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ARTICLE INFO ABSTRACT

Keywords: The cool flame dynamics, especially in turbulent flows, is of great interest for both practical application
Cool flames and fundamental research. In this study, a series of direct numerical simulations of turbulent premixed n-
Turbulent premixed flames C;H,4/0,/0;/N, cool flames are performed, with the focus on the influence of turbulence intensity (u'/S;,

Turbulent burning velocity

. where S, is the laminar flame speed) on the flame structure as well as the global and local cool flame
Flame displacement speed

dynamics. It is found that the cool flame front is considerably wrinkled by turbulence at high «’/S,, leading
to significantly thickened turbulent cool flame brush and largely altered local reactivity compared with the
reference laminar flame. However, the turbulent flame structure in the temperature space is found to be
insensitive to u’/S;. Besides, with increasing «’/.S;, the normalized turbulent cool flame speed (S;/S;) is
monotonically increased, attributed to substantial augmentation on the flame surface area (A;/A,), while the
stretching factor (/) remains almost constant and is smaller than 1. The underlying mechanisms for such
variations are revealed through local flame dynamics analysis. Specifically, the local flame displacement speed
S, is found to be strongly negatively correlated with flame curvature; meanwhile, such negative correlation
and the probability distribution function (PDF) of flame curvature are barely influenced by «'/S,, leading
to a weak dependence of I, on «’/S,. In contrast, the PDF of the tangential strain rate is found to span a
much wider range and shift to the positive side as «’/.S; increases, suggesting that the enhanced tangential
strain rate is the main cause for the increase in surface area of the turbulent premixed cool flame. Finally, the
influence of equivalence ratio on above findings is found to be insignificant, indicating that although the local
reactivity of turbulent premixed cool flames is altered due to the differential diffusion, the resultant flame-
stretch interaction is insensitive to the equivalence ratio. This study presents some unique cool flame dynamics
that are distinct from hot flames, which can help improve the understanding and modeling of turbulent cool
flames.
Novelty and Significance Statement

The novelty of this work is that the combined global and local flame dynamics analyses are conducted for
isolated turbulent premixed cool flames for the first time. It is found that with increasing turbulence intensity,
the normalized turbulent cool flame speed increases monotonically due to substantial increase on flame surface
area, whereas the stretching factor remains almost constant. The underlying mechanisms for these trends are
revealed through the local flame dynamics analysis. Besides, the influence of equivalence ratio is found to be
insignificant on the cool flame dynamics. Results from this work demonstrate that the turbulent premixed cool
flame features some similar characteristics as the turbulent hot flames with Lewis number larger than 1, but
more importantly, it also present some unique characteristics which are distinct from hot flames. Therefore,
this study contributes to a better understanding of cool flame dynamics.
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1. Introduction

The cool flame, which is governed by low-temperature chemistry
(LTC) [1], has received renewed interest in the last two decades due to
its large impacts on the combustion process in many high-efficiency,
low-emission engines [1,2]. For example, the previous studies [2-4]
have demonstrated that under engine-relevant conditions, the LTC igni-
tion kernel is usually first initiated and then transitions to a transport-
supported cool flame propagating toward rich mixtures, which sub-
stantially influences the timing and location of the subsequent high
temperature ignition. Therefore, the cool flame dynamics, especially
under turbulence conditions, is of great interest for both practical
application and fundamental research.

Extensive experimental and numerical studies have been conducted
for laminar cool flames to better understand the structure and dy-
namics of cool flames [1]. In particular, based on the counterflow
configuration, the stabilized and isolated premixed and non-premixed
cool flames have been experimentally established [5,6], enabling direct
measurement of cool flame ignition and extinction limits. By using a
Hencken burner with ozone addition, Belmont and coworkers [7,8]
established the freely propagating cool flames and measured the iso-
lated laminar cool flame speeds which is a critical cool flame property.
Through 1D simulations with detailed chemistry, Yang and Zhao [9]
investigated the stretch effect on premixed cool flame dynamics and
found that the stretched cool flame speed is always negatively corre-
lated with stretch rate regardless of the equivalence ratio, a feature that
is distinct from hot flames. Such phenomenon was also observed in the
2D simulations conducted by Wang et al. [10] where the cool flame
propagates in a mixing layer. The response of cool flame propagation
speed in stratified mixtures is also found to be different from that of
hot flames [11]. These laminar flame studies have revealed the unique
characteristics of cool flame dynamics which are associated with LTC.

Some recent efforts have been devoted to the turbulence-LTC inter-
actions and turbulent cool flames at engine-relevant conditions [3,4,
12]. However, these studies have mainly focused on the impacts of LTC
and cool flames on the multi-stage and multi-mode ignition process,
while there are only few studies on isolated turbulent cool flames [13—
16]. Novoselov et al. [14] conducted a combined experimental and
numerical investigation for turbulent non-premixed cool flames, and
reported the unity effective Lewis number transport of turbulent non-
premixed cool flames. Savard et al. [16] numerically studied turbulent
premixed cool flames and found that a LTC supported ignition front was
able to transition to a self-propagating cool flame due to turbulent diffu-
sion. These turbulent premixed cool flames were found to be strongly
distributed, whereas the reaction zone structure and global chemical
pathways remain similar to the reference laminar cool flame. Besides,
they reported that the burning efficiency factor (or stretch factor 1)
was larger than 1 for turbulent premixed cool flames [16], which is, to
some extent, contradictory to the negative correlation between flame
speed and stretch rate observed in laminar premixed cool flames [9].
In this context, the dynamics of premixed cool flames has not been
well understood. Moreover, to the authors’ best knowledge, the flame-
stretch interaction in turbulence environment as well as its influence
on the global propagation speed of turbulent premixed cool flame has
not been studied.

Therefore, the objective of this study is to investigate the isolated
turbulent premixed cool flames, with the focus on the analysis for both
global and local flame dynamics. A series of direct numerical simula-
tions (DNS) are conducted for turbulent premixed n-C;H;4/0,/05/N,
cool flames subjected to different turbulence intensities. Besides, con-
sidering that the flame-stretch interaction is very sensitive to equiv-
alence ratio for hot flames, the influence of equivalence ratio on
turbulent premixed cool flames is also investigated. The same mix-
ture and thermodynamic conditions as in the experiments measuring
laminar cool flame speeds [7,8] are considered in this study.
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2. Numerical methods and flame configurations
2.1. Numerical configuration

As shown in Fig. 1, the statistically-planar turbulent premixed flame
configuration adopted in [15,16] is considered. Specifically, a turbu-
lent premixed n-C;H;q cool flame propagates along the streamwise
direction (y) in a box with the size of L, x L,xL, where L,=6L
and L, = L, = L. The inflow and outflow conditions are imposed
in the streamwise y direction, with periodic boundary conditions in
lateral x- and z-directions. A non-reacting, statistically stationary ho-
mogeneous isotropic turbulence (HIT) is first computed to initialize the
flow field and is also imposed to the bulk inlet flow. Then a laminar
premixed cool flame computed from Cantera [17] is mapped along
the y-direction with the flame front located at the center of domain.
To maintain the turbulence with prescribed intensity, a linear velocity
forcing method [18] is applied to generate turbulence in the region
from y=0.5L to 5L. This method has been used in many previous DNS
studies with the same configuration [16,19,20], and has been demon-
strated to leave the small-scale behavior essentially unaltered [18].
Besides, in [20], the turbulent flame dynamics in forced and decaying
HIT were studied, and very similar turbulence-flame interactions were
observed. In the present DNS, the mean inlet velocity is adjusted based
on the active-control algorithm of Bell et al. [21] to statistically anchor
the turbulent flame brush at the center of domain. All the analysis is
conducted for the flame that has reached a statistically steady state.

The low Mach number Navier—Stokes equations are solved using the
finite difference DNS solver DINO [22]. A sixth-order finite-difference
method is used for spatial discretization and a semi-implicit third-
order Runge-Kutta method is employed for temporal integration. The
mixture-averaged transport model is adopted to calculate molecular
diffusion fluxes. The chemical reaction rates as well as the thermal and
transport properties are computed by Cantera [17].

2.2. Flame properties and turbulence parameters

As mentioned before, Belmont and co-workers [7,8] measured the
laminar cool flame speed for n-C;H,¢/0,/05/N, mixtures, which has
been the very rare experimental data for cool flame speed up to date.
They also provided a reduced mechanism which is a subset of the
Lapointe mechanism [23] appended with O; sub mechanism [24]. This
reduced mechanism has restricted the kinetic pathway transition from
cool flame chemistry to hot flame chemistry to achieve an isolated cool
flame without the trailing hot flame, and was demonstrated to have
a good accuracy in predicting the cool flame speed as well as flame
structure (such as flame temperature and formaldehyde intensity) for
n-C;H,¢. Therefore, in this DNS study, we adopted the same mixture
composition, thermodynamic conditions, and reduced mechanism (41
species and 196 reactions) used in [7,8] to ensure that the simulated
cool flames are realistic, and the chemical mechanism used has been
validated against cool flame data. The initial O,/N, volume ratio is
3.81:1 and then a small amount of O, is replaced by Os;, leading to
5.5% O; concentration in 0,/0; by volume. The temperature and the
pressure are fixed at 7,=392 K and P = 22.7 kPa as in [8]. To the
authors’ best knowledge, this is the first DNS study of isolated turbulent
premixed cool flames in non-autoignitive conditions.

The flame properties and turbulence parameters for all cases consid-
ered are listed in Table 1. In Cases 1-4, the equivalence ratio (¢) is fixed
at 1, while the non-dimensional turbulent intensity («//.S;) is increased
from 2 to 8 to investigate turbulent cool flames at different turbulence
intensities. In Cases 5 and 6, the equivalence ratio is decreased and
increased respectively at fixed u'/S;=6. Therefore, Cases 3, 5, and
6 form an equivalence ratio sweep. In all cases, the non-dimensional
integral length scale (/1/1,) is fixed to 2. Here, Sy is the laminar cool
flame speed and / is the laminar cool flame thickness computed based
on the maximum temperature gradient. The corresponding Damkohler
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Fig. 1. Computational case setup of DNS. The inlet flow velocity U,, consists of the mean u;, and fluctuation «’ parts. The flame front which is colored in red is denoted by the
temperature iso-surface. The velocity magnitude distribution at the inlet, the Y, ;s distribution in the horizontal bottom cutting plane, and the Y, .., distribution in the vertical
central cutting plane are also presented. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 1

Flame properties and turbulence parameters for cases considered. S; is the laminar flame speed, /,=(7},-T,)/|VT|,,,, is the laminar flame thickness, é is the laminar reaction zone
thickness which is defined as the width of region with fuel consumption rate exceeding 20% of the peak value, «' is the turbulent fluctuation speed, /, is the turbulent integral
length scale, Da = (I /u')/(l;/S,) is the Damkohler number, Ka = (lf/S,_)(14’3/(vlr))‘/2 is the Karlovitz number, Kaj; is the reaction zone Karlovitz number, Re; = u'l; /v is the
turbulent Reynolds number, and r, = /;./u’ is the eddy turn over time. Here, v is the kinematic viscosity of unburned gas. All parameters of the corresponding laminar flames are

computed using Cantera [17].

Cases ] S, [m/s] I, [mm] § [mm] u'/S, Ip/ly Da Ka Kag Rep 7, [ms]
1 1.0 0.29 1.32 1.05 2.0 2.0 1.00 4.33 1.98 18.72 3.26
2 1.0 0.29 1.32 1.05 4.0 2.0 0.50 12.24 5.60 37.44 1.16
3 1.0 0.29 1.32 1.05 6.0 2.0 0.33 22.48 10.29 56.16 0.62
4 1.0 0.29 1.32 1.05 8.0 2.0 0.25 34.61 15.84 74.88 0.41
5 0.6 0.28 1.57 1.42 6.0 2.0 0.33 23.07 15.96 59.16 0.76
6 2.0 0.27 1.01 0.58 6.0 2.0 0.33 21.42 4.86 51.01 0.49
102 B . length scale, is satisfied for all cases. A grid convergence study is
Brokenreaction provided in Supplementary Material. The time step in the simulation is
255 9 about 1x107% s, corresponding to CFL=0.3. The simulated time is about
; Thin reaction 70 eddy turnover time (z,) for most cases except for Case 1 where the
c,? ';\“0 zones simulated time is 40 z,. It takes 600 hours for each DNS case when
‘g 10! using 432 CPUs.
% 2.3. Reference laminar cool flames
i Corrugated To provide basic understandings of the laminar cool flame structure,
‘5 10 flameles Fig. 3 shows the profiles of temperature, mass fractions of reactant (n-
o E % C;H;4), product (CH,0), and intermediate species (C;H;5 and KET1,
E ’ i.e., ketohydroperoxide), as well as the fuel consumption rate (@)
Laminar Wrinkled for the reference laminar cool flames at different equivalence ratios.
flames flamelets It is seen that for all equivalence ratios, the reactant is only partially
consumed and the burned temperature is very low (<1000 K), which
N . - ; are typical characteristics of cool flames as reported in many previous
10 1 10” 101 10') 10" studies [1]. Besides, it is noted that the reaction zone for cool flames

Length scale, I /l;

Fig. 2. Turbulent cool flame cases in Peter’s regime diagram [25]. Note that cases
with different equivalence ratios overlap in the diagram.

number Da, Karlovitz number Ka, and turbulence Reynolds number
Rey are also reported in Table 1. Note that all cases are located in the
thin reaction zone in Peters’ regime diagram [25], as shown in Fig. 2.
Besides, as the reaction zone Karlovitz number (Kas) was reported to
be more relevant for the transition to distributed burning [19], Table 1
also presents K aj for all cases, which is calculated as Ka; = 52 /ﬂg [19],
where 6 is the laminar reaction zone thickness and 7; is Kolmogorov
length scale evaluated at the reaction zone (taken at the temperature
corresponding to the peak fuel consumption rate in the laminar flame).

The computational domain is determined by L=5.3/; and is dis-
cretized by an uniform Cartesian grid of N x 6N x N with N=128.
Consequently, the cool flame thickness is always resolved by more than
12 grid points and the criterion of k,,,.n >2.5, where k,,,, = zN/L is
the maximum wavenumber magnitude in DNS and 7 is the Kolmogorov

is much wider compared with hot flames, which can be seen from the
mass fraction distributions of intermediate species and fuel consump-
tion rate. In particular, the reaction zone width 6, which is defined as
the width of the region with fuel consumption rate higher than 20%
of the peak value [16], is found to be comparable with laminar flame
thickness /, (see in Table 1). Besides, compared with &, the reaction
zone characterized by mass fractions of the intermediate species is even
thicker. These features would substantially influence the interaction
between cool flames and turbulence.

3. Results and discussion
3.1. Structure of turbulent premixed cool flames

Fig. 4 first shows the structure of turbulent premixed cool flame in
physical space at different turbulent intensities, by plotting contours of
temperature, mass fractions of CH,0, C;H;5, and KET1, as well as the
normalized fuel consumption rate (@5 /@F 1 ngx> Where @ g ., is the
peak value of fuel consumption rate in the corresponding 1D laminar
flame) on the 2D vertical central slice. For Case 1 with u’/S;=2, the
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Fig. 3. Spatial profiles of temperature, mass fractions of n-C;H;s, CH,0, C;H;5, and
KET1, as well as the fuel consumption rate (@) for the reference laminar cool flames
at different equivalence ratios.

Table 2

Time averaged 6, /6 for Cases 1-4.
Cases 1 2 3 4
o0/6 2.42 3.13 3.71 3.82

cool flame front is wrinkled by the large turbulence eddies while the
local flame front still resembles the ‘flamelet’ structure in general.
With increasing /S, the cool flame is strongly distorted and some
flame pockets of burned gas are formed due to the flame-to-flame
interactions. Consequently, the turbulent cool flame brush is signif-
icantly thickened with distributed reaction zone for Cases 3 and 4.
Specifically, certain amounts of C;H;5 and KET1 are observed in low
temperature region, while the fuel consumption rate tends to be dis-
tributed in the high temperature region. To quantify the distributedness
of the reaction zone, the ratio of the turbulent reaction zone thickness
8r=Vol(@f > 0.2@f ; max)/ A to that of the reference laminar flame 6 is
computed [16], although /6 does not distinguish between an increase
in turbulent flame surface area and flame thickness. Note that 6, /6 has
also been computed based 0.1 threshold, and it is found that this ratio is
not sensitive to the choice of threshold (see Supplementary Materials).
As listed in Table 2, the time averaged 6, /6 is noticeably larger than 1
and shows an increasing trend with «’/S;, although these turbulent
cool flames are still within the thin reaction zone in Peters’ regime
diagram. Besides, in [19] where the same fuel type (n-C;Hs) was
considered in the context of hot flames, the distributed flame structure
was observed at a much higher Ka level (Ka >200) compared with this
study. Fig. 5 further directly compares 6;/6 at different Ka; between
turbulent cool flames (Cases 1-4 in this work) and hot flames (Cases
A-C in [19]). It is seen that the data points of cool flames are well
above those of hot flame. This suggests that compared with hot flames,
cool flames are more prone to be distributed by turbulence. This is due
to the large reaction zone thickness of cool flame as shown in Table 1
and the small increase in temperature across the cool flame front. These
results are consistent with the observation in [16].

On the other hand, it can also be seen from Fig. 4 that the local fuel
consumption rate is largely altered along the flame front. Specifically,
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high fuel reactivity and high concentrations of intermediate species
(C;H;5, and KET1) are observed at the negatively stretched flame
segments which are convex towards the burned gas, while low fuel
reactivity and low concentrations of intermediate species are observed
at positively stretched flame segments which are convex towards the
fresh gas. This behavior is analogous to the turbulent hot flames of
lean n-C;H,g/air mixture whose Lewis number is larger than 1 as re-
ported in [19], indicating that the differential diffusion effects are also
important for turbulent cool flames, even at high turbulent intensities.

To investigate the turbulent cool flame structure in temperature
space, Fig. 6 shows the joint probability density functions (PDFs) and
conditional means of Y¢, ., Ycu,0, Yger1> and @p versus temperature
(T) for Cases 1-4. The corresponding 1D laminar flamelet with mixture-
averaged transport model and unity Lewis number model are also
plotted for comparison. The comparison between these two 1D laminar
flamelets indicates that the differential diffusion has strong influence on
the distributions of Yy, ., Yggr1, and ap. For Y¢ ., the conditioned
mean profile of turbulent cool flames falls within the region enveloped
by the two 1D flame flamelets and show considerable departure from
them. For Yy yr;, the conditioned mean profile is close to the unity
Lewis number 1D flamelet in the low temperature region while it is
approaching the non-unity Lewis number 1D flamelet in the relatively
high temperature region. In contrast, for Y¢p, o, the conditioned mean
profile of turbulent flames overlaps with the two 1D flame solutions.
Regarding @y, although the mean profile follows the non-unity Lewis
number 1D flamelet in low temperature region, its peak value is re-
duced, approaching the peak value of unity Lewis number 1D flamelet.
Such reduction in peak fuel consumption rate by turbulence was also
reported for turbulent lean n-C;H,¢/air hot flames in [19].

However, it is interesting to note from Fig. 6 that the turbulent cool
flame structure in the temperature space shows a very weak sensitivity
to the turbulence intensity as the mean profiles are very similar at
different turbulence intensities for all quantities. This is further con-
firmed by Fig. 7 where conditioned mean profiles of Yy pr, and o
for Cases 1-4 are directly compared. Here, the data was extracted
only from the iso-surface of temperature which corresponds to the
maximum heat release rate in 1D flamelet. It is seen that the profiles at
different turbulence intensities almost collapse with each other. This
observation serves as a evidence indirectly supporting that the LTC
chemical pathways which govern the cool flame dynamics are globally
insensitive to turbulence as reported in [16].

3.2. Global turbulent cool flame speed

In this subsection, the global flame dynamics of turbulent premixed
cool flames are investigated. To characterize the global propagation
speed of turbulent cool flames, the turbulent burning velocity S; is
computed based on the fuel consumption rate as:

1
S L / opdV ©)
r pu(YF,u_YF,b)AL Q r

where p, is the unburned gas density, Yy, and Y} , are the mass fraction
of fuel species in unburned gas and burned gas, respectively, A; = LxL
is the projected flame area in the streamwise direction, and £ is the
volume of the whole computational domain. The turbulent cool flame
surface area A is computed based on the generalized flame surface
density X = |V¢| as:

AT=/2dV=/ |VeldV (2)
Q Q

where ¢=(Yr ,-Yp)/(Yp,-Yr,) is the progress variable and Y is the
mass fraction of n-C;H;¢. The stretching factor I, is then introduced
to characterize the deviation of local fuel consumption rate as:
Sr Ar

S. YAy

Thus, I, can be calculated as I, = (S;/.S;)/(Ar/A;), which measures
the impact of differential diffusion.

3
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Fig. 4. 2D slices of 3L x L region centered around the flames showing the contours of temperature (7'), mass fractions of CH,0, C;H;5, and KET1, as well as the normalized fuel
consumption rate (@ /@y ; ue), for Cases 1-3 with increasing «'/S, . The ranges for T, Ycu,0, Yo u,,» Ykeri> and @/ 1 0, are [392, 938 K], [0, 0.012], [0 0.0013], [0, 0.015],

and [0, 2], respectively.

5 .
O Cool flames in this work
A Hot flames in Ref. [19] A
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e Y
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9 .
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Fig. 5. Change of 6,/6 with Ka; for turbulent cool flames (Cases 1-4 in this work)
and hot flames (Cases A-C in [19]).

Fig. 8 exemplarily shows the temporal evolution of S;./S;, Ar/A;,
and I, for Case 1 with ¢=3 and u’/.S;=2. It can be seen that S /S|
starts from 1, and undergoes a sharp increase as the generated tur-
bulence wrinkles the cool flame front. Meanwhile, I, is decreased to
a value lower than 1 due to perturbation of local reactivity. Once
the turbulence reaches the prescribed level, S, /S, fluctuates around
a mean value. Despite the oscillation, the turbulent cool flame has
reached the statistically steady state after r > 20z,. Therefore, for all
cases, the statistics are collected after 1 > 20z, and over a period of at
least 207, as indicated by the horizontal lines in Fig. 8. Results for all
other cases can be found in Supplementary Material.

Fig. 9 shows the time averaged S/.S;, Ar/A;, and I, at different
u'/S;. It is found that with increasing «'/S;, S;/S, increases sub-
stantially, which is attributed to the increase in A;/A;. This aligns
with the thickened turbulent cool flame brush shown in Fig. 4 and
Table 2. In contrast, I, is lower than 1, indicating that the differential
diffusion exerts a suppression effect on the propagation of turbulent
cool flames, which is consistent with the reduction in fuel consumption

rate observed in Fig. 7. Moreover, I, is not sensitive to the turbulence
intensity and remains almost constant at about 0.63, which is consistent
with the fact that the turbulent cool flame structure in the temperature
space is insensitive to the turbulence intensity as discussed in the
previous subsection. In the next subsection, the local flame dynamics
analysis will be conducted to better explain the variation trend of
turbulent cool flame speed.

3.3. Local dynamics of turbulent cool flames

In this subsection, the local turbulence-chemistry interaction of
turbulent cool flames are analyzed in terms of the flame displace-
ment speed S, and flame stretch rate Kg. The latter will not only
influence the local flame speed by coupling with differential diffusion
but also control the turbulent flame surface generation since K¢ =
1/Ar(d Ay /dt) by definition.

The flame displacement speed S, can be decomposed into three
components as:

Sy =S4, +Sgn+Sas (€))

where S, , = @./p|Vcl, Sy, =n-V(pDn-Vc)/p|Vcl|, and S,;, = 2Dk
are the reaction, normal diffusion, and tangential diffusion components
of S,, respectively. Here, @, is the reaction rate of progress variable,
n = —Vc¢/|Ve| the flame normal vector that points toward the unburned
gas, k = 0.5(V-n) is the flame front curvature, D is the progress variable
diffusivity.

The stretch rate Ky can be decomposed into two components as:

K¢ =a, +2xS,, )

where ¢, = V-u —nn : Vu is the tangential strain rate, and 2x.S,
is the curvature stretch. Accordingly, the stretch Karlovitz number is
computed as Kag = Kag, + Kag, with Kag, = (I;/S;)a, and Kag . =
(I;/S1)2xS,. All these quantities are evaluated at the flame front that
is characterized by the iso-surface of progress variable corresponding
to the maximum fuel consumption rate in the reference laminar cool
flames.

Fig. 10 shows the PDF of density-weighted S = pS,/p, and its
components for Cases 1-4. In Case 1, the PDF of S7 is found to peak
approximately at S;, indicating that the local cool flame front is still
burning similar to a laminar flamelet. In Cases 2-4 with relatively high
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u'/S, S{’;r shifts leftwards and shows a longer tail in large positive
value, which is resulted from the enhanced differential diffusion and
also turbulence fluctuation, while S* shifts to positive side (towards
zero) with increasing u’/S;. As for S; , it peaks at zero value with
generally good symmetry for all cases and spans a slightly wider range
with increasing «’/S; due to the enhanced turbulence fluctuation. Ac-
cording to the definitions of S} and S}, in Eq. (4), S} is proportional
to the gradient of progress varlable whlle Sy, s proportlonal to the
curvature. At higher «’ /S, the turbulent cool flame is widened, leading
to smaller gradient of progress variable and thus smaller magnitude of
S - In contrast, u’ /S only marginally influences the PDF of curvature
(whlch will be shown below) and thus S;‘ is insensitive to u’/S;.

Consequently, S} spans a much wider range to both negative and
positive sides in Cases 2-4 compared with Case 1. This is consistent
with the thickened flame brush of turbulent cool flames for Cases 2-4 as
observed in Fig. 4.

To examine the dependence of S, on the flame tangential strain
(a,) and curvature (x), Fig. 11 presents the joint PDF of S/, against
Kag, and S7/S; against k * [;. It is found that at all turbulence
intensities, S7;/.S; is more strongly correlated with x * /, compared
with Kag,, indicating that for the turbulent premixed cool flames, the

local flame speed is primarily influenced by the flame curvature instead

Combustion and Flame 270 (2024) 113759

of tangential strain rate. Specifically, S7/S, is negatively correlated
with x * [, in both positive and negative x I, regions, while there is
no obvious correlation between S /.S, and Kag,. Besides, the joint PDF
of §7/S, against x * I, tends to peak at (x = [,=0, S7/S,=1) even for
the highest turbulent intensity case. This further confirms that S7/S,
is mainly controlled by flame curvature, instead of flame tangential
strain. Such strong negative correlation between local reactivity and
curvature was also observed for turbulent lean n-C,H,¢/air hot flames
in [19], which once again indicates that the turbulent premixed cool
flame is analogous to the turbulent hot flame with the effective Lewis
number larger than 1. Furthermore, to demonstrate the influence of
differential diffusion (due to Lewis number larger than 1) on the cool
flame dynamics, we conducted an additional DNS case with unity Lewis
number based on Case 3. As shown in Supplementary Material, when
the Lewis number is set to be 1, I is close to 1 and the strong negative
correlation between S./S¢L and « * I, has disappeared.

To better understand the correlation between S7/S; and « * I,
Fig. 12 shows the mean values of S7/S; and its components condi-
tioned on x = [,. First, it can be seen that S/, shows a similar
negative correlation with x «+ [, at different turbulence intensities,
which is attributed to the similar dependence of S; /S, and S} /S, on
K * [ ;. The latter is expected given S, , = —2Dx where D is not relevant
with turbulence intensity. Second, in the negative curvature region,
8%/, is primarily determined by the behavior of reaction component
NWAYSE while in the positive curvature region, Sy /S¢L approaches
zero and thus S /S, is primarily determined by the tangential diffusion
component R\ /SL Third, due to different sensitivities of Sy /SL and

» /Sp toK % l 7> S5/ S shows a stronger correlation with x 1 + in the
negatlve curvature region than in the positive curvature region. Finally,
it is worth noting that the magnitude of S7 /S, is comparable to or
even higher at large ¥ x /, region than that of §% /S, suggesting
the important role of the tangential diffusion, Wthh should not be
neglected when modeling turbulent premixed cool flames.

Fig. 13 further shows the PDF of Kagy and its components as well
as the normalized «. It is found that with increasing «’/.S;, the PDF of
Kayg spans a much wider range and shifts rightwards. This is largely
resulted from the dependence of the tangential strain rate term Kag,
to turbulence intensity. In contrast, the PDF of the curvature term
Kag,. shows a weak sensitivity to «'/S; and peaks at zero. This is
because the PDF of curvature is only slightly influenced by v’/.S; and
features a symmetry profile centered on x=0. These results indicate that
the increasing trend of A;/A; with «'/S; for cool flames is mainly
attributed to the enhanced tangential strain rate. On the other hand,
considering that the local flame displacement speed is mainly con-
trolled by the flame curvature as discussed above, the weak dependence
of flame curvature on «’/S; explains the almost constant I, at different
turbulence intensities observed in Fig. 9.

To summarize, in this subsection, the local flame dynamics anal-
ysis has been conducted to better understand the global behavior of
turbulent premixed cool flames. On the one hand, the local flame
displacement speed is found to be strongly negatively correlated with
the flame curvature and neither such negative correlation nor the
distribution of flame curvature is sensitive to the turbulence intensities.
This results in sub-unity I, and its insensitivity to turbulence intensity.
On the other hand, the PDF of the tangential strain rate is found to span
a much wider range and shift to the positive side as «’/S; increases,
suggesting that the enhanced tangential strain rate is the main cause of
the increase in surface area (Ay) of the turbulent cool flames.

Note that in [16], I, was found to be larger than 1 for turbulent
premixed cool flames, which was attributed to the combination of a
thickening of the reaction zone and a slight increase of the burning
rate in temperature space compared with the reference laminar flame.
However, in this study 7, <0 was observed, and the fuel reaction rate of
turbulent cool flames was found to be significantly lower than its lam-
inar counterpart (see Fig. 6). Such difference in turbulence-chemistry
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(b) $=2.0

(a) $=0.6

Fig. 14. 2D slices of 3L x L region centered around the flames showing the contours
of mass fraction of C;H,5 and the normalized fuel consumption rate (& /@ ; ), fOr
Case 5 and 6. The ranges for Y, and &p/dp . are identical to those used in
Fig. 4 for fair comparison.

interaction are potentially due to the different thermodynamic condi-
tions (autoignitive condition in [16] vs. non-autoignitive condition in
the present study). Therefore, it merits further study on the cool flame
dynamics at a wide range of temperature and pressure, which will be
the focus of our future work.

3.4. Effects of equivalence ratio

In this section, the flame structure, global flame propagation speed,
and the local flame dynamics of turbulent premixed cool flames with
different equivalence ratios are compared to examine whether the
above findings are sensitive to the equivalence ratio.

Figs. 14 and 15 first show the structure of turbulent premixed cool
flames for Cases 5 (¢p=0.6) and Case 6 (¢=2.0) in physical space and
temperature space, respectively. Note that only the structures of Y g,
and @ /@ 1 max are presented for brevity. By comparing Fig. 14 with
Fig. 4, it is found that the turbulent cool flame brush is thickened by
turbulence in a similar level for different equivalence ratios, although
the magnitudes of Y. . and @y are different. The latter results from
the differences in laminar premixed cool flames shown in Fig. 3,
rather than the turbulence-chemistry interaction. Regarding the flame
structure in temperature space, the influence of turbulence is found to
be similar among different equivalence ratio, by comparing Fig. 15 with
Fig. 6. Specifically, regardless of the equivalence ratio, the conditioned
mean profile of Y, . falls within the region enveloped by the 1D
flamelet solutions, while the mean profile of @ follows the 1D non-
unity Lewis number flamelet in the low temperature region and the
peak value is reduced to approach the peak value of 1D unity Lewis
number flamelet.

Table 3 lists the time averaged S;/S;, Ar/A;, and [, for Cases 3,
5, and 6 to compare the global flame speed of turbulent premixed cool
flames with different equivalence ratios. It is found that A;/A; and I,
are relatively insensitive to the equivalence ratio, leading to a nearly
constant Sy-/.S; at different equivalence ratios. It is worth mentioning
that I, <1 at all three equivalence ratios indicates that the Markstein
number of cool flame is positive regardless of the equivalence ratio,
which is consistent with the negative correlation between flame speed
and stretch rate observed in previous laminar cool flame studies [9,10].
Moreover, I, <1 also implies that the effective Lewis number of cool
flames is always larger than 1 for equivalence ratio ranging from 0.6—
2.0. Therefore, most definitions of effective Lewis number developed
for hot flames cannot be readily applied to cool flames.

A potential reason for such dilemma may lie in the improper defi-
nition of equivalence ratio for cool flames. Generally, the equivalence
ratio (¢) is defined as:

YF.u YF

¢ = (YO,u )/(Y_O)st’ (6)
where Y, /Yy, is the fuel and oxidizer mass ratio in the unburned
mixture, and (Yz/Y,),, is the stoichiometric mass ratio. Here, (Y /Yy),
is calculated based on the global 1-step reaction where the fuel and
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Fig. 15. Joint PDFs (contours) and conditioned mean (green solid lines) of Yo u,, and
@y versus temperature for Cases 5 and 6, in comparison with the corresponding 1D
laminar flame solutions with mixture-averaged model (dashed lines) and unity-Le model
(dotted lines). (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.)

Table 3

Time averaged S;/S;, A;/A;, and I, for Cases 3, 5, and 6.
Cases ¢ Sr/S; Ap /AL I,
5 0.6 3.37 5.37 0.63
3 1.0 3.33 5.39 0.61
6 2.0 3.34 5.13 0.65

oxidizer are fully consumed and converted into products (such as CO,
and H,0). However, for cool flames, neither the fuel nor the oxidizer
has been fully consumed and the products are also different. Therefore,
the conventional definition of (Y5 /Y,),, is not suitable for cool flames.
Considering that there is not a well-defined global 1-step reaction for
cool flame chemistry, an alternative is to calculate (Y /Y,),, of cool
flames from the 1D unstretched laminar cool flame solutions as:

(Y_F) = M
YO st,cool — YO,u _ YO,b ’

)

where the subscripts “4” and “b” denote the unburned and burned gas,
respectively. Then, the equivalence ratio of cool flame (¢,,,;) can be
computed as:

YF U YF
ou )/(Y_O)st,cool (8)

¢caal = (Y

Table 4 presents (Yp/Y0)coors Deoor» @nd Ley,, for cool flames at
different equivalence ratios. It is seen that ¢,,, is much smaller than
1 for all cool flames, indicating that they are actually very “lean”.
Moreover, since they are “lean” cool flames, it is reasonable to use
the Lewis number of fuel (Le,,) to characterize the effective Lewis
number. As shown in Table 4, Ley,, are larger than 2 for all cool
flames, which demonstrates that the effective Lewis number of cool
flames is always larger than 1 for ¢ ranging from 0.6-2.0. The above
analysis serves as a preliminary explanation. More detailed analysis
should be conducted even in the laminar cool flame context, which
however, is not within the scope of the present study.

Fig. 16 shows the PDFs of S7/S; and its components for Cases
3, 5 and 6 with different equivalence ratios. It is found that the PDF
of reaction term Sy./SL shifts slightly rightwards with increasing ¢,
which is compensated by the leftwards shift in the PDF of the normal
diffusion terms S;,n /S, while the PDF of the tangential diffusion term
S /S, remains unchanged. Consequently, the PDF of S7/S, is found
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Table 4 cool flames in the physical space is more prone to be distributed
Qe /Y0)eont> beoor» and Ley,y for cool flames at different equivalence ratios. by turbulence compared with hot flames, due to the large reaction
¢ Yk /Y0)eont Peool Le syl zone thickness of cool flames. As a result, the local flame reactivity
0.6 1.11 0.15 2.70 along the flame front is largely altered by the differential diffusion
1.0 1.24 0.23 2.50 effects. However, the turbulent cool flame structure in the temperature
2.0 1.40 0.41 2.17

to be similar for different equivalence ratios. Fig. 17 shows the PDFs of
stretch rate Kag and its components, Kag, and Kag ., as well as the
curvature k * [, for Cases 3, 5, and 6. Interestingly, all these quantities
are found to be insensitive to the variation of ¢. These results indicate
that the flame-stretch interaction of local cool flame front is insensitive
to the equivalence ratio, which is distinct from hot flames.

The above results suggest that those findings about the global and
local flame dynamics of turbulent cool flames obtained in previous sub-
sections still hold for different equivalence ratios. Moreover, additional
six DNS cases that are identical to Cases 1-6 except for the normalized
turbulence integral scale /r/I,=1 (rather than 2) are performed and
analyzed to investigate whether the findings presented in this study
are sensitive to turbulence integral scale. As shown in Supplementary
Material, very similar results in terms of the influence of turbulence
intensity and equivalence ratio on the flame structure and global and
local flame dynamics are observed. In this context, the generality of
these results are convincing, although further demonstration is needed
given the limited thermodynamic condition considered in this study.

4. Conclusions

In this study, a series of direct numerical simulations of the statisti-
cally-planar turbulent premixed cool flames for n-C;H;4/0,/03/N,
mixtures have been performed using detailed chemistry. The influ-
ences of turbulence intensity (¢’ /.S;) on the flame structure as well as
the global and local flame dynamics were systematically investigated.
Three main observations are made.

First, it is found that the turbulent cool flame brush is significantly
thickened at high «’/.S; and the flame structure of turbulent premixed

10

space only shows a weak sensitivity to «’'/.S;, indicating that the LTC
chemical pathways that govern the cool flame dynamics are globally
insensitive to turbulence.

Second, with increasing «’/.S;, the normalized turbulent cool flame
speed (Sy/S;) is monotonically increased, which is attributed to the
substantial enlargement in flame surface area (A4;/A;). In contrast,
the stretching factor (I;) is almost constant and is smaller than 1,
indicating a suppression effect of differential diffusion. By conducting
the local flame dynamics analysis, the underlying mechanisms for these
variations were revealed. On one hand, the local flame displacement
speed S, shows a strong negative correlation with flame curvature
while such negative correlation and the PDF of flame curvature are
only weakly influenced by u’/.S;. This explains the almost constant I,
across different turbulence intensities. On the other hand, the PDF of
the tangential strain rate is found to span a much wider range and shift
to the positive side as v’/.S; increases, suggesting that the enhanced
tangential strain rate is the main cause of the increase in the surface
area (Ar/A;) of turbulent premixed cool flames.

Third, the influence of equivalence ratio on above observations was
demonstrated to be insignificant. This indicates that although the local
reactivity of turbulent premixed cool flame is subjected to consider-
able differential diffusion effects, the resultant turbulence-flame-stretch
interaction is insensitive to the equivalence ratio.

Throughout the analysis, the turbulent premixed cool flame is
shown to feature some similar characteristics as the turbulent hot
flames with Lewis number larger than 1, such as the strong negative
correlation between the local flame displacement speed and flame
curvature and the suppression effect of differential diffusion on the
global flame speed, but more importantly, it also presents some unique
characteristics which are distinct from hot flames, such as the weak
sensitivity of flame structure to turbulence intensity and the weak
sensitivity of flame dynamics to equivalence ratio. In this context, it is
believed that this study can help gain better understanding about the
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turbulent premixed cool flames. Nevertheless, it should be also noted
that only one temperature and pressure condition was considered in
this study, and thus it merits further investigation on the turbulent cool
flame dynamics at a wider range of temperatures and pressures.
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