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The study of a turbulent premixed flame often involves analysing quantities conditioned
to different iso-surfaces of a reactive scalar field. Under the influence of turbulence,
such a surface is deformed and translated. To track the surface motion, the displacement
speed (Sy) of the scalar field respective to the local flow velocity is widely used and this
quantity is currently receiving growing attention. Inspired by the apparent benefits from a
simple decomposition of S; into contributions due to (i) curvature, (ii) normal diffusion
and (iii) chemical reaction, this work aims at deriving and exploring new evolution
equations for these three contributions averaged over the reaction surface. Together with
a previously obtained S;-evolution equation, the three new equations are presented in a
form that emphasizes the decomposition of S; into three terms. This set of equations is
also supplemented with a curvature-evolution equation, hence providing a new perspective
to link the flame topology and its propagation characteristics. Using two direct numerical
simulation databases obtained from constant-density and variable-density reaction waves,
all the derived equations and the term-wise decomposition relations are demonstrated to
hold numerically. Comparison of the simulated results indicates that the thermal expansion
weakly affects the key terms in the considered evolution equations. Thermal expansion can
cause variations in the averaged S, and its decomposed parts through multiple routes more
than introducing a dilatation term. The flow plays a major role to influence the key terms
in all equations except the curvature one, due to a cancellation between negatively and
positively curved surface elements.

Key words: turbulent reacting flows, flames, homogeneous turbulence

+ Email address for correspondence: rixin.yu@energy.lth.se

© The Author(s), 2021. Published by Cambridge University Press. This is an Open Access

article, distributed under the terms of the Creative Commons Attribution licence
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted re-use, distribution,

and reproduction in any medium, provided the original work is properly cited. 911 A38-1

@ CrossMark


mailto:rixin.yu@energy.lth.se
http://creativecommons.org/licenses/by/4.0/
https://crossmark.crossref.org/dialog?doi=10.1017/jfm.2020.1095&domain=pdf
https://doi.org/10.1017/jfm.2020.1095
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Downloaded from https://www.cambridge.org/core. Chalmers Tekniska Hogskola, on 14 Jun 2021 at 11:49:12, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/jfm.2020.1095

R. Yu, T. Nilsson, C. Fureby and A.N. Lipatnikov

1. Introduction

A turbulent premixed flame is often modelled using a reaction progress variable c(x, f).
The reaction progress variable is equal to zero and unity on the unburned reactant and
burned product sides of a flame, respectively. The evolution of ¢ is described by the
convection-diffusion-reaction (CDR) equation

9 |
u.Ve=—V.(0DVe) W, (11)
at P
— ——
D

where ¢, u, p, D, D and W denote time, velocity, density, diffusivity, the diffusion term and
reaction rate, respectively. The term W often has a highly nonlinear functional dependence
on c¢. Consequently, when studying turbulent flames, many quantities of interest exhibit
large spatial and temporal fluctuations and tend to possess a strong dependence on c.
Therefore, both when analysing premixed flames from simulations and experiments, and
when formulating models for turbulent premixed flames for use in Reynolds averaged
Navier—Stokes or large eddy simulation, it is often useful to consider certain statistics
conditioned on c. In particular, a quantity ¢ (x, ) averaged over an iso-scalar surface of
c(x, 1) = ¢ ata given ¢ € (0, 1) (Veynante & Vervisch 2002) received plenty of attention
in the literature.

Consideration of conditional statistics brings forward an analysis perspective of tracing
an iso-c surface and studying its evolution. An iso-c surface is formed by the union of
points sharing an identical value of ¢, and (1.1) contains all necessary information about
how any particular point on an iso-c¢ surface moves with the flow. To see this, we first
introduce a displacement speed S; defined at any point (x, f) for which 0 < c(x,?) < 1
(Veynante & Vervisch 2002),

Sq= D+ W)/|Vel. (1.2)

Then, let us consider a composite ‘total’ velocity u™ = u — Syn where the local iso-surface
normal direction is n = V¢/|Vc¢|. Finally, a surface-following time derivative operator
0% /0%t is defined as
0 = .V 1.3
b= btut Ve (1.3)
for any quantity ¢ (x, t). Using this operator, (1.1) is reduced to (3*/9*f)c = 0, reflecting
the fact that ¢ is constant for any point following the iso-surface. The displacement speed
Sq represents the self-propagation speed of the scalar field c relative to the local fluid (i.e.
excluding flow convection) due to a combined effect of diffusion and reaction. Thus, Sy is
an essential part of the total velocity u* and key information for tracing the movement of
the iso-surface points.

One reason to study the displacement speed stems from the fact that it directly
affects stretch rate, which in turn controls the rate of change of the local area of an
iso-scalar surface within a turbulent reaction wave (Candel & Poinsot 1990). Accordingly,
research into the behaviour of S; in a turbulent reacting flow is of vital importance for
understanding the influence of turbulence on the bulk reaction rate, which is proportional
to the area of the reaction zone surface. Moreover, studying statistical information about
the displacement speed can benefit premixed combustion modelling based on, for example,
the level-set (G-equation) formulation (Williams 1985) or the flame surface density
approach for reaction rate closure (Candel & Poinsot 1990). Furthermore, variations
in the displacement speed across different zones inside a flame can provide additional
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information about changes in the intrinsic flame structure. Such changes can be induced by
turbulence and knowledge about the connection between turbulence and the displacement
speed can be particularly useful when studying turbulent flames.

Statistical behaviour of the displacement speed has been the topic of a number of studies
based on direct numerical simulations of various turbulent reacting flows, e.g. see Echekki
& Chen 1996; Gran, Echekki & Chen 1996; Chen & Im 1998; Peters et al. 1998; Echekki &
Chen 1999; Chakraborty & Cant 2005; Dopazo, Martin & Hierro 2007; Wang, Hawkes &
Chen 2017a; Luca et al. 2019 and references therein. In particular, there are many studies
of correlations between displacement speed and other important quantities characterizing
the flame surface or the local turbulent flow. A list of such quantities includes, but is
not limited to (i) the local flame curvature (Echekki & Chen 1996; Chakraborty 2007;
Sankaran et al. 2015; Wang et al. 2017a; Luca et al. 2019), (ii) strain rate (Chakraborty
& Cant 2004; Hawkes & Chen 2006; Kim & Pitsch 2007; Chaudhuri 2015; Cecere et al.
2016), (iii) flame surface topology (Dopazo et al. 2007; Cifuentes et al. 2014), and (iv)
alignment characteristics of scalar gradient with principle strain rates (Chakraborty &
Swaminathan 2007).

Another research direction consists in developing simple model equations for evaluation
of Sy in turbulent reacting flows, e.g. see the review paper by Lipatnikov & Chomiak
(2005). Such equations are typically based on the theory of weakly perturbed laminar
flames (Matalon & Matkowsky 1982; Pelcé & Clavin 1982; Class, Matkowsky & Klimenko
2003; Kelley, Bechtold & Law 2012), but fail in predicting negative local displacement
speeds (Gran et al. 1996; Peters et al. 1998; Chakraborty & Cant 2004; Chakraborty
2007; Wang et al. 2017a; Dave & Chaudhuri 2020) or high local values of S;/Sr = O(10)
documented in recent direct numerical simulation (DNS) studies of premixed turbulent
flames (Chaudhuri 2015; Lipatnikov et al. 2015; Im et al. 2016; Uranakara et al. 2016;
Lipatnikov et al. 2018). Here, Sy is the laminar flame speed, with S; = Sy in the
unperturbed laminar flame. Recently, significant progress in modelling the high local
values of S;/Sr was made by Dave & Chaudhuri (2020) who explored the evolution
of local flame displacement speeds by analysing DNS data and adopting flame tracking
techniques developed earlier by Chaudhuri (2015) and Dave, Mohan & Chaudhuri (2018).

It has also been recognized that the displacement speed can naturally be decomposed
into three components S}}V, SZ and SZ (Chen & Im 1998; Peters et al. 1998; Echekki &
Chen 1999), which represent reaction, diffusion in the normal direction and tangential
diffusion induced due to the surface curvature, respectively. The third component S5
links self-propagation characteristics of an iso-surface with its geometry. Such analyses
have revealed some physical insights. For instance, Peters (1999) argued that SZV and
§7, dominate in weak turbulence, whereas Sj; dominates in intense turbulence. Based on
this idea, Peters (1999) arrived at an expression for the turbulent flame speed, which is
applicable to different combustion regimes. This and other works motivated investigating

statistics of SZ,V, SZ’, and SZ, which was addressed in a number of DNS studies (Chakraborty
& Cant 2004; Chakraborty 2007; Wang et al. 2017b).

While statistics of the local values of Sy, S[VIV, 87 and S are addressed in many papers, a
transport equation for displacement speed has received little attention yet. Bearing in mind
the direct link between S, and iso-c surface, such an equation should be analysed in the
iso-surface-following form, i.e. (3*/3*r)¢p = > rhs, where rhs abbreviates all right-hand
side terms. Evolution equations written in this form were discussed for some quantities
such as the absolute gradient |V c| of ¢, which characterizes a separation distance between
iso-surfaces (the evolution equation for |Vc¢| is well known and its derivation is given in
appendix A, see (A28), for completeness), curvature ¢ = V . n (Cifuentes et al. 2018;
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Dopazo et al. 2018), etc. However, to the best of the authors’ knowledge, such an evolution
equation for displacement speed has not been explored until recently. To fill this knowledge
gap and to provide a more direct framework for studying displacement speed, we recently
derived a surface-following evolution equation for Sy (Yu & Lipatnikov 2019c¢).

In the same paper we also addressed another problem relevant to previous studies.
Given an evolution equation for ¢ written in surface-following form, how should a
conditioned surface average be applied to ensure that the average of the left-hand side
(Ihs) terms matches the average of the right-hand side terms? Noticing the key hurdle
being the surface average does not commute with the time derivative when the surface
itself is changing in time, we derived a general relation, see (2.11) in the next section,
to convert the evolution equation for an arbitrary quantity from a non-averaged ‘local’
form to a ‘surface-averaged’ form, thus providing a quantitative framework for numerical
study of surface averages in turbulent reacting flows. The above relation was used to
generate evolution equations for the surface-averaged S; and |Vc| (Yu et al. 2019).
Then, using a DNS database obtained from constant-density turbulent reaction waves, we
showed that all terms in the surface-averaged S;-equation could be numerically evaluated
with satisfactory accuracy, with a reasonable match between the averaged left-hand and
right-hand side terms being achieved. Further numerical investigation (Yu et al. 2020) of
the evolution equation for the surface-averaged S, (for brevity, we will write S -equation
in the following) provided insights into issues such as a retreating iso-surface element
moving at a negative displacement speed and relation between rapidly propagating surface
elements and curvature. By simply grouping all terms involving u, the direct effect of the
flow velocity on the evolution of the surface-averaged S; was also explored.

Nevertheless, there is still a number of questions related to the S;-equation that deserve
further investigation. First, several terms in the S;-equation contain high-order derivatives
and take a relatively complicated form, impeding a better interpretation and understanding
of their physical meaning. Second, in a realistic turbulent combustion system, multiple
phenomena can affect the self-propagation characteristics of a reaction wave. In order to
isolate and study the effect of flow turbulence, our previous numerical assessment on the
Sg-equation (Yu et al. 2020) was limited to DNS data obtained from a constant-density
reaction wave that passively propagated through a background turbulent flow. A simple
examination of the derived equation terms (Yu et al. 2020) has identified multiple routes
through which the flow dilatation can affect the evolution of S;. However, it is still
unknown whether or not such effects are significant enough to change the main trends
observed in the constant-density case.

In the present work, inspired by the physical insights Peters (1999) obtained using the
simple decomposition of the displacement speed, we derive a set of new surface-averaged
evolution equations for each of three decomposed parts of S;. It is found that the
corresponding terms in the S;-equation and the equations for its decomposed parts can
be organized in a consistent way such that they satisfy the same decomposition rule, thus
providing a convenient framework to understand the evolution of S; and its components.
Specifically, and not surprisingly, the equation for the curvature part of Sy is equivalent to
the equation for mean curvature. To the best of the authors’ knowledge, the latter equation
has not yet been directly linked to the S;-equation. Moreover, the three decomposed parts
of S; provide three new surface-averaged constraint relations that must be satisfied in
the statistically fully developed flame. These relations can potentially benefit turbulent
combustion modelling. Finally, to answer the questions pertaining to the flow dilatation,
we also extend the DNS database by simulating a turbulent flame, with the gas density
being decreased due to combustion-induced heat release.
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In the rest of this article we first derive evolution equations for the decomposed parts of
S4, see § 2. Direct numerical simulation data used for exploring the equations are discussed
in § 3. Results are reported in § 4 and conclusions are summarised in § 5.

2. Derivation of equations

In this section we derive new transport and surface-averaged evolution equations for the
three components of the displacement speed S;. These components represent reaction,
tangential diffusion and normal diffusion contributions to S;. Here, the derivation is
described primarily within the ‘surface average’ framework. Derivation of the transport
equations within the ‘local’ framework is given in appendix A. For completeness, the
appendix also includes the evolution equation for the ordinary displacement speed S,
previously derived by Yu & Lipatnikov (2019c¢).

2.1. General evolution equation for surface-averaged quantities

We begin with some convenient definitions. A long-hat over any expression denotes the
ensemble-averaged value, i.e.

M
n 1
= li — ; 2.1
0] S El i) (2.1)
=

and an overline denotes ensemble and volume averages taken simultaneously, i.e.
&
p= lim — — h (1, x) dx 2.2
¢ MgnooM_leV// ¢ (1. %) dx., 22)
= 1%

where M is the number of realizations in the ensemble, V is the domain volume and ¢y;
pertains to the ith realization. An instantaneous surface average of a quantity ¢ conditioned
on the iso-surface ¢(x, r) = ¢ is defined (Veynante & Vervisch 2002) as

(@)sles = @I Vcld(c —&)/IVeld(c —0), (2.3)

where ¢ is a reference value of the reaction progress variable and §(c — ¢) is the Dirac
delta function.

Let S|; ; denote the iso-surface defined by c(x, #) = ¢ whose total area is equal to A|; , =
/ fSli‘t ds. The Dirac delta function in (2.3) can now be removed by converting volume

integrals into surface integrals using the identity of

/f/¢|Vc|8(c—&)dx= f/qbds (2.4)
v

S|2,t

(Maz’ja 1985; Kollmann & Chen 1994; Vervisch et al. 1995). We arrive at

@sles= [[ oes/les 2.5)
S|Z-,t
It is well known (Pope 1988; Candel & Poinsot 1990) that the stretch rate, defined as
K=a —S;V -n, (2.6)
911 A38-5
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controls the rate of change of the area of an infinitesimal surface element of an iso-scalar
surface according to

1 o*

= —— 2.7
ds o*t g @.7)
The change of the total area is thus
el
EAIgJ = IC ds. (2.8)
S|8,t
Application of the surface average operator to K yields
T . 1
(K ler = ICdS/Ah = __A|c t (2.9)
Sle. Al 0t

Here, a; =V - u — a, is the tangential strain rate and a, = nn : Vu = n;n;Vju; is the
normal strain rate, the nabla operator with a subscript denotes spatial derivatives as
V; = 0/0x;, and the summation convention applies to repeated indexes.

As shown by Yu & Lipatnikov (2019¢), the time derivative of (2.5) can be expanded as

3 (), 10A V[
— @) ST T /fs 5, d Z/SgblCds. (2.10)

Equation (2.10) can be rewritten to give a general evolution equation for the surface average
of any quantity ¢ (x, 1),

a<¢>s|a,t=<a_¢> )
sle,t

<¢]C>s ot

(@)s e (K)s

. Q.11)

ot o*t

which holds on all iso-surfaces defined by ¢ € (0, 1) and at all time instants.

2.2. Surface-following evolution equations for Sy and its constituents

In the following we will derive surface-averaged evolution equations for the displacement
speed Sy and its constituents, i.e. the four right-hand side terms in

. D+W
Sy=S5+ S48V 5=t (2.12)
Vel
These terms are: a curvature (tangential diffusion) contribution
D(V?c -V, V
_ Dy .= 2V VuVu) (2.13)
Vel
a normal diffusion contribution
DV, V Dn-V(V
g1 = DVnVac _ D VAIVED (2.14)
[Vl [Vl
a reaction contribution
W= (2.15)
¢\l ‘
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as well as a contribution
1
S =8a— S — 85— 8, =—V,u(pD) (2.16)
0

due to variations of pD (often, 3 is merged with S7). Here, V,, = n;V; denotes the spatial
derivative along the normal direction. Under the assumption that pD = const the last
contribution vanishes, i.e. $9 = 0.

Note that |Vc| appears in the denominator in each of the four quantities ¢ € [V
n,S,/D, S;V, S4]. Consequently, the surface-following derivative of these four quantities
has the following general form:

8* 9% 9*
—¢ =— —l v _ 2.17
¢> ¢ In| C|+|V|8* (@IVel). (2.17)
—r—/ — ——
A9) B(¢)

Here, the term A comes from the denominator of ¢ and represents contribution from
the surface-following rate of change in |Vc|, or in other words, decreasing/increasing
separation distance between neighbouring iso-surfaces. The term B comes from the
numerator of ¢ and is associated with the surface-following rate of change of
the “diffusion’ contained inside (¢|Vc|). When ¢ designates either curvature or S’ /D, the
‘diffusive’ nature of the numerator can be readily seen from the second spatial derivative
of ¢ in (2.13) and (2.14), respectively. For Sy, if it is assumed that the reaction rate depends
solely on ¢, the ‘diffusion’ vanishes, i.e.
*k *
B—W = MB_C =0. (2.18)
a*t dc d*t
Finally, for the full displacement speed Sy, the additional assumption that pD = const with

D depending solely on ¢ gives a standard Laplacian ‘diffusion’ of V2c. As a summary, the
corresponding B terms under the aforementioned assumptions become

D 2
B(S4) = ﬁa_*t( c), (2.19)
SN 19
153(5) e g (Vaveo). (2.20)
S\ 19t o,
IB%(E) Voo (V2 = V,Vc) 2.21)

and B(S)) = 0.
In appendix A we further expand the terms A and B and derive surface-following

evolution equations for the four quantities ¢ € [V - n,S}/D, S W S4]. All these equations
have the same general form

2 TG _ o) + An(@) + Aa(d)
A(¢)
+ Biu(@) + Bau(®) + Bru(9) + Ba(®) + Bs(@) + Bo(@), 222)

B(¢)
911 A38-7
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with
Ao(¢) = —9¢K, (2.23)
A(@d) =o(V-u, (2.24)
Ar (@) = —¢V - (Syn). (2.25)

The complete equations are given by (A13), (A17), (A18) and (A24), respectively. For
convenience, those terms are also summarized in table 1. Here S;; = (Viu; + Vju;)/2 is
the flow strain rate tensor and the subscript ‘u’ in the terms of Ay, By,, By, and Bs,
highlights that these terms involve flow velocity. We also want to emphasize that, for the
quantities V - n and S7/D, (2.22) has been derived without further assumptions and is
valid for any reaction wave described by (1.1). On the other hand, for (2.22) to be valid for
¢ = SY, the assumption of (3*/3*W = 0, which is fulfilled when W depends solely on
¢, is needed. For (2.22) to be valid for ¢ = Sy, two assumptions of (i) pD = const and (ii)
D depends solely on c¢ are needed.

As noted above, under the assumption of pD = const, the decomposition of
displacement speed simplifies from (2.12) to Sy =S+ DV - n+ SZV. By examining
table 1, it can be verified that such a simple decomposition relation also holds for all
terms and their parts in (2.22). More specifically, the relations

Ai(Sq) =D - Ai(SS/D) +D - Ai(V - n) + Ai(sff),}
(2.26)

Bi(Sq) = D - Bi(S%/D) + D -Bi(V - n) + B;(S))

are satisfied for all terms A; and BB; in table 1.

2.3. Various terms in the transport equations

For each of the four quantities ¢ € [V - n, S("j /D, v S4] shown in table 1, each right-hand
side term and its sub-parts in (2.22) contribute to the surface-following variation in
¢, i.e. (3%/9*1)¢. Additional explanations and implications for those sub-terms may be
summarized as follows.

(a.i) The first part of A, i.e. term Ay(¢), defined as a product of the stretch rate and
¢, disappears when (9*/0*1)¢ is inserted into (2.22) to obtain the surface-averaged
equations (2.29).

(a.ii) The second term Aj,(¢) stems from the dilatation V - u. This term with ¢ set as Sy
may stay non-negative for certain simple reacting flows, e.g. the non-conservative
form of continuity equation (3.7) shown later yields A, (Sy) = S5|Vc| [(c+1/0) >
0, with 6 being a positive constant.

(a.iii) The third term A;(¢) indicates a correlation between ¢ and the divergence of a
vector field that contains the displacement speed, i.e. the vector Syn.

(b.i) The first three parts of B contain contributions from the flow. The first term
B1,(Sq) = Dn - Vu represents the normal projection of a flow Laplacian vector
and is controlled by the curvature, i.e. By, (Sg) = DB1,(V - n) and B, (S;/D)) = 0.
(b.ii) The second term By,(Sy) = —2D(VVc/|Vc]) : Vu = =2D(V;Vc/|Vc|)S; is a
product of the symmetrical strain rate tensor S; = (V;u; + Vju;)/2 and another
tensor (SdD);]’. = D(V;Vjc/|Vc|) extended from the total diffusion displacement
speed, ie. S = SG+ 8 =8q— S[VIV = D(V;Vic/|Vc]|), with the latter being the
trace of the former, i.e. Sf,) = (SdD )Z Similarly, term B,,(V - n) for the curvature
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s¢ Ry Ry
® |V-n|or|2’;| V-norﬁd Bd sw Sy
S}’l
A@@)  Ag(g) —K|V - n —KV -n —ICB‘I —KsY —KS4
Sn
A1y (9) (V-wlV -n| (V-uw)(V-n (V-u % (V-wsY (V-u)Sy
~VuSalV - n] —VaSa(V - n) 3 Sa N W B
Ax(9) o Sy(V - m) SV - m)? V- (Sam) 25 V- Sam)S) V - (Sam)Sa
B(¢p) Biu(p) o(—n-Vu) —n-Viu 0 0 —Dn-Vu
VVc:V
Bou(®) —268;Vn; —28,Vmi —28;m; Vi In|Ve| 0 —ZD#
c
B3LI(¢) U(Vnan) Vnan _vnan 0 0
o (V2Sy V28, I >
B4(p) R ViV;Sa) i ViViSq n,nJV,Vde 0 DV-S,;
Bs(¢) 0 0 2VS, - V(In|Ve]) 0 2DVS, - V(In|Ve])
Bﬁ (¢) USdVinjani SdVinjan,- Sd(V,nj - ani)V;nj 0 —DSdn . Vzn

Table 1. Terms in (2.22) for different choices of ¢.
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part V;n; or term B,(S}/D) for the normal diffusion part S/D = n;V;In|V¢|
is a product of §;; and the curvature tensor V;n; or the normal diffusion tensor
(Sg)g = Dn;Vj(In|Vc])), respectively.

(b.iii) The third term vanishes for the full displacement speed, i.e. B3,(S;) = 0, due
to cancellation of two contributions of the opposite signs. For the curvature,
B3,(V - n) = —B3,(S};/D) = Vya, represents the normal gradient of the normal
strain rate. Note that application of the curvature equation, i.e. (2.22) for V - n, to
an one-dimensional (1-D) flame reveals a pair of cancelled, but non-zero terms, i.e.
B3,(V + n) and By, (V - n), as shown in figure 5(k) discussed later.

(b.iv) The fourth term B4(Sy;) = DV3Sy represents diffusion of S; calculated as a sum
of the second derivatives along the three orthogonal directions. Among these three
directions, solely the normal direction n appears in B4(S7;/D) = n;n;V;V;S, (note
that n;n;V;V;y is not equal to V,, V¢ for arbitrary ). The sum of the two directions
orthogonal to n appears solely in the curvature equation, i.e. B4(V - n) = V2S5, —
ninjV,-Vde.

(b.v) The fifth term B5(S;) represents a diffusion-driven ‘convective’ transport of Sy
at a generalized velocity based on the normal diffusion contribution to S;. In
fact, Bs(Sq) = 2(S)):ViSq, where (S))); = DV;(In|Vc|). Not surprisingly, Bs(5}) =
Bs(Sq) and Bs(V - n) = Bs(S)}) = 0.

(b.vi) The sixth term Bg(S,;) stems from variations in the normal vector # along the normal
direction. Its normal diffusion part Be(S7)) = S4(Vin; — Vjn;)V;n; involves a curl of
the normal vector n, which may not necessarily be rotation free. Nevertheless, as
shown later, B¢ (S7) tends to vanish after being averaged over a wave surface.

Another theoretical perspective for understanding the present set of equations is
discussed in appendix B, where evolution of an 1-D diffusion-reaction wave in a spherical,
cylindrical or planar configuration is studied under assumptions of constant density and
zero velocity. In this case, the original wave transport equation (1.1) simplifies to (B1),
and the set of equations (2.22) for the four components Sy, S, S5 and SXIV reduces to two
non-trivial and much simpler equations for Sz and S”, see (B12) and (B13), respectively.
As later shown in figure 6, the pair of equations for displacement speed and its normal
component forms a closed system and can replace the transport equation (B1) for ¢, at
least in certain spatial/temporal regions. Interestingly, while (B1) permits different choices
of reaction rate function W(c), this function will solely be translated from the initial
conditions when adopting the above replacement, i.e. (B12) and (B13). Furthermore, the
simplified 1-D curvature equation (B8) suggests that (i) term B4(V - n) is balanced by
term A(V - n) and (ii) term Bg(V - n) is balanced by a difference in (3*/0*r)V - n and
(0/06)V + n.

2.4. Extension of evolution equations

The decomposition given by (2.22) for the four quantities ¢ € [V - n, §/D, S;V, S4] can
be extended to functions on ¢ and c¢. Consider the surface-following derivative of some
function F(¢, ¢),

3" Fo.o IF 9* oo dF 3*  OF 9 . 02
—F(p,c) = —— ——Cc=——0¢. .
3%t A 3%t | dc a*t  0¢ 0%t

911 A38-10


https://doi.org/10.1017/jfm.2020.1095
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Downloaded from https://www.cambridge.org/core. Chalmers Tekniska Hogskola, on 14 Jun 2021 at 11:49:12, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/jfm.2020.1095

Equations for the components of displacement speed

Using (2.22), it reads as

8—*F( ) = EA EB 2.28)
G (6.0 = oM@+ B®) @.
—
A(F) B(F)

and has a form the same as (2.22). Therefore, the decomposition for F(¢, c¢) is obtained
directly from the decomposition for ¢ as long as the derivative 0F/d¢ can be evaluated.

Let us consider some functions F(¢, c) of physical interest. The ‘absolute’ mean
curvature F (¢, c¢) = |¢| with ¢ = V . n is an example of such a quantity. In a commonly
adopted configuration of a statistically planar reaction wave, the mean curvature averaged
over an entire iso-surface is sufficiently small due to cancellation of contributions
from positively and negatively curved surface elements. Conversely, the absolute mean
curvature is non-zero as long as some curved elements appear anywhere on the surface.
Taking a derivative of the module function gives dF/d¢ = 04(¢) in regions where
|¢| #0, and oi(p) = ¢/|p| is the sign of ¢. The expanded terms A(|V - n|) and
B(|V - n]) in (2.22) are also included in table 1, where 0 = 0+ (V - n) refers to the sign of
V.n.

Another function of interest is F(¢, ¢) = D¢, with the diffusivity D(c) depending only
on c. Application of this simple function to ¢ € [V - n, |V - n|, §;/D] yields (2.28) with
A(D¢) = DA(¢p) and B(D¢p) = DB(¢). Thus, (2.22) holds for the eight quantities ¢ €
[S4, SCVIV, §%/D,V «n, |V -n|,S;, DV -n, DIV -n|].

2.5. Surface-averaged evolution equations and statistically steady relations

Substitution of (2.22) to (2.11) yields the following evolution equation for surface-averaged
quantities:

0

5, ()s = (A8, + (B(@)); + (9K), — (@), (K)y . (2.29)

(C(9))s

(It is possible to define C(¢p) = ¢'K’ with the prime symbol denoting the fluctuation
respective to surface average, ¥’ = — (), |z,.) Henceforth, conditioned subscripts in
the surface average notion (-); [, , are omitted for brevity.

Following Yu et al. (2020), (2.29) can be reorganized by grouping all sub-terms
involving the velocity into a single term ¢/ in order to highlight the net contribution
affected directly by the flow. By separating u contained in K from (C), the separated
u terms can be cancelled with Ag. Then, (2.29) reads as

0
E(qb)s = (A1u(®) + B1u(®) + Bou(@) + B3u(@)); — (@) (ar)s
Uup)
+ (A2(®) + Ba(9) + Bs(@) + Bo(9)); — (9SaV - n) + () (SaV - n)s,

R(¢)
(2.30)

where R = (A); + (B), + (C), — U denotes the remaining terms that do not contain the
velocity u implicitly. Under the assumptions of (i) pD = const and (ii) D and W depend
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solely on ¢, the decomposition rules in (2.26) hold for (C),, I/ and R also, i.e.
(CS)s =D (CSY/D)) +D - (C(V - m) +(CES),.
USq) =D -US/D)+D-UN -n) +USY), (2.31)
R(Sq) =D -R(S%/D)+D-R(V - n) + R(SY).
Finally, by considering a fully developed, statistically stationary wave (t = 00), (2.29)
and (2.30) yield the constraints

A ot B slet C slee =0,
(A, Lo + B@))s ler + (C@s lor } 232)

UB)e o + R@)e sy, =0,

for the fully developed reaction waves. These constraints hold for all ¢ € (0, 1) and
for ¢ €[Sy, SZV, Z/D, V.n,|V-n| S, fl, |Sfl|]' Moreover, since the fully developed
surface-averaged stretch rate vanishes due to (2.9), one more constraint of

(C@))s 2,00 = — (Ao(@))s |21 (2.33)
holds.

3. Computational set-up

The above evolution equations derived for different ¢, i.e. (2.29) or its equivalent
(2.30), were applied to analyse two different DNS data sets obtained from statistically
1-D, initially planar, single-reaction waves propagating in a homogeneous, isotropic,
statistically stationary forced turbulence. One data set (case B in the following) was
selected from a big DNS database (Yu, Lipatnikov & Bai 2014; Yu, Bai & Lipatnikov
2015b; Elperin et al. 2016; Yu & Lipatnikov 2017a,b; Sabelnikov, Yu & Lipatnikov 2019;
Yu & Lipatnikov 2019a) obtained from dynamically passive reaction waves. Such a wave
affects neither the fluid density nor the fluid viscosity. Therefore, the wave does not affect
the turbulence. These simplifications allowed us to sample more statistics, as will be
discussed later, and facilitated analysing and interpreting numerical results.

The second data set (case C) is largely identical to case B, but the thermal expansion was
enabled, with the heat diffusivity being equal to the mass diffusivity (i.e. the Lewis number
Le = 1). Accordingly, the wave C affected the fluid density, viscosity and turbulence. In
both cases, (i) pD = const and (ii) both D and W depend solely on c.

The equations derived above can also be applied to realistic premixed flames with
complex chemistry and a non-unity Lewis number. As long as we can define a progress
variable ¢ based either on the temperature or a species mass fraction, (2.22) and (2.29)
hold for both V - n and S’;/D. However, the assumptions invoked to derive (2.22) for S,

or S(‘;V do not necessarily hold, e.g. pD may vary within the flame or the quantities D and
W may depend not only on ¢ but also on other mixture characteristics. Such a complicated
problem can be handled using the method developed in the present work, but at a cost of
introducing additional terms when extending the derivations leading to (A18) and (A24).

3.1. Direct numerical simulation database

Since the DNS attributes are discussed in detail elsewhere (Yu et al. 2014, 2015b; Elperin
et al. 2016; Yu & Lipatnikov 2017a,b, 2019a), we will restrict ourselves to a brief summary
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of the simulations. A unity Lewis number premixed flame is modelled by (1.1) with pD =
const and a single-step reaction rate term given by

1 1-—c¢ |:Ze(1+9)2:|

TUx0r w P T +60) G-

where 7z is a constant reaction time scale and Ze = 6 in order for the rate W to depend on
¢ in a highly nonlinear manner. The density depends on ¢ as

Pu

= T a e (3.2)

0
where two constants p, and p, denote density of unburned and burned gas, respectively. A
constant-density reaction wave (i.e. p = p,, = pp) is modelled by setting s = 1 and 6 = 6.
A flame with heat release and, consequently, p,/p0p > 1 is modelled by setting s = 0 and

0 = pu/pp — 1.
The single-reaction wave propagates in a forced turbulence described by the continuity

ap
— 4+V-.(pu) =0, (3.3)
ot
and the Navier—Stokes equations
dpu
W—l—V-(puu):—Vp—l—V-t-i-f, 3.4

where p is the pressure, 7; = u(Vju; + Viuj — §a,~jvkuk) is the viscous stress tensor with
a constant dynamic viscosity p. A function f = (p/p,) f, is used to maintain turbulence
intensity by applying energy forcing at low wavenumbers, with f, being simulated
using the method developed by Lamorgese, Caughey & Pope (2005) in the case of a
constant density. The reader interested in details regarding the characteristics of the forced
turbulence and the calculation of the forcing term in wavenumber domain is referred to
section 3 in our recent paper (Yu & Lipatnikov 20175). When simulating a variable-density
reaction wave, the factor (p/p,) in f reduces the energy injection on the burned side, thus
mimicking the turbulence decay due to dilatation and an increase in the kinematic viscosity
(v = u/p) in the wave.

A reaction wave evolves in a rectangular box with size A, x A x A, represented using
a uniform grid of Ny x N x N cubic cells. The boundary conditions are periodic in the
transverse directions y and z for all simulations. For simulation of a constant-density
wave, periodic conditions are also applied in direction x normal to the mean wave surface,
because the flow is not affected by the wave propagation in this case. In other words, when
a constant-density reaction wave reaches the left boundary (x = 0) of the computational
domain, an identical reaction wave enters the domain through its right boundary (x = A,).
Such a method greatly improves sampling of statistics by simulating many cycles of the
wave propagation through the computational domain, but this method may only be used
in the case of p = const and v = const, provided that the mean wave brush thickness is
smaller than the length of the computational domain. These constraints are satisfied in our
simulation of a constant-density wave.

For simulation of a variable-density reaction wave (flame), the inlet and outlet
conditions are prescribed at x =0 and x = A,, respectively. Unburned gas is fed

into the inlet at x = 0 with an ‘almost’ periodic copy of the downstream velocity at

x= A. More specifically, u(0,y,z, 1) = u(A,y,z.1) — (1/A%) [[o¢" u(A,y, 2.0 dydz,
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v(0,y,z,) =v(A,y,z, 1), w0,y,z,1) =w(A,y,z,t) and ¢(0,y, z,¢) = 0. During the
entire simulation, the values of p and ¢ remain close to p, and zero, respectively, at
0 < x < A. Therefore, the near-inlet cubic-box region (i.e. Vx, y, z € [0, A]) resembles
an isolated simulation of periodic constant-density turbulence.

During the simulation of the flame C, a control strategy is used to keep the flame inside
the computational domain. The strategy, which was adopted in a recent DNS study of
intrinsic flame instability (Yu, Bai & Bychkov 2015a), aims at keeping the x-position

of the mean flame brush, i.e. X,,(r) = (1/A?) fffofxg”()/x’A(l —c(x,y,z, 1)) dxdydz, close
to a prescribed target position of X7 = 0.6A,. For this purpose, (1.1), (3.3) and
(3.4) are solved in a coordinate framework that moves at an adjustable axial velocity
U,,(t). This velocity is controlled in a so-called proportional-integral-derivative fashion,
ie. Uy(t+ At) = Uy (t) + (dp + d; + dp), where dp = e/ (2A1), dj = f(; e(r)dt/(10A1),
dp = [e(t) — e(t — At)]/(10AD), e(t) = X,,,(t) — X7 is the target error and Ar is the
computational time step. When changing the coordinate framework from (z, x, y, z) to
@,x,y,7), where ¥ =t, ¥ =x+ f(; Undt, yy =y and 7 = z, the unsteady terms in
(1.1), (3.3) and (3.4) are appropriately changed, i.e. d¢/dt = 3¢/t + U,,0¢/0x’ for any
relevant ¢. Other terms in these governing equations remain unchanged with the exception
of replacement of the coordinates (¢, x, y, z) by (¢, X', y/, 7). Accordingly, the same method
was adopted to numerically solve the governing equations in both coordinate frameworks.

An initial divergence-free turbulence field is generated by synthesizing Fourier waves
(Yu & Bai 2014) with an initial r.m.s. velocity ug and the integral length scale £y = A /4.
The initial turbulent Reynolds number Rep = uplop, /it can be changed by changing
the domain width A. In the simulations of both constant-density reaction wave B and
flame C, a non-decaying turbulent field is obtained by integrating (3.4) to maintain a

rm.s. velocity u'(t) ~ ug. Here, u/ (2 = (2/3A'A2) [[ [ & k(x,y, 2, 1) drdydz, k =

(u? + v> +w?)/2 is the turbulent kinetic energy, A’ = A, if p,/pp =1 and A’ = A
when p,/pp > 1. Different longitudinal integral length scales Li; can be generated (Yu
& Lipatnikov 2017b) by appropriately adjusting £, (and, hence, f') using the method by
Lamorgese et al. (2005).

3.2. Numerical methods

The governing equations are numerically integrated based on an in-house DNS solver (Yu,
Yu & Bai 2012) developed for low Mach number reacting flows. To treat the stiffness in
the calculation of reaction rates in the case of detailed chemistry, the temporal integration
of the CDR equation in the original solver is based on a second-order symmetrical
Strang splitting method (Strang 1968) by placing a full-time step stiff integration of
a chemistry calculation in between two half-time step integrations of convection and
diffusion terms, while the full-time step At is determined by the CFL condition. In the
present work, which deals with single-step chemistry, the operator splitting strategy is not
adopted, because the reaction rate term (W) is non-stiff. Accordingly, temporal integration
of the whole CDR equation is performed explicitly over a full-time step. An explicit
advancement is proceeded in multiple (K > 1) sub-time steps of smaller size (At/K)
determined by the diffusion-stability-limit, starting from a Runge—Kutta step and followed
by Adam-Bashforth steps. More specifically, considering advancement of (1.1) from
" =nAt to "7 = (n+ 1At let E = —u - Ve + W denote the combined convection

and reaction term. A two-stage Runge—Kutta step is first performed for (k' =0, « = 1

2
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B =0)and, then, for (K =1, a=1,8 = —%), in order to advance the solution to a first
time instant of ' + At/K,
AK+D/2K)+n _ (K )2K)+n _ 1 EE(C” ) — lE(c”—l un_l)
At/K 2\2 ’ 2 ’
+ (aD(C(k//2K)+n) + ,B]D)(C((k,_l)/ZK)-Hl)), (35)

where any superscript multiplied with Af refers to the time instant, followed by K — 1
sequential Adam—Bashforth steps for k € [1, 2, ..., K — 1] to reach the final step at ans

G+ D /K _ o (k[K)+n

At/K

3 1
— (EE(CH’ un) _ EE(Cn_l’ un—1)>

3 1
+ (E]D)(C(k/[()-i-l’l) _ 5H))(C((k—l)/K)-H’l)> ) (36)

As described by Yu er al. (2012), to avoid numerical instability associated with
simulation of variable-density flows, the continuity equation (3.3) is rewritten using (1.1)
and (3.2) into a non-conservative form as

0 if =1,
1 /op 18,0 3¢ llou/pb
Veu=—|—+4+u-Vp|=—-—(—+u-Ve|=1D+W
o \ 0t p dc \ 9t if pu/pp > 1.
c+1/6
(3.7)

Discretization of (3.7) yields a constraint for the flow velocity at #+!. Thereafter,
a standard fractional-step approach for pressure-velocity decoupling results in a
variable-coefficient Poisson equation for the pressure, which is solved using Gauss-Seidel
iterations with multi-grid acceleration (Yu & Bai 2013). For spatial discretization, a
sixth-order central difference scheme is used for all terms containing a spatial derivative
with the exception of the convection term in (1.1), which is discretized with a fifth-order
WENO scheme (Jiang & Shu 1996) to avoid numerical overshooting.

3.3. Simulation set-up

In the constant-density case, both developing and fully developed reaction waves are
simulated starting from the pre-computed laminar wave profile of c;,(§) with dc,/d§ > 0.
In order to study the fully developed turbulent reaction wave, a planar wave c¢*(x, 0) =
cr(£) is initially (r =0) released at xo = A,/2 such that ff)oo cr(§)dé = [;°[1 —
cr(€)]dé and & = x — xg. Subsequent evolution of the field ¢®(x, ¢) is simulated by
solving (1.1). Computation of fully developed statistics with sampling every 100 time
steps At is started after the forced turbulence has reached a statistically stationary state
(t=r">35 r,o ) and is performed over a time interval longer than 50 tto. In order to study
transient turbulent reaction waves, several copies of the same pre-computed laminar wave
profile ¢z (&) are simultaneously embedded into the turbulent flow in M equidistantly
separated planar zones centred around x,,/Ay = (m — 0.5)/ M, i.e. ¢!, (x,*) = cL(Em),
where coordinate £,, = x — x,, is set using f?oo cr(En) d&, = fooo[l —cr(En) ] dE,, and m
is an integer number (1< m < M =11). Subsequently, evolutions of M non-interfering
transient fields ¢, (x, 7) are simulated by solving M independent (1.1). The transient
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A L 5

Case 2 L2 o M L% by Ka Pe
Pb A SL Sk Ax

A 1 8 2048 5 53 24 107 094 27

B 1 4 1024 6 12 24 02 390 6.95

C 7 4 1024 6 12 24 02 390 6.95

Table 2. Three representative DNS cases.

simulations are run over ZI,O before being reset. Subsequently, at r = * + 2jrt0 with
1 <j<J, the flow is again populated by M new profiles of c (&), the transient
simulations are repeated J times, giving an ensemble of J x M independent transient
waves. For comparison, the fully developed statistics computed using a single ¢’-field are

associated with 2J ‘Eto /(100A¢) realizations.

Contrary to the constant-density case, the present flame simulations are restricted to
a single fully developed turbulent wave ¢®. The simulations are started by embedding
pre-computed laminar flame profiles of u(§) and ¢z (&), with ¢p(—00) = up(—00) =0,
into a synthesized turbulence field at xy) = X7. The initial velocity U,,(0) of the moving
coordinate framework is equal to the laminar flame speed S;. Subsequently, (1.1), (3.3)
and (3.4) are numerically solved using the inlet and outlet boundary conditions, as well
as the control strategy for adjusting U,,(¢). Similar to the constant-density case, the fully
developed statistics are sampled after reaching a statistically stationary numerical solution

(t > t*), with the sampling being performed over at least 50 7.

The DNS cases are set up combining one of the forced turbulence fields with a reaction
wave characterized by a laminar wave speed S; and thickness 8 = D/Sy. The required
reaction time scale tg in (3.1) is found through 1-D pre-computations of the laminar wave.

In the present paper the data analysis is mainly focused on results obtained in two
representative turbulent and well-resolved cases (constant-density reaction wave B and
flame C). The major characteristics are reported in table 2, where Da = t;/tF is the
Damkohler number; Ka = tf/7, is the Karlovitz number; Pe = u'L11/D is the turbulent
Péclet number; 7 = §5/Sy is the wave time scale; 7, = L1y /u’ and T = (vu/é“)l/2 are
integral and Kolmogorov time scales of the turbulence, respectively; " = 2v,5;;S, iju is the
dissipation rate averaged (i.e. - “) over either the whole domain in the constant-density
case or the near-inlet cubic-box region in the variable-density case, and over at least 501}0
after turbulence and the ¢’-wave has become statistically stationary; and a ratio of 6r/Ax
characterizes the grid resolution in terms of the number of grid points per laminar wave
thickness. Moreover, in cases B and C, L1 /A = 0.11, Tto/‘L', = 2.3 and n/Ax = 1.1. Here,
n = [v]/&]"/* is the Kolmogorov length scale. Snapshots for cases B and C are shown in
figures 1 and 2, respectively.

During evolution of a turbulent reaction wave, zero-gradient points characterized by
|[Vcl(x, 1) = 0 (Gibson 1968) may appear. While the zero-gradient points are excluded
from the definition of the surface average by (2.3), see Yu & Lipatnikov (2019b,c),
certain quantities of interest, e.g. Sy, V - n and K, may locally grow unboundedly in
the neighbourhood of a zero-gradient point, which pose a challenge for the numerical
calculation of surface-averaged quantities. (Note, a surface-averaged value may still remain
bounded even when the local value becomes unbounded, see discussion in appendix
B of Yu & Lipatnikov (20190).) To explore the eventual influence of such points and
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Figure 1. (a) Three simultaneously embedded, non-interfering, constant-density developing (t = 0.91,0)
reaction waves ¢l (x,7) with m=1, 4 and 7 (colour iso-surfaces and fields) and the fully developed
reaction wave c¢*(x, 1) (grey iso-surface and field). Both the peak-reaction-rate iso-surface (¢ = 0.88) and
two-dimensional image of the c-field on the xz (the transient waves) or xy (the fully developed wave) boundary
surface are shown for each wave. (b) Three-dimensional turbulence field visualized using Lambda2-vortex
method using iso-contours of the intermediate eigenvalue of the strain rate tensor (Jeong & Hussain 1995) in
case B.
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Figure 2. Two instantaneous snapshots (two-dimensional cut at the z-middle) demonstrate the evolution of a
flame in a forced homogeneous turbulence in case C, see table 2. The z-vorticity is visualized using different
colours. Black iso-lines are shown for nine c-levels increasing from left to right. The significant drop in the
z-vorticity magnitude downstream of the reaction zone reflects turbulence inhibition due to thermal expansion.

911 A38-17


https://doi.org/10.1017/jfm.2020.1095
https://www.cambridge.org/core
https://www.cambridge.org/core/terms

Downloaded from https://www.cambridge.org/core. Chalmers Tekniska Hogskola, on 14 Jun 2021 at 11:49:12, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms.

https://doi.org/10.1017/jfm.2020.1095

R. Yu, T. Nilsson, C. Fureby and A.N. Lipatnikov

their neighbourhoods on the accuracy of evaluation of various terms in the evolution
equations, an additional case A is designed. Case A is largely identical to case B, but the
turbulent field is replaced with a frozen shear flow, i.e. u(x,y, z, t) = —ug cos(2my/A),
v =w = 0, and the momentum equation (3.4) is not solved. Characteristics of case A,
reported in table 2, are calculated using Ljj = A/2, u' = up and ty =tz = L11/up.
Simulation of multiple transient waves ¢’ in case A is performed largely similarly to
case B (some differences between cases A and B are discussed by Yu & Lipatnikov
2019¢) but the duration of transient sampling is changed from 2@0 to 2tr. As shown in
supplemental figure S8, in case A iso-surfaces are only bent, but there is no zero-gradient
point in the computational domain. Comparison of results computed in cases A (no
zero-gradient points) and B (no restriction on the appearance of zero-gradient points)
offers an opportunity to estimate the influence of such points on the evaluation of various
surface-averaged terms. Moreover, simulations of developing waves in case B also offer
such an opportunity. Indeed, since the transient waves ¢!, begin their evolution from a
regular flat initial surface (there is no zero-gradient point at + = 0), monitoring evolution
of (i) iso-surfaces of the transient fields ¢/, (x, ) = ¢ and (ii) the relevant surface-averaged
quantities allows us to detect any anomaly in the developing surface-averaged terms and
to see the eventual influence of the zero-gradient points on these terms. Note that transient
data can also be of interest in themselves because the vast majority of premixed turbulent
flames are developing flames (Lipatnikov & Chomiak 2002; Lipatnikov 2012).

4. Results and discussion

In §4.1 we will use the three DNS cases A—C summarized in table 2 to verify that
the numerically computed terms in the averaged (2.29) and its counterpart (2.30)
are sufficiently accurate. This will be verified for each of the five quantities ¢ €
[Sa. S, SL‘;V, DV - n,D|V -n|]. In §§4.2 and 4.3 the equations and their terms will be
analysed from a physical perspective. The analysis mainly consists of three parts.

First, while previous numerical assessment of the Sj-equation was limited to
constant-density reaction waves (Yu et al. 2020), the present work aims at investigating
the effect of thermal expansion on the evolution of Sy. For this purpose, results computed
in cases B and C will be compared. Second, from a quantifiable geometrical perspective
enabled by the new averaged equations for V .- n and |V - n|, we will explore the link
between the self-propagation characteristics of a wave and its geometrical constraints.
Third, we will demonstrate the potential of the extended decomposition rules described by
(2.26) and (2.31). These rules offer a deeper explanation for the mechanisms responsible
for variation in Sy and its constituents. The rules also allow us to explore common trends
between corresponding terms in the different equations.

In the following, results computed in all simulated cases are presented in three figures.
First, for each of the five aforementioned quantities ¢, the six terms that appear in (2.29)
and (2.30) are computed. These terms are: (i) the left-hand side term, i.e. the time
derivative of (¢),, (ii) the term (A(¢)),, (iii) the term (B(¢)),, (iv) the term (C(¢));,
(v) the right-hand side of (2.29), i.e. >_rths = (A(¢)), + (B(¢)), + (C(¢)),, and (vi) the
velocity-related term U (¢). All relevant equation terms are listed in table 1. In figure 3
such results are plotted at a representative (transient) time instant of 0.12577 in the

constant-density cases A and B (7 = tF in case A or 75 = t,o ~ tr/2.25 in case B).
Similar results obtained from the fully developed reaction waves (o) are shown in figure 4

in all three cases. It is emphasized that all cases meet the requirements for the extended
decomposition relations described in (2.26) and (2.31) to be valid. Figures 3 and 4 are
arranged such that any term selected from a sub-figure in the top row is equal to the sum
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of the corresponding terms plotted in the same style in the three first sub-figures directly
below. For example, the term (A(¢)),, shown in green triangles in figure 3(a), is equal to
the sum of the curves shown in green triangle in figures 3(c), 3(e) and 3(g).

In §4.3 we present all sub-terms (Ag, Ay, Az, By, By, By, Ba, Bs and Bg) for all
relevant ¢. Plotted in figure 5 are these sub-terms in all three cases at the fully developed
state f~,. For reference, a 1-D steady state version of case C (referred to as case L in the
following) is also included in the bottom row of figure 5. Note that all displayed non-zero
terms in case L are coupled by three relations specified in the figure caption. Some of the
sub-terms are not displayed in figure 5. They either vanish (by definition or due to adopted
case assumption, e.g. curvature terms in case L or dilatation terms in cases A and B), or
can be trivially deduced using (2.31), e.g. some sub-terms for ¢ = S and S.

To evaluate the left-hand side terms 9/0t (¢); during transient wave evolution, a
sequence of transient values of (¢), for each ¢ (see supplemental figures S6 and S7)
is calculated at 20 sampling instants #; = (i2 /200)7y, where i=(1,...,20), and a
discrete approximation of the time derivative is applied to this sequence. In supplemental
material available at https://doi.org/10.1017/jfm.2020.1095, we also include an extra set
of figures (S1-S5) showing the temporal evolution of the above terms conditioned to
three representative iso-surfaces in cases A and B. Further numerical details regarding
evaluation of various terms in (2.29) or (2.30) and calculation of a surface-averaged
quantity according to (2.5) or (2.10), respectively, are given in appendices D.3 and D.2
in Yu & Lipatnikov (2019¢). Moreover, characteristics of the term fluctuations for the
Sq-equation have been reported in a recent paper, see figures 5, 6 and §4.2.1 in Yu et al.
(2020).

4.1. Numerical verification

For (2.29) applied to each of the five quantities ¢ € [Sg, S}, SZV, DV «-n,D|V - n|],
figures 3 and 4 indicate a reasonably good match between the left-hand side term 9/9t (¢);,
shown in red dots, and the sum of the right-hand side terms ) rhs, shown in blue open
circles. Such a match is observed for (i) almost all iso-surfaces of ¢ € (0, 1) in all three
cases, (ii) almost all time instants 0 < ¢ < 27 in the constant-density cases A and B, and
(iii) at the fully developed state 7 in all three cases. Nevertheless, inspection of figures 3
and 4 reveals small mismatches between the left-hand and right-hand side terms.

More specifically, in the turbulent constant-density case B, a small but visible difference
between left-hand side and ) rhs is observed during transient evolution, especially for
Sa and S (see figure 3b,d). On the contrary, there is a nearly perfect match for each of
the five quantities ¢ in the simple shear flow (case A). This difference between cases
A and B is associated with the lack of zero-gradient points in case A. As discussed
by Yu & Lipatnikov (2019c¢), the error can be reduced by increasing the number of
realizations that are used for sampling transient statistics at later evolution stages, i.e. when
an increased amount of zero-gradient points appear on the reaction wave surface disturbed
by turbulence. The present data have been obtained using a realization number of M = 170
to sample transient ¢/, M = 780 to sample fully developed ¢* in case B and M = 1800
to sample ¢* in case C. Thus, M is significantly larger when statistics are sampled from
the fully developed reaction waves. Indeed, in line with the above reasoning, the error is
smaller at the fully developed state #,.; see figure 4 for cases B and C.

The observed reasonable match between the left-hand side and ) rhs terms implies
that (2.29) for five different ¢ can be explored with sufficient confidence by analysing
DNS data obtained from turbulent reacting waves both with and without density variation.
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Figure 3. Various terms in (2.29) and the term U in (2.30) evaluated for each ¢ € [Sd,SZ’l,SW DV -n,
D|V - n|] (from top to bottom) in two constant-density cases A (a,c,e,g,i) and B (b.d, f,h,j) at a representative
time instant of 7 = 0.1257;. All terms are normalized based on a length unit of 8, a speed unit of S; and a
density unit of p,,.
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Figure 4. Various terms in (2.29) and the term / in (2.30) evaluated for each ¢ € [Sy, S}, S;V, DV - n,
DIV - n|] (from top to bottom) in two constant-density cases A (a,d.g,j,m) and B (b,e,h,k,n) and in the
variable-density case C (c,f,i,l,0) at the fully developed stage of reaction wave evolution. All terms are
normalized based on a length unit of dr, a speed unit of Sz and a density unit of p,,.

For instance, a satisfactory match is found in case B, which has a highly complicated
reaction zone and a number of zero-gradient points where |V¢| = 0. It should be pointed
out that, for (2.29) applied to DV - n, the left-hand side term 9/9¢ (DV - n) is always
small (red dots in figure 3g,h), because the averaged mean curvature stays close to zero, i.e.
(DV -« n)|;; ~ 0holds for all time and all iso-surfaces (supplemental figures S7 and S6).
This is a consequence of the global geometrical constraint of a statistically planar wave.
Such a case configuration justifies an additional investigation using the absolute curvature
equation, (2.29) for D|V - n|, because the averaged absolute curvature should be positive
in a three-dimensional (3-D) turbulent flow, thus yielding a non-zero left-hand side term
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Figure 5. Fully developed sub-terms of (A(¢)), (a,d.gy), first three sub-terms of (B(¢)), (b,e,h,k), and last

three sub-terms of (B(¢)); (c.f.i,)) plotted for four ¢ € [Sy, S, DV - n, S(‘;V] using solid lines, dashed lines, dot
lines with circles and dash—dot lines, respectively. Lines used to show the same sub-term for different ¢ are of
the same colour. Results computed in cases A, B, C and L are reported in the first, second, third and fourth
rows, respectively. All terms are normalized using §r, S and p,,.

0/0t (D|V - n|),. Figures 3(i) and 3(j) confirm that the absolute curvature equation can
also be computed accurately.

4.2. Main equation terms

Concerning overall effects due to the two main factors, turbulence and thermal expansion,
a first observation can be made by comparing the range of values that the most relevant
equation terms assume in the different DNS cases. For ¢ being S; and its three
constituents, the value range is around [—4, 4], [—40, 40] and [—40, 40] in case A, B and
C, respectively, cf. the first three rows in figure 4 or 5. Thus, an increase in Ka from 0.9 in
case A to 39 in case B results in increasing the range by an order of magnitude. Second,
the bottom row in figure 5 shows that the same value range of [—40, 40] is also obtained
from the 1-D reference laminar flame L without any turbulence. Therefore, both thermal
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expansion (case L) and turbulence (case B) yield a comparable increase in the value range
with respect to case A. It is worth stressing, however, that dependencies of various terms
on ¢, plotted for cases B and L in the second and bottom rows, respectively, in
figure 5, show substantially different trends. Accordingly, despite comparable value
ranges, turbulence and thermal expansion differently affect various terms in the discussed
equations. Third, as far as the value range is concerned, thermal expansion and turbulence
do not enhance one another in case C, i.e. the same value range of [—40, 40] has been
computed. As far as the dependencies of various terms on ¢ are concerned, trends
shown for cases B and C in figure 5 look similar, but substantially different from trends
observed in case L. Accordingly, thermal expansion effects appear to be of less importance
when compared with turbulence effects under conditions of the present simulations.
Indeed, fourth, figure 4 shows that the effect of thermal expansion does not cause any
significant change in the four terms (A),, (B),, (C), and U, i.e. results computed in
the constant-density case B and in the variable-density case C appear to be qualitatively
similar.

It may also be noticed that, without heat release, a homogeneous turbulence alone tends
to flatten the profile for all (sub-)terms along ¢ outside the reaction zone, cf. terms
conditioned to ¢ < 0.4 in case B with the corresponding terms in case A in figure 4 or
5. For terms conditioned inside the reaction zone, i.e. ¢ > 0.6, the addition of thermal
expansion brings noticeable effects. For instance, the terms U/ (SZV)I 1o, and ((C(S;V)L 1o
are very close in the constant-density case B (figure 44), but are clearly different in the
variable-density case C (figure 4i).

Lines with red plus symbols in figures 3 and 4 show that the magnitude of the ‘direct’
flow effect term, U/ (¢)|; ;, varies in a significantly wider range when compared with terms
(A@)s lo.rs B(P))g 2. or (C(h)) |2, for all ¢ with the exception of mean curvature in all
three DNS cases at different instants. It is worth remembering, however, that the ‘indirect’
flow effect term, R(¢)|; ., counterbalances U(¢)|; ;. in the fully developed flames, see
(2.30), because the left-hand side terms d/0¢ (¢), vanish in this limiting case. As far as
developing flames are concerned, the sign of U/(¢)|; ;, controls the sign of 9/9t (¢), for
various ¢ (with the exception of mean curvature). In case A, the magnitudes of the two
terms are close at ¢ < 0.8, but R(¢)|; ,, significantly reduces the magnitude of 3/97 ()
in case B; see figure 3. A dominant role played by the flow is more evident at the early time
immediately after releasing the initial planar wave in the constant-density cases A and B.
In fact, any non-zero left-hand side term 9/0¢ (¢), can only be kick-started by the initial
flow term U(¢p)|;—o (shown in the supplemental figures), whereas all sub-parts within
R($)|;=0 in (2.30) should vanish, because the initial quantities are uniform in space.
Outside the reaction zone (¢ < 0.4) in all three cases, the term U/ (S;) is mainly contributed
by its normal diffusion part 2/ (S7) (second row) while its curvature and reaction parts stay
close to zero. Both terms U(Sy)|; and U(S})) |z change sign from positive to negative with
an increase in ¢. Such sign-flipping behaviour at the fully developed stage is primarily
attributed to the sub-term (IB%ZM (S:li)>s; see red lines in figures 5(b), 5(e) and 5(h).

Regarding the flow curvature contribution term {/(DV - n) shown in the fourth rows
of figures 3 and 4, its value vanishes in constant-density cases A and B which can be
explained by the net flow effect on creating positively curved surface elements cancels
out with those on negatively curved elements. However, the flow curvature term attains
a small negative value in the fully developed variable-density case C (figure 4/) due to
non-zero dilatation; see (A1,(DV - n)), |, in figure 5(g). On the contrary, the absolute
counterpart U (D|V - n|)|; , takes a positive value of significant magnitude for all ¢ shortly
after releasing the initial planar wave (the bottom row in figure 3), reflecting that the flow
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is very efficient to bend and wrinkle initially planar iso-surfaces, whether in a concave or
a convex way. In constant-density cases A and B, which have a constant diffusivity D,
the term U(D|V - n|)|;, shows a flat dependence on ¢, suggesting that the effect of
bending of surfaces by the flow acts similarly on all different iso-surfaces. The ¢-profiles
of the fully developed U/ (D|V - n|) are comparable in the constant-density case B and the
variable-density case C. This observation indicates, however, that the effectiveness of the
flow to bend surfaces is significantly inhibited toward the reaction zone due to density
variations in case C. Indeed, U(|V - n|) = U(D|V - n|)/D, with D being increased by a
factor of seven with increasing ¢ in case C. It is worth mentioning that, in the turbulent
cases B and C, the fully developed term U/ (D|V - n|)|;,, remains positive with a significant
magnitude, while the same term stays close to zero in case A. This difference appears to
indicate that a stationary wave shape adapts itself to a simple shear flow, thus making the
curvature almost stationary everywhere.

Now we turn to examining surface-averaged terms in (2.29) for various ¢. First,
comparison of the relative magnitudes of various terms (i.e. left-hand side, (A), (B), and
(C),) in the equations for DV - n and SZV shows that, in all three cases A—C, there are only
two dominant terms with opposite signs for most of the time. Specifically, in (2.29) for
DV . n, the dominant terms are (B), and (C),, with the left-hand side vanishing and (A);
being small. In (2.29) for Sy, the dominant terms are (A), and (C),, with (B), vanishing
and the left-hand side being small; see figures 3( f,/) and 4(g—1).

Regarding the term (C(¢)), for various ¢ with the exception of ¢ = S%, it evolves
(from an initial zero in cases A and B) to become negative with substantial magnitude
when compared with the other two terms (A(¢)), and (B(¢)), in all three cases A—C; see
left-pointing triangles in figure 4 and supplemental figures. This observation indicates a
significant correlation between ¢ and K. Such a correlation does not seem to be surprising
at first glance, because the considered ¢ are parts of K according to (2.6). However,
(C(SZ))S |;..c nearly vanishes outside the reaction zone (¢ < 0.4); see figures 4(e) and 4(f).
This result indicates a weak correlation between /C and S”, thus implying that the normal
diffusion contribution to displacement speed weakly affects the stretch rate outside the
reaction zone.

Let us also note that, when compared with the term (C(DV - n)),, its absolute
counterpart (C(D|V - n|)), attains a much larger magnitude (primarily negative) during
late wave evolution in the turbulent cases B and C. Since DKV - n = Da;V - n — DS4|V -
n|?, the difference in DKV - n and DIC|V - n| consists solely of the sign of the first term,
Da,;V - n and Da,|V - n|, respectively, which involves the strain rate a;. Accordingly,
the aforementioned difference in the magnitudes of (C(DV - n)), and (C(D|V - n|)),
implies that the surface-averaged strain rate term Da;|V - n| is significantly larger than
the surface-averaged term DSy|V - n|? in the turbulent cases B and C. On the other hand,
(C(D|V - n]))4|s in case A evolves to become more similar to (C(DV - n)), |, because
the simple shear wave shape evolves to a deep cusp with large (positive) curvature, which
dwarfs a minor crest of small (negative) curvature; see the bottom row in supplemental
figure S8.

The term (A(¢)),, which is associated with evolution of the separation distance
between iso-surfaces, flips sign during transient wave evolution for some considered
¢; see supplemental figures S1-S3. This observation is associated with transition from
thinning of a turbulent reaction wave during an earlier stage of the wave development
to rebroadening of the wave during a later stage. This transition is discussed in detail
elsewhere (Yu et al. 2019). With exception of a part of (A(SZ))S conditioned to large ¢,

the fully developed (A(¢)), ., eventually evolves to become positive in cases A—C
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for almost all ¢ and ¢. The fully developed term (B(Sy)) |;,, nearly vanishes outside
the reaction zone (¢ < 0.4) in the constant-density cases A and B. This observation
is associated with mutual cancellation of contributions due to a negative normal
diffusion term (IB%(SZ))S |z, and a positive curvature diffusion term (B(DV - n)); |, ; see
figures 4(a), 4(b), 4(d), 4(e), 4(j) and 4(k).

4.3. Fully developed sub-terms in (A); and (B),

In this section various sub-terms in the two fully developed terms (A); |, and (B); |, are
examined in detail. For brevity, the averaging operator is omitted in expressions for these
sub-terms in the present subsection.

In terms of value variation along ¢, By, (Sy) and Bs5(S;) (both plotted in red lines in
figure 5) are two of the most prominent sub-terms in each of the four cases A, B, C and
L. In the first three cases A—C, the term By, (Sy) or Bs(S;) monotonically decreases or
increases along ¢, respectively. In case L the two terms vary non-monotonically and reach a
high peak inside the reaction zone. Therefore, allowing turbulence to disturb an exothermic
reaction planar flame flushes the non-monotonic peaks for both terms. In case L these
two terms form a mirror pair (figure 5k,[). In cases A—C variations in these two terms
along ¢ show opposite trends, thus indicating partial mutual cancellation of the two terms.
However, the mirror relation between these two terms does not necessarily hold under all
conditions. For instance, the hypothetical configuration considered in appendix B assumes
zero flow velocity, with all flow-related sub-terms including B, (S;) vanishing. On the
contrary, the term Bs(S;) remains significant in that case; see (B12) reduced from (B7).

Comparison of cases C and B shows that thermal expansion affects both aforementioned
terms, with the change in B,,(S;) being more significant. The difference in B, (Sy)
between cases C and B is largely contributed by its curvature part, B>, (S}), representing
a correlation between the strain rate and curvature tensors. When only a single effect of
either flow turbulence (i.e. case B) or thermal expansion (i.e. case L) is present, the term
B2,(S) remains small. Accordingly, the large value of this term observed in case C is
attributed to the interaction between the two effects.

Let us turn to examining the terms B, (S4) and B3, (S5). They are both present inside the
curvature equation and represent the correlation between a local normal direction of the
perturbed wave (n) and a flow-related vector involving a high-order derivative (VZu and
Va,, respectively). In a random turbulent flow these vectors are unlikely to align with each
other. Consequently, the two terms are small in the constant-density cases A and B. On the
other hand, in the 1-D reference case L, these two terms form a mirror pair, with a large
peak being observed at the reaction zone. Then, in case C, i.e. after allowing turbulence
to disturb the planar exothermic flame of case L, these two terms are only moderately
modified and still inherit the peak location from case L.

The term B4(Sj;) represents tangential diffusion of S; and has a small magnitude in
all cases. On the contrary, the Laplacian diffusion term B4(S;) can take non-zero values,
with its magnitude being moderately affected by turbulence and thermal expansion. As the
turbulence acts to wrinkle iso-surfaces, it is responsible for the positive, flat profile of two
comparable sub-terms, i.e. B¢(Sy) and its part Be(S7); see cases B and C in figure 5(f,).
These two terms are barely affected by thermal expansion and vanish in the laminar
flame L.

Finally, let us examine sub-terms of A. In the 1-D case L, dilatation due to thermal
expansion directly introduces three non-zero terms: positive Ay, (S;) and AIM(SZV) and
the term Ay, (S7) whose sign varies. Indirectly, the thermal expansion induces also three
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corresponding A,-terms that mirror the Aj,-terms. Note that, due to (3.7), A1,(Sy) =
SZIVC| /(c + 1/0) should stay positive everywhere. Under the influence of turbulence, an
additional part A1, (DV - n) emerges, cf. cases C and L. This part is positive, implying a
positive correlation between curvature and dilatation. The full dilatation term A, (Sy) is
therefore boosted by turbulence, while its two constituents A, (S;) and AIM(S(‘;V) barely
change.

Comparing cases A and B outside the reaction zone, one can see that the turbulence
triggers a negative A;(S%) and a positive A>(S") of comparable magnitude, thus resulting
in a small value of Aj(S;). Comparison of different A,-terms in cases B and C
(figures 5(d) and 5(g), respectively) shows that thermal expansion results in a rather
significant change in A,(S;) at large ¢, controlled mainly by the reaction term A, (S;V),
whose value is similar to the one in the 1-D case L. In case C the two other terms A (S5)
and A;(S7) are of the same magnitude as in A and B, but the dependency of A>(S7) on
¢ is different. The lack of a substantial influence of thermal expansion on the magnitudes
of Ax(S9) and A, (S) is associated with the capability of turbulence to significantly affect
these terms under conditions of the present study. However, turbulence does not directly
affect AZ(S;V), whereas thermal expansion increases this term, because SL‘;V is inversely
proportional to the density.

5. Conclusion

Addressed in this work are different terms in the decomposition of the displacement
speed, Sy, of an iso-scalar surface within a turbulent reacting wave. The decomposition
involves the curvature or tangential diffusion DV - n, the normal diffusion SZ and the

reaction Sy terms. Evolution equations for these surface-averaged terms conditioned
on the reaction progress variable were derived within a framework developed recently
by Yu & Lipatnikov (2019¢). All five equations can be written in the same general
form, see (2.22), which satisfies a term-wise decomposition relation given by (2.26).
More specifically, the derived equations involve three groups of terms responsible for
the evolution of the surface-averaged quantity (¢),: (i) term (A(¢)), representing the
rate of change in the separation distance between neighbouring iso-surfaces, (ii) term
(B(¢)), representing the surface-following rate of change in molecular fluxes, and (iii)
term (C(¢)), representing the surface-averaged correlation between fluctuations in the
considered quantity and the local stretch rate. In order to asses the effect of the flow, an
alternative group of terms U (¢) is defined so that it contains all terms that directly involve
the flow velocity.

The averaged equations are used to examine a DNS database obtained from turbulent
reaction waves characterized by low and moderate Karlovitz numbers. For each
surface-averaged evolution equation, the left-hand and right-hand side terms were shown
to match reasonably well on all iso-c surfaces and during the entire time interval addressed
in the simulations.

The following findings of the present analysis of the DNS data are worth noting.

(1) For a turbulent reacting wave at a moderate Karlovitz number, thermal expansion
only weakly affects the trends of the main terms in all surface-averaged evolution
equations. Further examination of sub-terms reveals that, in addition to introducing
a dilatation term Bj,(¢), thermal expansion also affects the surface-averaged
displacement speed and its components through other routes, in particular,
through the two opposite-signed sub-terms By, (Sj) and B2, (S5), which represent
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a curvature/dilatation correlation and a strain-rate/curvature-tensor correlation,
respectively.

(i1) During the early stage of the reaction wave development, turbulent flow controls
the evolution of all studied quantities with the exception of the curvature term
DV - n. A small magnitude of the total flow term U/ (DV - n) results from mutual
cancellation of contributions from flow-bended surface elements with negative or
positive curvature.

(iii) In (2.29) for DV - n and SY, there are two dominant terms of opposite signs.

(iv) Outside the reaction zone, the correlation between S’ and K nearly vanishes.

(v) Among all fully developed surface-averaged sub-terms, B, (S;) and Bs(S,;) are most
prominent with large value variation.

Based on the present study, we see several potential directions for future work. While
the basic properties of the equations have been established, it remains to be investigated
their dependence on various relevant parameters such as Lewis numbers, combustion
chemistry, etc. To make a more direct connection with modelling concepts, such as the
flame surface density formalism, an extension of the present framework to study the
displacement speeds of filtered or averaged quantities can also be of interest. Furthermore,
as the present derivation of surface-averaged evolution equations is based on the viewpoint
of tracing the evolution of a certain quantity on an iso-surface point, a more systematic
examination of such an approach may provide extra insight together with classical Eulerian
and Lagrangian approaches.

As a concluding remark regarding potential implications of the present study, we also
want to highlight a theoretical analysis of a simplified sub-system of semi-1-D wave
evolution over stationary flows; see appendix B. This analysis shows that, under certain
conditions, the original governing equation (B1), which contains an arbitrary reaction rate
W(c), can be replaced with a set of (B12) and (B13) for two variables of S; and §;. In this
set of equations, the reaction rate function does not explicitly appear and all information
pertaining to W(c) is encoded in the initial conditions.

Supplementary material. Supplementary material is available at https://doi.org/10.1017/jfm.2020.1095.
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Appendix A. Surface-following transport equations for displacement speed
and its decomposed parts

Application of the surface-following derivative (9*/9*f) to a product of |V¢| and an
arbitrary quantity ¢ yields

* *

a* a
S @IVl = o= IVel + [Vel e, (AL)
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which can be rewritten as

8*¢ ¢8*1|V|+—1 8*(<l5|V D)
— = —— 1In - ,
%1 e P A
1 9
= —pK+¢V - u—9V . (Syn) + ———(¢|Vcl), (A2)
—— e e— ——  |V| 0%t
8@ Au@) A e

Al9)

using the well-known equation (A29) which, for completeness, is included in the last
section of the present appendix. For each of the four quantities ¢ € [V - n, S’:l /D, SZV, Sql,
the product (¢|Vc|) contained in B(¢) can be written as

V. n|Vc| = (Vﬂl,‘)|VC| = V[V,‘C - n,'v,'|VC|, (A3)
2/ DIVl =nVi([Vel), (A4)

SWVe| =W, (A5)

SalVel =D+ W, (A6)

In the following four subsections, we derive four ‘surface-following’ transport equations
forg € [V -n,8"/D,SY, Sq4l.

A.l. Transport equation for V - n

The surface-following derivative applied to the normal direction vector n; = Vic/|Vc|
reads as

a*n,' V,’C o* 1 9*
=————1In|Ve| + ——(Vjo)
a*t |Vl 0%t |Vc| 0%t
a*
= i In|Vc| — njViu;-k, (A7)

using (i) the product rule, (ii) the following equation

*

9 9 i
S (Vi) = Vi (a_t“’) — (Vi) (V) (A8)

with ¥ = ¢, and (iii) (0*/0*t)c = 0. The term B(V - n) reads as

* * *

1 o
B(V -n) = mﬁﬂvdvﬂli) = %(Vini) + Vz‘”i%hﬂvd

9*n; N 0"
= VZ(W) — V,uj le’ll‘ + Vin[ﬁ ln|Vc|
*

a* 0
=-V; (n,a—*t In|Vc| + njV,'u;f) — V,-ufvjn,' + Vinia—*t In|Vc|

a*
= —nV; (a_*z ln|Vc|> =V (mViut) = Vit Vim, (A9)
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using (A3), (A8) with ¥ = n;, and (A7). The first right-hand side term in (A9) can be
expressed as

—n;V; (g—; ln|Vc|) = —n;V; (nViSq — an)
= —n;VinjV;Sq — ninjV;V;Sq + n;Via, (A10)
using (A28). The second and third right-hand side terms in (A9) read as
—Viu;ani = —Viu;jVin; + 84VinjVin; + n;jVin;V;Sy, (A11)
and
v (njviuj) = —Vu;Vinj — nV;Vi; + V;ViSy. (A12)

respectively, by expanding uj’.k =uj — Sqn; and applying product rule. Substituting
(A10)-(A12) into (A9), inserting the result into (A2) for ¢ = V - n, and expanding
V - (S4n) inside A, in (A2), we finally arrive at the following transport equation for mean
curvature:

*

a—(V en) ==KV -n+[V-ul(V-n) —[VpSs(V - n) — S4(V - n)*
0*t S———

Ao Ay Ay
A
—n - V2u—28;Vin; + Vnan + V2S; — ninjViViSq + S;Vin;Vin; . (A13)
IEalu Bzu B4 BG
B

Here S;j = (Viu; + Vju;)/2and V, =n - V.

A.2. Transport equation for S/ D
Using (A4), we get

Y 1 o* 1 o* o*
B(=< =—|(wv; V|V
<,D) |V | 9%t —m;Vi|Vc|) Vel ( [Vl tnl+nl [( il C|))

*

0
= V;(In|Vc¢)) (—nia—*t In|Vc| — njViu;-‘)

1 o*
+ ﬁni <V,-(|Vc|8—*t In|Ve¢|) — V,-u;-ij|Vc|>
Sh9* Sn9*
=—58—*IH|VC| V ln|Vc|Vu +58—*ln|VC|
+ n;Vi(—a, + l’lede) — l’l,‘Vj 1I1|VC|V[MJ~

=-n-Va, + l’linjViVde + niV,-njVde — nivj 1n|Vc|(V,-u;-k + Vju;-k), (A14)
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where the last right-hand side term can be written as

* * Vivjc * *
(Vi In|Ve|) (Vi + Vjuf) = Vel Vinj | (Viuj + Vju;)
V;Vic
-2 |‘V . | Vi — Vinj(Viu! + Vi)

= 2S8;;(n;V;In|Vc|) — 2VS; - V(n|Vc|) + 254n - VZn
+ Vin; (Sden,- + SaVinj +n;ViSq + njViSd) . (Al5)
Applying Laplacian (V?) to the identity of n;n; = 1, we get
n-Vn= n;VijVini = —=Vn;Vini = —=Vn : Vn. (Al6)

Substituting (A15) into the right-hand side of (A14), using (A16), then, inserting (A14)
into (A2) for ¢ = §7;/D, we arrive at the following transport equation for S7/D:

9 s sn st s
4 kA V.eul=L V. (Sn)=L
51D D+[ u]D [ (dn)]D
—— —————
Ao Ay Ay
A
—Vna,, —ZSijnjVi 1H|VC| + ninjViVde + 2VSd . V(IH|VL|) + Sd(vil’lj — ani)V,nj .
———
B B, B, Bs Bs

(A17)

A.3. Transport equation for SZV

Let us assume that the reaction rate depends solely on c. Therefore, (9*/0*HW =
(0W/ac)(0*/0*t)c = 0 and IB%(S;V) vanishes. Thus, (A2) yields the following transport

equation for S:;V:

8*
a—*S}f = —KSY +[V - ulSY —[V - (Sym)ISY . (A18)
t ——
A Ay A
A

A.4. Transport equation for Sy

The displacement speed equation has been obtained previously (Yu & Lipatnikov 2019¢)
but is included here for completeness. The assumptions of (i) pD = const, (ii) D = D(c)
and (iii)) W = W(c) result in

1
D=~V .(pDVc) = DV?c = DV, Vjc, (A19)
o
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and (0*/9*HW = (9*/9*t)D = 0. Consequently,

*

1 9 D
B(Ss) = ﬁa—*(DV,-Vic) |V|< v Vc)—i—u V(VVC))

D

0
= W (ViV,-(—c + L(?Vjc) — Vjc(V,-V,-u}") — 2(V,-Vjc)V,-u;‘)

:—Dn(VVu)—ZD V ¥
! |V|

ViVjc
.+ Dn;V;Vi(Sqnj) + 2D Il f| Vi(Sqnj),  (A20)

= -Dn-Viu-2

|V I
by (i) substituting @ = u* and b = V¢ into the identity
ajViVibj = ViVi(ajbj) — ijiViaj — ZV,-ajVibj, (A21)

(i1) using (8*/9*f)c = 0 and (iii) expanding u;f = uj — Syn;. In (A20) the third right-hand
side term can be written as

Dn;ViVi(Sanj) = D(ViViSq + SqnjViVinj) = DV?S, + DSyn - Vn. (A22)

The fourth right-hand side term reads as (a factor of 2D is omitted for brevity)

ViV G San) = S (1S + SyVini)
dnj) = n d dVin;
Vel / |V| / /
= ViSa(V,V; V,Vic)V;
a( c)IV 3 |V|( i0)Vin
Vi(IVel?) Sd
= V;S, 2|VC|2 |Vc|Vi(nj|VC|)Vﬂ’lj
= ViSdm + Sq | ViniVin; + VilV |V (ninj)
= VS, -V(n|Ve|) — Sgn - Vn, (A23)
using (A16).

Finally, substituting (A22) and (A23) into (A20) and inserting the result into (A2), we
arrive at the following transport equation for Sy:

8*
—Sg=—KSg+[V -ulSq—1[V - (Sqn)1Sq
9%t — \—/—’—z—’
Ag Ay Ay
A
2DVVe: Vv
—Dn V-2 Y Y2, 4 2DVS, - V(In|Ve|) —=DSgn - Vn
~— |VC| ——
Biy — B4 Bs Bg
]lel
B
(A24)
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A.5. Transport equation for |Vc|
First, (1.1) reads as

dc

5 T uwVie=SalVel. (A25)

Second, application of V; to (A25), followed by multiplication of the obtained equation
with V;c, yields

B]
Vica(vic) + (uj — Sanj)Vic(ViVjc) + (Viuj — SqVinj — njViSq) (Vic)Vie = 0. (A26)

Multiplication of this equation with 1/|V¢|, differentiation of |V¢| with respect to time
and spatial coordinates, and the use of V;c = n;|V¢| result in

3
o, 1Vel + @ = Sam) V| Vel + (Viuj — SqVinj — njViSq) njni| Vel = 0. (A27)

Finally, since njn; = 1 and n;V;n; = 0, we arrive at

ﬁ In|Ve¢| = La—*|Vc| =—a,+n-VSy (A28)
o*t |Ve| 0%t
=K—-V-.u+V-.(Sn) (A29)
=K—-V.u* (A30)

using (1.3). Here, K = a; — S4V - n is the stretch rate and a; = V « u — n;n;Vju; is the
tangential strain rate.

Appendix B. Simplified equations in reduced semi-1-D configurations

The meaning of some terms in (A13), (A17), (A18) and (A24) can be better understood
by considering a simple configuration. Accordingly, let us consider evolution of a
reaction-diffusion wave in an quiescent mixture, i.e. |u| = 0. This wave is further
assumed to have a 1-D structure, i.e. ¢ = c(r, t). The spatial coordinate r may be (i)
r = /x% 4+ y2 + 72 > 0 for a spherical wave, (i) r = /x + y? > 0 for a cylindrical wave,
and (iii) r = x for a planar wave. Under such simplifications, the original CDR equation
(1.1) for c(x, v, z, t) reads as

0 1 0
—c=D—— [ ""— W, Bl
atc ™ ar (r C) + ®D

with m = 0, 1 and 2 in the planar, cylindrical and spherical wave, respectively.

Due to the above assumptions, (i) the four flow-related terms Aj,, By,, By, and B3,
vanish, and (ii) ¢ = ¢ (r, 1) for any ¢ € [Sy4, S, S0}, Sy, |Vc|] as long as the value of ¢
stays bounded. Let us assume that there exist no zero-gradient point of |Vc¢|(r,1) =0
within a space/time region of 0 < r,(f) < r < rp(f) at T, <t < 1p, or in other words,
c(r, t) stays monotonic along r within this region. Then, the surface-following derivative
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9*/(0*t) reads as

o* 0
—¢ = —d) - UiSd d) (B2)
term A in (2.22) reads as
0
A(p) = —0i¢55d, (B3)
the 3-D Laplacian reads as
1a 9 92 m
¢= P 8r( 8r¢) 8r2¢+ r 8r¢’ ®4)
the mean curvature reads as
mo4
V.n= , (BS)
r

and a product of two curvature tensors reads as

m
Vl-njV,-nj = Vﬂlejl’li = —

e (B6)

Here oo =n-r = (9/dr)c/|(d/dr)c| € [1, —1] is a sign function, vector # is normal to
the reaction wave and |Vc¢| = 04(9/dr)c. Using the above relations, the five transport
equations derived in appendix A, i.e. (A24) for Sy, (A13) for V - n, (A17) for /D, (A18)

for S;V and (A28) for |Vc|, read as

92 mD 0 mD
—Sd — GiSd—Sd = —GiSd—Sd +D Sd + ——Sd +2UiSd Sd + — S
H,_z
lhs A By Bs Be
(B7)
om mS m o m 0 msS,
P e B FERe (B8)
ot r r ror r or r
— —_——— ——
lhs A B4 Bé
aS SaS SaS—I—DazS—i-Z S"aS—i-O (B9)
—S —0o = —048— oS — ,
R L T T
——— N —— Bs
lhs A By Bs
0 0 0
—SW — 6. 8y—8W = —6.8% —8,, B10
o d T OESdGPd T TR G (B10)
lhs A
and
i [Vl i (IVcelSq) =0 (B11)
—|Vec| —ox— (Ve =0,
ot *ar d
respectively.

In the curvature equation (B8) different terms are cancelled to yield a net zero sum (note
(0/0t)(m/r) = 0) resulting from the assumed geometrical constraint. Such cancellation is
fulfilled not only in the trivial configuration of a zero-curvature planar (m = 0) wave, but
also in a cylindrical (m = 1) or spherical (m = 2) wave. Moreover, two diffusive sub-terms
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Figure 6. Comparison of numerical solutions obtained (i) by solving (Bl) with W=
(1 —¢)/Ttg) exp(—49/(1 4+ 6¢)) and T = 1073 and (ii) by solving (B12) and (B13), both with D = 1. The
left and right panels report results computed for a ‘planar wave’ with m = 0 and a “spherical wave’ withm = 2,
respectively. In each subfigure c(7,, r) and c¢(#, r) are numerical solutions obtained at 7, = 0.1 and 7, = 1.1 by
integrating (B1) over a spatial region of r, = 0.2 < r < rp = 15, with boundary conditions of ¢(z, r,) = 1 and
c(t, rp) = 0 starting with an initial profile of ¢(t = 0,r) = 1 — H(r — 6). Here, H is Heaviside step function.
Note that ¢(¢, r) was maintained to be monotonously decreasing in space during the entire wave evolution.
Based on the computed profile of ¢(z4, 1) or c(#, ), the profiles of Sy(c(ta, 1)) and Sj(c (4, 7)) or Sq(c(tp, 1))
and S (c(tp, r)) were directly evaluated as follows: Sy = (D(3%/0r*)c + W) /(0+4(3/8r)c) + o+Dm/r and
S = D(%/0r*)c/(0+(8/dr)c). Subsequently, the former profiles of Sy(c(z,r)) and Shic(ta, 1)) were
adopted to set the initial conditions for numerically integrating the second set of (B12) and (B13). In these
computations, o+ = —1 and boundary conditions of (Sy — o+D(m/r)) = 0 and S, = 0 were set at r, and ry.
Finally, the profiles of Sq(#p, ) and S/;(ty,, r) were computed by numerically solving the second set of (B12)
and (B13). The numerical integration of the two sets of equations was performed using the Matlab partial
differential equation (PDE) solver ‘pdepe’ for 1-D parabolic and elliptic PDEs, a uniform mesh with a size of
0.0148, and a constant time step of 0.01.

B4 and Bg in (B8) are cancelled by term A and the difference 9*/0*¢(V - n) — 9/9t(V -
n), respectively.
Subsequently, one can rearrange (B7) and (B9) as

9 mD\ 9 a2 mD
—S;— 208"+ — ) —S;,=D—S —Sy, B12
Btd (Gid—i_ r)Brd ar? d+ r? d ( )
and
2

a a ad
ESZ — O'ia(SdSZv) = Dm
respectively. Thus, the original governing equation (B1) for a single unknown quantity c is
replaced by a pair of (B12) and (B13) for two unknowns (S, S7). Such a replacement is at
least valid for a spatial/time region 0 < r,(#) < r < rp(¢) and ¢, < t < ¢, that contains no
zero-gradient point. Profiles of S; and S”, obtained by numerically solving two different
sets of equations using equivalently translated initial conditions in either a planar (m = 0)
or a spherical (m = 2) configuration, are plotted in figure 6. These results do show that the
profiles yielded by different equations match very well. It is of interest that a function W(c)
from (B1) is absent in the second set of equations, i.e. (B12) and (B13). Accordingly, all
information about W(c) is ‘encoded’ into the initial conditions, i.e. S¢(Z4, r) and 87 (74, 1),
for the second set of equations.

If a reduced semi-1-D configuration contains multiple regions separated by some
zero-gradient points, (B12) and (B13) may still hold, however, each of the time/space
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regions must be prescribed externally. In other words, the replacement equations cannot
tell us how a zero-gradient point moves, while the original (B1) can do so. A similar
equation replacement can be applied to a different pair of two unknowns, e.g. (S4, |Vcl)
for (B12) and (B11), as long as S’ in (B12) is replaced with 0+D(d/dr|Vc|)/|Vc|.
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