 1.0 of turbulent combustion
diagram. For all cases, the distribution of heat release rate
shows three-dimensionally connected sheet-like feature, even
though the heat release rate is highly fluctuating along the
flame front. The heat release rate tends to increase at the
flame fronts convex toward the burned side. For the tur-
bulent premixed flames in corrugated flamelets regime, the
handgrip structure is produced by the intrusion of the coher-
ent fine scale eddy into the flame and the heat release rate
in this structure increases up to 1.2 times of that of laminar
flame. The mechanism of heat release rate increase in this
structure is clarified by discussing the balance of elementary
reactions. In the wrinkled flamelets regime, the spire-like
structure of the flame front can be observed. These structure
are created by the coherent fine scale eddies of turbulence.
By identifying flame elements in turbulence, their statistical
characteristics are also discussed.

INTRODUCTION

The local flame structure in turbulence has been con-
sidered to depend on the ratios of turbulence intensity to
laminar burning velocity (v’/Sy) and integral length scale
to laminar flame thickness (I/85) (Peters, 2000). From these
ratios, the local flame structure has been classified into wrin-
kled flamelets regime, corrugated flamelets regime, thin re-
action zones and broken reaction zones. In direct numerical
simulation (DNS), systematic selection of u' /Sy, and I/8 is
relatively easy compared with the experiments, and all of the
information concerning the flame structure can be obtained.
Baum et al. (1994a) have conducted two-dimensional DNSs
of hydrogen-air turbulent premixed flames with detailed ki-
netics mechanism and have shown effects of turbulence char-
acteristics on local flame structure. Tanahashi et al. (2001)
have clarified effects of turbulence intensity on the local
flame structure from two-dimensional DNSs of hydrogen-air
turbulent premixed flames. They showed that isolated pock-
ets of unburned gas are observed in the burned side.

Due to remarkable developments of computer technology,
details of fine scale motions in turbulence have been inves-

tigated by DNS. Tanahashi et al. (1997) have shown that
homogeneous isotropic turbulence consists of a lot of similar
tube-like eddies which accompany strong swirling motions.
These tube-like eddies are called as ’coherent fine scale ed-
dies’. Coherent fine scale eddies are universal structure of
turbulence, and mean diameter of these eddies is about 8
times of Kolmogorov micro scale (n) and maximum of the
mean azimuth velocity is about 0.6 times of the root mean
square of velocity fluctuation (u..,,,) in low Reynolds num-
ber cases. Recently, it has been reported that the maximum
azimuthal velocity can be scaled by the Kolmogorov veloc-
ity, whereas the strong coherent fine scale eddies possess
azimuthal velocity of the order of u/,,, (Miyauchi et al.,
2002).

The coherent fine scale eddies may influence the local
flame structure of turbulent flames because of their strong
swirling motion. Tanahashi et al. (1999a, 2000) have con-
ducted three-dimensional DNSs of hydrogen-air turbulent
premixed flames to investigate the interaction between flame
and coherent fine scale eddies, and clarified that the local
flame structure depends on the angle between flame surface
and axis of coherent fine scale eddy. Bell et al. (2002) have
conducted three-dimensional DNSs of lean methane-air tur-
bulent premixed flames using low Mach number approxima-
tion and reduced kinetic mechanism. They have investigated
effects of turbulence/flame interaction on the flame chem-
istry. Tanahashi et al. (1999a, 2000, 2002) have also clarified
the local flame structure in corrugated flamelets regime and
thin reaction zones. Although it has been believed that the
local flame structure in wrinkled flamelets regime can be ap-
proximated by that of laminar flame, the precise structure
has not been clarified yet. In this study, effects of turbulence
characteristics on the local flame structure are investigated
by three-dimensional DNSs of hydrogen-air turbulent pre-
mixed flames.

DNS OF HYDROGEN-AIR TURBULENT PREMIXED
FLAMES

Details of the governing equations can be found in
Miyauchi et al. (1996). A detailed kinetic mechanism
(Gutheil et al., 1993) which includes 27 elementary reac-
tions and 12 reactive species (Hz, Oz, H20, O, H, OH, HO,,
H»0z2, N2, N, NO2 and NO) is used to represent hydrogen-
air reaction in turbulence. The temperature dependence
of the viscosity, the thermal conductivity and the diffusion
coefficients are taken into account by linking CHEMKIN
packages (Kee et al., 1986; 1989) with modifications for vec-
tor/parallel computations. Figure 1 shows a schematic of
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Figure 1: Geometry of the flow field.

Table 1: Numerical parameters for DNS of hydrogen-air tur-
bulent premixed flames.

RC)‘ l/tsp 'u’/SL D/JL l/JL
Casel 374 168.6 0.85 0.78 3.38
Case 2 374 843 1.70 0.39 1.69
Case3 374 422 3.41 0.19 0.85
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Figure 2: Turbulent combustion diagram.

the flow field used in this study. The governing equations
are discretized by 4th-order central difference scheme in the
z direction and by a Fourier spectral method in the y and 2
directions. The boundary conditions in the x direction are
NSCBC (Poinsot and Lele, 1992; Baum et al., 1994b) and
those in the y and z directions are periodic. Time integration
is implemented by the third-order Runge-Kutta scheme.

Numerical parameters of DNSs are listed in Table 1.
DNSs are conducted for three cases that have different u'/Sr,
and [/dp. Note that dp is defined by ép = v/SL, where v
denotes kinematic viscosity of the unburned mixture (Peters,
2000). In the present study, DNS of Case 1 is conducted.
Case 2 and Case 3 were conducted by Tanahashi et al.
(1999a, 2000, 2002). A hydrogen-air mixture in the un-
burned side is set to ¢ = 1.0 at 0.1MPa and 700K. The
inflow boundary condition for the velocity field is given as
win{y, z,t) = Sr + 4/ (y, 2, t). The turbulence u’(y, z,t) was
obtained by the preliminary DNS of homogeneous isotropic
turbulence by a spectral method and the Reynolds number
based on Taylor micro scale Rey is 37.4. In our previ-
ous study (Tanahashi et al., 1999a), it has been shown
that the coherent fine scale eddy in turbulence plays im-
portant roles on the local flame structure of the turbulent
premixed flames. In Table 1, the ratios of the most ex-
pected diameter D(= 8n) of the coherent fine scale eddy to
the laminar flame thickness 87 are presented. dy, is defined
by 6z = (Ty — Tu)/(8T/8z)max, where T, and Tj denote
temperature in the unburned and burned side, respectively.
In Case 1, this diameter is about 0.84r.

In Fig. 2, locations of each DNS are plotted on the turbu-
lent combustion diagram proposed by Peters (2000). Case 1,

Figure 3: Distributions of the heat release rate on a typical
z-z plane for Case 1(a), Case 2(b) and Case 3(c).

Figure 4: Distributions of the mass fraction of O atom on a
typical z-z plane for Case 1(a), Case 2(b) and Case 3(c).

Figure 5: Successive distributions of heat release rate for
Case 2 with time interval of 0.27;.

Case 2 and Case 3 are classified in wrinkled flamelets regime,
corrugated flamelets regime and thin reaction zones near the
boundary of Karlovitz number Ka = 1.0, respectively.

LOCAL FLAME STRUCTURE OF TURBULENT PRE-
MIXED FLAMES

Three-dimensional Feature of Turbulent Premixed Flames
The distributions of heat release rate on a typical z-z
plane for all cases are shown in Fig. 3. The size of visualized
region in Fig. 3 is 5mm x 5mm. In Case 1, distribution of
heat release rate shows sheet-like feature. Along the flame
front, the heat release rate is fluctuating owing to turbulence
motion. The fluctuations of heat release rate in corrugated
flamelets regime and thin reaction zones are larger than that
in wrinkled flamelets regime as shown in Fig. 3(b) and (c).
Even though the heat release rate is highly fluctuating, its
distribution shows three-dimensionally connected sheet-like
feature for all cases (Tanahashi et al., 2002). The flame
convex toward burned side shows high heat release rate com-
pared with that of laminar flame in Case 1. Our previous
studies (Tanahashi et al., 1999a; 2000; 2002) have clarified
that distributions of heat release rate in corrugated flamelets
regime and thin reaction zones show the same tendency.
Miyauchi et al. (1997) have investigated the mecha-
nism of the increase of heat release rate in two-dimensional
hydrogen-air turbulent premixed flames, and clarified the
distinct relation between O atom and heat release rate. Fig-
ure 4 shows the distributions of mass fraction of O atom on
a typical z-z plane. The mass fraction of O atom tends to
increase behind the flame with high heat release rate for all
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Figure 6: Contour surface of temperature and the axes of
coherent fine scale eddies.

#

Figure 7: Contour surface of heat release rate and the axes
of coherent fine scale eddies.

cases. These results suggest that the increase of heat release
rate is attributed to the same mechanism as that shown by
Miyauchi et al. (1997).

The successive distributions of heat release rate on a dif-
ferent plane are shown in Fig. 5 for Case 2 with time interval
of 0.27;, where 7; denotes eddy turnover time (=1/u'). The
largely wrinkled flame toward the burned side appears as
shown by the circle in Fig. 5(a). At the cusp of the flame,
the maximum heat release rate is about 1.1 times of that
of laminar flame (AHy). This cusp of the flame moves
toward the burned side and then the unburned mixture ap-
pears behind flame front. This unburned mixture seems to
be isolated in the burned gas from the cross sectional view-
point in Fig. 5(e). The maximum heat release rate in the
unburned mixture reaches to about 1.2AH . and decreases
rapidly down to 0.3AH, as shown in Fig. 5(f). In the pre-
vious study by Chen et al. (1998), similar results have been
reported from two-dimensional DNS of methane-air turbu-
lent premixed flames and the presence of unburned mixture
like a pocket has shown even in low intensity turbulence.
However, three-dimensional structure of unburned mixture
is not clarified. To investigate this issue, axes of coherent
fine scale eddies are determined by the eddy identification
scheme by Tanahashi et al. (1999b).

Figure 6 shows the contour surface of temperature and
axis distribution of coherent fine scale eddies at the same
time as in Fig. 5(e). The contour level of temperature is
1400K. To show the axes of coherent fine scale eddies in the

-0.40
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Figure 8: Contributions of elementary reactions on heat re-
lease rate in the handgrip structure at different times.

unburned mixture, the half-transparent contour surfaces are
used. The diameter of the axis in this figure is drawn to be
proportional to square root of second invariant of velocity
gradient tensor (Q = (Wi; Wi; — S5;5:5)/2), where S =
(aui/axj + 6uj/6mi)/2 and W,'j = (Bu,-/awj - a’u]‘ /63’:.;)/2
are symmetric and asymmetric parts of velocity gradient
tensor, respectively. As shown by the circle in Fig. 6, the un-
burned mixture shows the three-dimensional structure like a
handgrip and is connected three-dimensionally with the un-
burned side. The several coherent fine scale eddies appear in
the handgrip structure. Most of coherent fine scale eddies in
the burned side tend to decay rapidly by the increase of vis-
cosity. The axis of coherent fine scale eddy in the burned side
tends to be parallel to the direction of mean flame propaga-
tion by the effect of expansion. On the contrary, the axes
in the handgrip structure are nearly perpendicular to the
direction of mean flame propagation. The strong perpen-
dicular coherent fine scale eddy intrudes into the flame and
transports the unburned mixture, which leads to the forma-
tion of the handgrip structure. Figure 7 shows the contour
surface of heat release rate and axes of coherent fine scale ed-
dies near the handgrip structure. The contour level of heat
release rate is 1.1AH;. Distribution of heat release rate
on the same plane as in Fig. 5(e) is also shown. The region
with high heat release rate is generated around coherent fine
scale eddies. Since the unburned mixture transported with
the eddy burns out rapidly, the heat release rate increases
around the eddy.

The contributions of elementary reactions on heat release
rate are shown on a line across the center of unburned mix-
ture at two different times in Fig. 8. In these figures, abscissa
is normalized by the Kolmogorov micro scale of unburned
turbulence and the heat release rate of each elementary
reaction is normalized by AHy. Hereafter, * denotes nor-
malization by 6., S; and AH. Figure 8(a) corresponds to
the time in Fig. 5(e) and Fig. 8(b) represents the results after
0.17;. Miyauchi et al. (1997) have investigated the contribu-
tions of elementary reactions at the flame front and clarified
main elementary reactions for heat release rate as follows;

Rl1:H+ O2 < OH + O,

R3: Hy; + OH & H20 +H,

R6: H+ Oz + M < HO3 + M,
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Figure 9: Successive distributions of heat release rate for
Case 1 with time interval of 0.047;.

Figure 10: Distributions of heat release rate and the axes of
coherent fine scale eddies for Case 1.

R8: H + HO; & OH + OH.

In Fig. 8(a), the elementary reaction R6, which is enhanced
in the preheat zones, shows high contribution in the whole
region of the handgrip structure. The flame front is gen-
erated around the unburned mixture and the temperature
of unburned mixture increases up to 1100K, which indicates
that unburned mixture in the handgrip structure is in the
similar condition as in the preheat zones. Therefore, the con-
tribution of R6 in the whole region of the handgrip structure
increases. Even though the reaction rate of each elementary
reaction is higher than that of laminar flame, main elemen-
tary reactions do not change. After 0.17;, main reactions
show low reaction rate owing to the decrease of mole frac-
tions of Ha and O,. Intermediate species such as H, O and
OH are produced through the main reactions, which leads
to the increase of R13 reaction rate.

R13: H+ OH + M & HO0 + M.

These results imply that the increase of heat release rate in
the handgrip structure is attributed to the same mechanism
as in the flame front of a laminar case except for final stage in
which the enhancements of elementary reactions are mainly
related with intermediate species.

Figure 9 shows successive distributions of heat release
rate for Case 1 at three different times on a typical z-z
plane. The time interval is 0.047;. Although the turbulent
premixed flame of Case 1 is classified in wrinkled flamelets
regime, the unburned mixture with high heat release rate
is formed behind flame front. The distributions of heat re-
lease rate on the z-y and z-z planes with axes of coherent
fine scale eddies are shown in Fig. 10. The visualized z-z
plane is same as that in Fig. 9. The distribution on the z-y
plane shows that the unburned mixture possesses spire-like
structure. Since the perpendicular eddy at the cusp of spire
structure can be observed, the spire structure is considered
to be produced by the intrusion of the coherent fine scale
eddy. Three-dimensional structures like handgrip or spire
enhance the local heat release rate and lead to the increase
of turbulence burning velocity.
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Figure 11: Probability density functions of the local heat
release rate.
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Figure 12: Probability density functions of the local heat
release rate conditioned with the sign of second invariant of
velocity gradient tensor.

Statistical Characteristics of Local Flame Structure

To clarify effects of turbulence characteristics on local
flame structure, the statistical characteristics of flame el-
ements are investigated. The flame fronts are defined as
points with the local maximum temperature gradient. Prob-
ability density functions (pdf) of local heat release rate are
shown in Fig. 11 for all cases. The local heat release rate
is the maximum heat release rate in the flame element and
normalized by AHy . In Case 1, which is classified into wrin-
kled flamelets regime, the pdf of heat release rate shows a
sharp peak at 1.0AH and the fluctuation of heat release
rate is about 0.2AH ;. With the increase of turbulence in-
tensity and decrease of turbulence characteristic length, the
fluctuation of heat release rate becomes large. In Case 3,
the pdf is nearly flat in the range of 0.9AHy to 1.1AH
and the maximum heat release rate reaches to 1.3AH and
the minimum also decreases to less than half of AH.

The pdf of heat release rate is conditioned with the sign
of Q at the flame front to investigate the effect of coherent
fine scale eddies on the local heat release rate. From the def-
inition, the rotation rate (W;;W;;) exceeds the strain rate
(S:;S:j) in the region with @ > 0. These regions represent
coherent fine scale eddies of turbulence approximately. In
the regions with @ < 0, the coherent fine scale eddy does not
exist, and strain field dominates the flow. In these regions,
the dissipation rate of turbulent kinetic energy is high. Fig-
ure 12 shows the conditional pdfs of the heat release rate. In
all cases, probability of flame element with high heat release
rate for @ > 0 is higher than that for @ < 0, which means
that rotation dominant regions tend to enhance the heat re-
lease rate and strain dominant regions tend to suppress it. In
Case 2, which is classified into corrugated flamelets regime,
Tanahashi et al. (1999a) have clarified that the coherent fine
scale eddy parallel to flame front transports unburned gas
into the flame front by strong swirling motion and generates
the region with high heat release rate. These results indi-
cate that coherent fine scale eddy tends to enhance the heat
release rate for all cases.

Figure 13 shows the pdfs of flame thickness of local
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Figure 13: Probability density functions of the local flame
thickness.
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Figure 14: Probability density functions of curvature of
flame front.
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Figure 15: Probability density functions of tangential strain
rate.

flame elements. The local flame thickness is defined by
§ = (Ty —T..)/(n-gradT )max, where n is an unit vector nor-
mal to the temperature gradient. The local flame thickness
is normalized by 6z. The pdf of Case 1 shows the peak near
1.007,. In Case 3, most expected flame thickness becomes
thin and decreases to 0.86y,. For all cases, the fluctuation of
flame thickness is large. Even in Case 1, the maximum and
minimum thickness are 2.561, and 0.84;. The fluctuation in
Case 3 is larger than other cases and flame elements with
0.5, to 3.38, can be observed.

The curvature of flame front and strain rate on the flame
surface are important parameters to characterize local flame
structure. The pdfs of the curvature of flame front are shown
in Fig. 14. The curvature is defined as k = 1/r; + 1/ra,
where r1 and r2 denote two curvature radii of the flame
surface. The flame element convex toward the burned side
has positive value and the curvature is normalized by é;, in
Fig. 14(a) and by 7 in Fig. 14(b). In Case 3, probability of
flame element with large curvature increases compared with
other cases as shown in Fig. 14(a). However, if curvature is
normalized by 7, the pdfs show a good agreement and the
minimum radius of flame front is about 1.01. These results
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Figure 16: Joint probability density functions of the curva-

ture and the local heat release rate for Case 1(a), Case 2(b)

and Case 3(c).
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Figure 17: Joint probability density functions of the tangen-
tial strain rate and the local heat release rate for Case 1(a),
Case 2(b) and Case 3(c).

show that the curvature of flame front depends on turbulence
characteristic length in the unburned side.

Figure 15 shows the pdfs of the strain rate tangential
to flame surface. The tangential strain rate at the flame
front is defined as a: = t14; : Vu + taty : Vu, where t; and
t2 represent unit vectors tangential to the flame front and
are satisfying a relation of ¢; - o = 0 (Candel and Poinsot,
1990). The positive tangential strain represents stretch and
the negative strain does compression. The tangential strain
rate is normalized by Sj, and 6, in Fig. 15(a) and by u' and
A in Fig. 15(b). In Fig. 15(a}, pdfs of tangential strain rate
show the peak at positive value for all cases, which means
that most of flame element are stretched by the turbulence
motion. The maximum and most expected tangential strain
rate of Case 3 are larger than those of other cases. If the
tangential strain rate is normalized by turbulence character-
istics as shown in Fig. 15(b), pdfs of the tangential strain
rate for all cases coincide very well, and the peak value is
observed at the inverse of Taylor time scale. From these re-
sults, it is considered that the tangential strain rate at the
flame fronts can be scaled by the turbulence characteristics
in the unburned gas.

Figure 16 shows the joint pdfs of the curvature of flame
front and the local heat release rate. The curvature of flame
front is normalized by d;. For all cases, the local heat re-
lease rate shows strong correlation with the curvature and
increases with the increase of the curvature. Furthermore,
the gradient of AH* with respect to k* is nearly identi-
cal for all cases. Figure 17 shows joint pdfs of the tangential
strain rate and local heat release rate. Tangential strain rate
is normalized by Sy and ;. In Case 1, local heat release
rate shows a correlation with the tangential strain rate and
shows larger value in the stretched flame elements. However,
in Case 3, the distinct correlation can not be observed.

CONCLUSION

In this study, direct numerical simulations of hydrogen-
air premixed flames propagating in homogeneous isotropic
turbulence are conducted to investigate effects of turbulence
characteristics on the local flame structure, and the following
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conclusions are obtained.

(1) For all cases, the distributions of heat release rate show
three-dimensionally connected sheet-like feature, even
though the heat release rate is highly fluctuating along
the flame front.

(2) For the turbulent premixed flames in corrugated
flamelets regime, the handgrip structure is produced by
intrusion of the coherent fine scale eddy into the flame.
The heat release rate in this structure increases, which
is attributed to the same mechanism as in flame front
of a laminar case. In the wrinkled flamelets regime, the
spire-like structure of the flame front is created due to
the coherent fine scale eddies of turbulence.

(3) Flame elements in thin reaction zones show large fluc-
tuation of heat release rate compared with those in
flamelets regime. The coherent fine scale eddies tend
to enhance the heat release rate and strain dominant
regions tend to suppress it. Most expected flame thick-
ness in thin reaction zones is thinner than those in
flamelets regime. The curvature and tangential strain
rate of the flame fronts can be scaled by the turbu-
lence characteristics of unburned gas. For all cases,
the curvature shows the strong correlation with local
heat release rate and flame elements convex toward the
burned gas tend to show high heat release rate.
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