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Abstract

Orthogonal coordinate systems represent an attractive alternative for the formulation of two-
dimensional composition space equations for partially premixed combustion: They avoid the need
of closure models for a cross scalar dissipation rate and allow for a direct recovery of the correspond-
ing flamelet equations in the asymptotic limits of non-premixed and premixed combustion. Despite
these remarkable features, this kind of coordinate systems still present some important unsolved
issues, which have limited their application so far. These difficulties are mainly associated with i)
the lack of an appropriate formalism for the definition of two variables having orthogonal gradients
in the entire flame domain and ii) the absence of corresponding closure models for the gradients
of these variables in two-dimensional composition space. In the present work, it is shown how a
Lagrangian interpretation of the flamelet derivative allows solving both problems. More specifically,
after the mixture fraction, Z, is adopted as first coordinate, the proposed approach allows to derive
i) two-dimensional composition space equations for all reactive scalars, ii) a transport equation for a
modified reaction progress variable, ¢, satisfying the desired orthogonality condition, VZ -V = 0,
and iii) two-dimensional composition space equations for gz = |VZ]| and g, = |V¢|. The obtained
set of two-dimensional equations in orthogonal composition space is general and it can describe
different flames of interest. In order to illustrate the capabilities of the formulation, the equations
are then specialized for planar flames with unity Lewis number, obtaining in this way a solvable set
of composition space equations in orthogonal coordinates. After an appropriate numerical approach
is introduced, the resulting 2D equations are solved to analyze the interaction between premixed

flamelets with a strain rate prescribed along the Z-dimension controlling the interaction. Both
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flame structures and budgets of the scalar gradient equations are studied and the results provide
new insights into the physics of scalar gradients in two-dimensional composition space. Finally,
conceivable coupling strategies of the present formulation with CFD codes for the simulation of

turbulent flames are discussed.

Keywords: Flamelet theory; Partially premixed combustion; Scalar gradient equations;

Orthogonal composition space

1. Introduction

During the last decades, several sets of flamelet equations (also called one-dimensional compo-
sition space equations) have been derived and analyzed for non-premixed [IH4], premixed [5H9] and
spray flames [I0HI4]. While these formulations work very well in the corresponding asymptotic limit
for which they were developed, it is well known that they are not appropriate for more complex
flames likely to be found in advanced combustion systems. Of particular interest are partially pre-
mixed flames (also called multi-regime flames), in which premixed and non-premixed combustion
modes can co-exist and interact [I5] [16]. Therefore, several different sets of two-dimensional com-
position space equations have been proposed in recent years as extensions of the classical flamelet
theory [I7H22], all of which make use of the mixture fraction, Z, and a second conditioning variable,
generalized here as ¢, to define the composition space, (Z, ¢, 7), where 7 is a time-like variable.
Typically, ¢ is defined as some sort of reaction progress variable [I7H23], but approaches using a
second mixture fraction [24] or enthalpy [25] also exist. For a comprehensive review of the associ-
ated literature on two-dimensional composition space equations, the reader is referred to the recent
works of Mueller and coworkers [21], 23] and Scholtissek et al. [22].

While the use of non-orthogonal coordinates represents the most common choice for the formu-
lation of two-dimensional composition space equations, Scholtissek et al. [22] have recently shown
how an orthogonal coordinate system can be defined based on the mixture fraction and a conven-
tional reaction progress variable, Y.. In particular, they introduced the following transformation

rule from physical into composition space
a() a()

clz

where |z indicates that a derivative has been taken keeping Z constant and

VJ_YC = VYC — (IIZ . VYC)nZ (2)

is defined as the component of VY, perpendicular to VZ, with ny = VZ/|VZ| denoting an unit

vector normal to the Z-isosurfaces. Based on this transformation, a set of composition space



equations for chemical species and temperature was then derived and validated in the context of
triple flame structures obtained by means of numerical simulations [22].

One of the major advantages associated with the use of orthogonal composition space coordinates
is avoiding the need of closure models for the cross scalar dissipation rate, xz, = 2D VZ - Vo,
since this quantity is identically zero by construction. This directly solves one of the most im-
portant problems related with the development of a general two-dimensional composition space
theory in non-orthogonal coordinates, making the approach of Scholtissek et al. [22] very attractive.
Additionally, Eq. conveniently reduces in the asymptotic limits of non-premixed and premixed
combustion, which allows a direct and transparent recovery of the respective classical flamelet equa-
tions in those situations. More specifically, for non-premixed flames the gradients of Z and Y, tend
to align, which implies that VY. — 0 (the component of VY, perpendicular to VZ vanishes). This
reduces Eq. to V(:) = 9(-)/0Z VZ, which corresponds to the classical flamelet transformation
for non-premixed flames [I], 15]. For the limit of premixed combustion, on the other hand, VZ — 0,
which implies that VY, — VY, since ny - VY, = |[VZ|0Y./0Z =~ 0 in this limit (see Eq. )
Accordingly, for this case Eq. reduces to V() = 0(-)/0Y. VY., which coincides with the trans-
formation rules used in previous works in the context of one-dimensional premixed flamelets [26], 9].
Due to all these positive features, the use of orthogonal coordinates in composition space results
very promising, motivating new research efforts on the topic.

However, while conceptually very powerful, the approach introduced by Scholtissek et al. [22]
still presents some open issues, which have limited its application so far. First, an explicit definition
for the second coordinate, ¢, ensuring a gradient of this quantity perpendicular to VZ in the flame
zone has not yet been provided. Instead, as illustrated in Eq. , the authors employed partial
derivatives with respect to Y. while keeping Z constant to express all terms in the equations as a
function of Z, Y. and 7 only. While at a first glance this may appear as an unimportant detail,
it can be very restrictive in practice. In particular, computing 0(-)/0Y.|, and VY, requires a
priori knowledge of the angle between VZ and VY., which is equivalent to knowing the cross scalar
dissipation rate. Additionally, the absence of an explicit equation for ¢ hinders the derivation of
appropriate closure models for the conditioning scalar gradients, gz = |VZ| and g, = |Vy|, which

are required for the development of a solvable set of composition space equations.

The major objective of the present work is addressing the open issues of the formulation of
Scholtissek et al. [22], while keeping its important advantages. More specifically, we aim to develop
a self-consistent composition space theory for partially premixed flames in orthogonal coordinates

(Z,¢,7), including the following main components:



C1: A simple and general formalism for the derivation of two-dimensional composition space equa-
tions based on a Lagrangian interpretation of the temporal flamelet derivative, 9(-)/07|z,,

and a demonstration of its use in terms of the generic reactive scalar, .

Cs: An extension of the formalism to obtain a transport equation for the second coordinate, ¢,

satisfying the required condition that VZ - Vi = 0 in the flame region.

Cs: Further application of the proposed Lagrangian approach to obtain additional two-dimensional

equations for gz and g,.

Cy4: A specific formulation for unity Lewis number (without loss of generality) as an example of
how a solvable set of equations can be obtained in terms of four parameters: the two strain
rates, az = nz-0u/dnz and a, = n,-0u/0n,, with 9(-)/0n denoting a directional derivative,

and the two curvatures, k7 = =V -nz and k, = =V - n,, where n, = Vo /|Vy|.

Cs: A demonstration of how the derived equations can be used to study the interaction between
different combustion regimes together with a corresponding appropriate numerical approach

for their solution.

Additionally, conceivable coupling strategies of the present formulation with CFD codes for
the simulation of turbulent flames are discussed. This work is expected to provide an appropriate
framework for a deep understanding of combustion physics in two-dimensional composition space,
as well as a proper basis for future applications of the theory to the development of modelling

strategies for the simulation of multi-regime turbulent flames.

2. General composition space formulation

In this section, the components C; (Section 2.1), Ca (Section 2.2) and Cs (Section 2.3) of the
aimed two-dimensional composition space theory are developed. This is done in a general way, so

that the approach can be easily specialized later for any particular case of interest.

2.1. Equation for a generic reactive scalar 1

We start considering two variables, Z and ¢, which are governed by

0z

S Fu-VZ=Ty (3)
and

)

8—f+u-Vg0:P¢, (4)



respectively. Here, u is the flow velocity, and the right hand sides (RHSs) of the above equations,
I'z and I'y, can contain diffusion, chemical reactions and even evaporation effects, depending on
the considered flame type. While Z and ¢ will typically be a mixture fraction and some sort of
reaction progress variable, respectively, there is no need of specifying I'z and I', at this point and
we will keep them general for now. Two unit vectors perpendicular to the Z and ¢ isosurfaces can

be defined as

vZ Vo

S d = 5
vz T e Ry (5)

nz

respectively. Since we aim to work on an orthogonal coordinate system, it will be imposed now
that nz - n, = 0, and this condition, together with other requirements identified later, will allow
determining an explicit form for I',.

We introduce now the general reactive scalar, 1, which is governed by the following equation

oY B
a+u-v¢_1“¢, (6)

where the transported variable could be the chemical species mass fraction, Y}, or the temperature,
T'. We highlight at this point that a change of coordinates from (x,t) into (Z, ¢, 7) could be directly
utilized now to obtain a v composition space equation, as it is commonly done in the literature (see
for example [17H22]). However, instead of that, we consider an alternative path here, for which we
introduce a mass-less particle moving with velocity u, given by

Iy T,

B A 7
V2™ T O™ @)

u, =1u

Considering Eq. @, it is easy to prove that this particle velocity simultaneously satisfies the kine-

matic conditions
e

YA
o T VZ=0 and

B +u, -V =0, (8)
which implies that the particle follows a point located at the intersection between a Z and a -
isosurface. In other words, u, is an extension of the classical definition of absolute velocity of a single
scalar isosurface, which is composed of the flow velocity and the relative velocity of the iso-scalar
surface (with respect to the flow) due to diffusion and reaction (see for example [27]). Now, since the
temporal derivative in composition space can be interpreted as a Lagrangian derivative computed
following the flame attached reference frame [28] 22], in the two-dimensional case considered here
0(+)/07|z,, can be written as
oY 9y



Making use of Egs. @ and , we can rewrite Eq. @ as

o r, 9w T, 9
B IVZ|0ngz |Vl on,’

where 0(-)/0ng = ng - V(+) is a directional derivative. With this procedure, the transformation

(10)

of the temporal derivative through the application of the chain rule is avoided, which significantly
reduces the effort involved in the derivation of the composition space equations. Introducing now

the classical two-dimensional transformation rules for the spatial derivatives in physical space

oY oY
=——V/Z+— 11
Vi 3 ZV + o Vo, (11)
where the directional derivatives can be calculated as
oY oY oY oY
— = |VZ|—= d —F/—= —_— 12
Ong v |8Z an Ing Ve oy’ (12)
we can rewrite Eq. (10) as
oY oY o
— =Ty -Tyz—-T,— 13
or Y Yoz Yoy (13)

which describes the evolution of ¥ on a flame attached reference frame simultaneously following
isosurfaces of Z and ¢.

The importance of both the procedure and the generalized composition space equation for
introduced in this section can be summarized now in two different aspects: First, even when a
flamelet-type transformation, Eq. , is still required in the present derivation, introducing Eq. @
leads to a procedure much simpler than the classical one, eliminating the need of transforming
the temporal derivative and appropriately collecting terms. Secondly, given its quite remarkable
generality, Eq. represents a perfect starting point for the derivation of any particular specialized
formulation in two-dimensional composition space. More specifically, I'y,, I'z and I', can be defined
now with any degree of detail (including different effects such as differential diffusion, chemical
reaction source terms, evaporation source terms and any other additional effect that could be
required in any given case). After this, these terms just need to be transformed according to
Eq. and inserted in Eq. directly, completely eliminating the need of repeating the above-
presented derivation. This last aspect will be illustrated in the next section for the special case of
unity Lewis number for all species (without loss of generality).

The formalism presented in this section corresponds to the component C; of the aimed compo-

sition space theory.
2.2. The p-equation

We proceed now to obtain a general transport equation for ¢, which requires specifying I'y, in

terms of some already defined quantities. For this, two additional conditions are introduced here.



First, we will impose Vi = V| Y., which will allow retaining all the advantage associated with the
formulation by Scholtissek et al. [22] (see discussion in the introduction). After multiplying Eq.

by n, (dot product) and conveniently re-arranging, this first condition leads to

oY,
v = 14
Vel o Veeol, (14)
which can only be satisfied if
Y,
oe . (15)
dp

Before imposing the required second condition, we remark that, as defined in the previous
subsection, the velocity u, ensures by construction that a particle attached to a Z-isosurface remains
on it when time advances. However, if all the characteristics of the premixed limit are to be
recovered from the present formulation, we additionally need to ensure that the particle also remains
attached to a corresponding Y.-isosurface. For this, we consider the apparent flame velocity typically

introduced in the context of premixed flames as
Sf =u— Sgn, (16)

with s4 denoting the flame displacement speed and where n. = VY./|VY,| corresponds to an unit
vector normal to a reaction progress variable isosurface. With this apparent flame velocity, we can
impose the condition

u, N, =Ss- N, (17)

which formally ensures that our mass-less particles will remain on the corresponding Y -isosurfaces
as required.
We introduce now the following general governing equation for the reaction progress variable

IY.
ot

+u-VY, =T, (18)

for which an extension of the analysis performed by Gibson [27] allows finding a explicit expression

for sq [15]. This yields
Ie
= 19
Sd IVYH ( )

Using Eqgs. , and , we obtain

|VQD‘ Fc _ FZ
(ny-m.) [[VYe| [VZ]

r, - (nz-m.)|, (20)

which specifies I',, as a function of I'¢, I'z and the scalar products between the different unit vectors
associated with the scalar surfaces under consideration. The latter can be computed now as

L vzov.
AN/

(21)
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and
Vgl

.n,. = 22
n‘P nc ’VYVC| ) ( )
respectively. With this, Eq. reduces to
oY,
F(p:FC—I‘Za—ZC, (23)
which can be inserted in Eq. to obtain
0 oY,
—SO—I—u-ch:FC—I‘Z : (24)

ot 0z

With this equation, the component Cs of the aimed composition space theory has been specified.

2.8. Closure for the conditioning scalar gradients

While gz and g, do not explicitly appear in Eq. , it is well known that specifying I'y, and
applying the transformation rule given by Eq. will lead to terms containing them. In order to

close these quantities, we start considering a generic scalar, S, which obeys the following equation

oS
— . =Ts. 2
8t+u A S (5)

Since Eq. has the same general form than Eqgs. and , we proceed now to derive a
single equation for gg = |V.S|, which can be then specialized for Z and ¢.
To obtain a starting equation in physical space, we apply the operator ng - V(-) to Eq. .

After some convenient arrangements, this yields

dgs al's

— =-u-V —, 26

5 u-Vygs + gsas + s (26)
where ag = —ng - du/Idng-, with ng = VS/|VS| denoting an unit vector normal to the isosurface

of S. A more detailed derivation of the gg-equation is given in Appendix A. Now, making use of

the Lagrangian interpretation of the temporal derivative in composition space, Eq. @D, we have

dgs _ 9gs
— == -Vgs. 27
or ot tup Vs (27)
Inserting Eq. into Eq. , and making use of both the expression for the particle velocity,
Eq. , and the transformation rule, Eq. , we obtain

dgs r dgs

S
=22 = r,—2=2 -2, 28
5y + gsag + s (28)

2oz ¢ 0y
Additionally, using the following mathematical identity

ar 9 (Ts\ Tsd
s _ (S)+SQS

gs gs Ong’

— 2
ans ~ PSons (29)
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we can rewrite Eq. (28) as

99s _ _p 99s _ 99s 2 9 (Ts 9gs
or = L2gy “Lteg, Tesastasge| o) Thspg (30)

It is interesting to note at this point, that once Eq. is specialized either for Z or ¢, a tangential
derivative will remain, which differs from previous formulations for gz and g. derived for the classical
non-premixed and premixed asymptotic limits [24] [4] [14] 22| 29]. Also, this result is not compatible
with the use of simple analytical expressions for the closure of the conditioning scalar gradients
typically having a one-dimensional dependency in composition space. With Eq. , the component

C3 of the aimed composition space theory has been specified.

3. Solvable system of equations for unity Lewis number

In the previous section, the components Ci, Co and Cg explained in the introduction have been
specified. The resulting set of equations, however, is not written in a solvable form. In order to
illustrate how a closed and solvable formulation can be obtained, we proceed now to specialize the
equations derived in Section 2. For simplicity, unity Lewis number will be assumed here, but we
remark that the formulation presented so far is general and that it can be directly used in non-unity
Lewis number situations, too. The equations obtained in this section correspond to the component

C4 specified in the introduction.
3.1. Composition space equations for chemical species and temperature

We proceed now to specialize Eq. for chemical species, Yj, and temperature, 1. These

quantities are assumed to be governed by

8Yk 1 Wk
ZE w0 VY, = -V (pDVY}) + — 31
ot T VY= OV (pDVY) + = (31)
and
oT 1 D or  Le
—+u-VI=>V-(pDVT) + VT Ve, + — + > 2EDVy, . VT, (32)
ot p Cp — o

respectively. In Egs. (31) and , p is the density, D is a diffusion coefficient, wy is a mass
source term of species k due to chemical reaction and wp is a corresponding energy source term.
Additionally, ¢, and ¢, are the specific heat capacity at constant pressure of species k and of the
mixture, respectively. While Egs. and formally specify I'y, and I'r, we still need explicit
forms for I'z and I',. The former is specified by means of the transport equation of the mixture

fraction, which is assumed here to have the following form

0z 1
o tuVZ= V- (pDV2). (33)



For I'y,, on the other hand, an expression can be directly obtained by means of Eq. , provided
that I'. is first specified. Assuming that Y, is governed by

oY,
ot

1 e
= -V - (pDVY,) + 22, (34)
p p

and making use of the transformation rule, Eq. , and Eq. to rewrite the RHS as

1
Ie= F [V - (pDVYe) + o]
_ 1! V - (pDV) + D|VZ\2 0 - (pDV Z) —aYC+' (35)

we can obtain the following transport equation for ¢ from Eq.

Oy 1 w
ad — -V (pD Yo
91 +u-Vop pV (pDV ) + . (36)

where

Wy = pD|vzy2

e (37)

With I'y,, I'r, I'z and I', already specified, and after application of the above-defined transfor-
mation rules, Eq. , we can obtain now specific composition space equations for chemical species

and temperature. These yield

oY, OV . ) %Y, Y .
Sk — oD o 38

and

6T+8T D 82T+ DZOQ—T pD 8T86p+ 2 0T Ocy
Poar T ap"e =P gZé)ZQ PE9 002 T e, gzaz 0z Y29y 9y

respectively. A detailed explanation of the transformation of I'y, and I'r is given in Appendix C.

In the next section, the gg-equation will be specialized for gz and g,.

3.2. The scalar gradient equations

Considering Egs. and , I'z and I', can be generalized as

1 dosl
Fs:;V-(pDVS)—I—M
1 0 dpsWs
=-—(pD D 58 40
S dns (pDgs) — Dgsks + PR (40)
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where kg = —V - ng is the curvature associated with the S-isosurface and ¢, is the Kronecker
delta function, which adopts a value of 1 for S = ¢ and 0 for S = Z. With this, we can rewrite
part of the fourth term in the right hand side of Eq. as

0 1 92 1 0p 0
35 (I's/gs) = p 852 (pDgs) — 20598 (pDgs)

0 0 [ dyp5ws
— — (D — 222 41
( HSH@S( Pgs ) 4D

Inserting Eq. into Eq. , and specializing for S = Z and S = ¢, we obtain

%(JTZ - g/f;:p (pDgp) — Dgpkiy + uﬂ 2@2
N gjzaa; (pDgz) — f?géaaz (PDyz)
- g%aaz (Dkz) + gzaz (42)
and
%9;0 - ngaaZ (pDgz) — DQZ“Z} (c?)ng
+ gf’;; (pDgy) — i%gg;o (PDg.)
_ gia(g:“") + 93’8(1 <;ng2> + 9o, ()

respectively, where use of Eq. has been made. With Egs. and , the composition space
equations for chemical species and temperature, Eqs. and , are closed provided the strain
rates, az and a,, and the curvatures, kz and k,, can be properly modelled. This set of equations

represents the component C4 of the aimed composition space theory.

4. Assessment framework

In this section, an appropriate framework for the study of partially premixed combustion effects
is provided together with a numerical approach for the solution of the equations obtained in the
previous section. These elements represent the basis for the component Cs of the aimed composition

space theory.

4.1. Demonstration case

As a demonstration case, we choose the flame-tangential interaction between premixed flamelets
with different equivalence ratios (¢ =0.5-1.7, CHy-air, p = 1 atm, Ty = 300 K). This scenario

mimics a flame-front propagating into a stratified mixture of fresh reactants. Both curvature effects

11



and the influence of strain on the g,-equation are neglected for simplicity and only steady state
solutions are analyzed. The interaction between the premixed flamelets is controlled by the strain
rate imposed for the gz-equation which is discussed further below.

Figure [I] shows a schematic of the computational domain together with the initialization and

the boundary conditions. The Z and ¢ dimensions are normalized according to

Z — Zmin
7(2) = ————— 44
( ) Zmax - Zmin ( )
and
0 (2,p) = — L Fmin (45)

Pmax(Z) = Pmin’
respectively. Utilizing the (Z*, ¢*)-space allows an advantageous implementation of the numerical
solution algorithm solving the equations on a unit square grid (further details are provided in
Sec. . Note that the mixture fraction is normalized due to the fact that the left and right
boundary conditions correspond to lean (¢ = 0.5, Zpin = 0.0284) and rich mixtures (¢ = 1.7,
Zmax = 0.0903), respectively, and not to pure oxidizer and fuel. Even though we present this
normalization for a specific case here, we emphasize that it could analogously be applied for other,
more general cases.

For temperature and species, cold mixing between the lean and the rich mixture is prescribed as
boundary condition at px = 0. For the left (Z* = 0), lean and rich premixed flamelet solutions are
chosen, respectively. At the top boundary (¢* = 1) a non-premixed flame with an imposed strain

rate is prescribed.

y
*
12 equilibrium (K 7 = 0) or
non-premixed flame (K, 7 > 0)
1
: :
=} =}
o o
[
& A
: :
= interaction 8,
g <
Q
2 H
1]
0 cold mixing Loz

Figure 1: Schematic of the (Z*, ") computational domain.

12



In order to introduce the assumptions adopted above, it is convenient to replace the strain rates
az and a, by K, z and K ,, respectively, where
Kus =0 (25)), (16)
pons \ gs
with S denoting either Z or (. This expression stems from the definition of strain usually employed
in strong stretch theory [30L B1]. According to the recent work by Olguin et al. [29], but using the

notation adopted in the present work, the relation between the both possible definitions of strain is

dgs  I's dp
= gsK =2 4 = 47
gsas = gshs s + or + > Ong (47)

For the cases under consideration, Eq. (47]) leads to
0 1 0p

=K 2 (pDgy)| =<2 48
az s,Z+ |:gZaZ (p gZ):| pgaza ( )

0 1 0p
= | g (oD Do | = 2L 49
) [Qw 9o (pDgy) + wso] 200 (49)

which formalizes K 7 as the only free parameter controlling the interaction between the unstretched
premixed flamelets.

The analysis starts considering (one-dimensional, non-interacting) premixed flamelet solutions
corresponding to the local mixture fraction. For this situation, Ky 7 = 0, which implies that the
mixture stratification vanishes in the entire domain (g7 = 0). Accordingly, in this case the solver
reduces to a solution algorithm for non-interacting unstretched premixed flamelets [§] and the
top boundary condition simplifies to the chemical equilibrium corresponding to the local mixture
fraction. Other cases are then generated by keeping all boundary conditions considered in the first
case, but increasing the strain rate, K z. In particular, a constant K 7 is imposed in the entire
domain (including the bottom and top boundary conditions), which introduces important tangential
interactions between the different originally non-interacting premixed flamelets.

It should be noted that the concept of interacting premixed flamelets is just one interpretation
of the flame which is employed here for illustrative purposes. In general, the two-dimensional
composition space formulation does not rely on a (one-dimensional) flamelet representation for the
flame, even though one-dimensional premixed and non-premixed flamelet equations can be recovered
as limiting cases. We emphasize that multi-regime combustion characteristics arise in many different
flame configurations, as discussed in detail in the literature, see for instance [32] [19] 16, 22]. The
representation of other flame configurations in two-dimensional composition space depends on the

choice of the boundary conditions and the flame parameters, which will be explored in future work.
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4.2. Transformation rules

Solving the composition space equations on the (Z*, ¢p*)-grid requires a change in variables and
the reformulation of all terms according to the respective transformation rules, Egs. and .

The partial derivatives with respect to Z and ¢ are readily rewritten as

a() 1 8() i*a@max a()

97 " BAZoz  Dp 07 0o (50)
and
a) 1 .9()
do  Ap dp*’ (51)

respectively, where AZ = Zpax — Zmin and Ap = @max(Z) — @min. Further details about this
transformation are provided in Considering the simplistic transformation rule for
Z, some readers might find it surprising that its partial derivatives are replaced by a combination
of both partial derivatives with respect to Z* and ¢*. This aspect can be understood from the
stretching of the space in the vertical direction, which is shown in Fig. Keeping in mind that
a partial differentiation with respect to Z* implies ¢* is held constant, which corresponds to a
horizontal direction in Fig. [2] (left), the bending of the iso-¢* gridlines in Fig. [2| (right) clearly
shows that the differentiation with respect to Z (i. e. with ¢ held constant) demands an additional
term describing the grid deformation. The latter depends on the upper bound ¢ = Ypax(Z), which
appears in the second term in Eq. . On the other hand, differentiating with respect to ¢
(i. e. along the vertical direction in Fig. [2)) leads to a simple re-scaling of the partial derivative with

respect to p*.

2000
0.2
01 1500
=25
0.1 1000 =
0.05
500
0
0 0.5 1 0.04 0.06 0.08
z* A

Figure 2: Mapping of the scalar temperature field, computed on an orthogonal grid in (Z*, p*)-space, to (Z,p)-space.
The formulation of the 2D composition space equations with respect to the computational (Z*, ¢*)-domain requires

a change of variables as described in Sec. [.2] and [Appendix_ D]
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Transforming the second partial derivatives with respect to Z and ¢, one obtains

PO _ 1 PO )
022~ (AzZ)2 oz " oprazr
() a()
2890*2+m3880*

+m

and
#() 1 ()
6902 - (Atp)2 &)0*2’ (53)

with
*

. 2 8<;Omax
NN

mo = 7()0*2 680max ’
(Ap)2 \ 97 )’

my =

and

o 290* <6(Pmax>2 (P* 82(Prnax
ma =

(A2 \ 0z ) Ap 022

The above transformation rules need to be carefully introduced for all partial derivatives of ther-
mochemical scalars appearing in derived the composition space equations. It is noted that the
transformation introduces cross derivatives according to Eq. , which can be computed on the
numerical grid, but no cross scalar dissipation rates, such that no further modeling efforts are

required. The formulation of the fully transformed equations in terms of Z* and ¢* is provided

in (Appendix B}

4.83. Solution algorithm

The equations for temperature, species and the gradients gz and g, are solved with an alternat-
ing direction implicit (ADI) scheme according to Douglas and Gunn [33]. With this method, two
tridiagonal matrixes are solved in every time step and the overall numerical solution is advanced until
convergence to a steady state. The steady state is verified by two measures: (i) temporal derivatives
of solution quantities are smaller than a prescribed threshold value and (ii) probes throughout the
two-dimensional domain confirm that the overall solution remains invariant with further integration
in 7. The grid resolution is set to 100 grid points in both dimensions. All species’ thermodynamic
properties, transport coefficients, and chemical source terms are evaluated with cantera [34] and a
reduced GRI 3.0 mechanism (28 species, 112 reactions) is adopted for the description of chemical

reactions [35].
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5. Results and discussion

In this section, we analyze numerical solutions of the 2D composition space equations. For
the demonstration case, a parameter variation of the strain rate K,z between 0/s and 200/s is
performed, which can be understood as increasing interactions between initially separated premixed
flamelets, as previously stated. First, the response of the flame structure to this strain variation is
examined. Thereafter, a budget analysis of the novel gradient equations is performed. The section
concludes with a discussion of how the numerical approach could be integrated into existing state-
of-the-art simulation frameworks. With this analysis, the component Cs of the aimed theory is

completed.

5.1. Flame structure and the effect of strain

strain = 0/s strain = 200/s

¢1.2 14 1.6 0.6 0.8 1¢1.2 14 1.6 x107

0.6 08 1

2000

1500

1000

500

0.1

0.05

400

200

0 02 04 06 08 10 02 04 06 08 1
Z -] Z -]

Figure 3: Contours for the solution quantities heat release rate (HRR), temperature T', mass fraction Yco, and the

gradient g, in (Z*, ¢")-space. For orientation, the local equivalence ratio, ¢, is plotted as a second axis on top.

The solution for selected thermochemical scalars is analyzed first by means of contours (Fig. |3

and then for individual profiles along vertical slices in the (Z*,¢*)-space (Fig. E[) From top to
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bottom, Fig. [3| shows the heat release rate (HRR), the temperature, the mass fraction of CO and
the gradient g,. Note that the local equivalence ratio is plotted as a second axis on top of Fig.
to aid the interpretation of the results. Inspecting the contour plot of the HRR (Fig. [3| top row),
the region with relevant heat release first exhibits a v-shape which becomes a disk shape towards
higher strain rates. Furthermore, the lower edge of this region moves slightly towards higher ©*. For
the temperature (Fig. [3| second row), small changes are observed around stoichiometry (¢ = 1, as
indicated on the top axis), where the temperature slightly decreases with increasing strain. Other
than that, visual differences in the contour plot remain small, which also applies for the species CO
(Fig. 3| third row). In contrast, the gradient g, (Fig.[3| bottom row) shows a notable response to
the strain variation. The high-gradient region initially exhibits a u-shape, which becomes a v-shape

towards higher strain rates.

x 1010
@ Z2=02
(¢ =0.74)

@ 7Z=0.8
(¢ = 1.46)

[V}

HRR [J/kg s]
&

—— 1D premixed flamelet
— = 2D solution (strain=0/s)
0.06 } = — 2D solution (strain=200/s)

0 02 04 06 08 10 02 04 06 08 10 02 04 06 08 10 02 04 06 08 1
¢* -] ¢* -] e [-] e[l

Figure 4: Profiles of the solution quantities heat release rate (HRR), temperature T', mass fraction Yco, and the
gradient g, along four vertical slices in (Z, ¢*)-space (dashed lines). The vertical slices are also marked in Fig. 3] All
profiles are colored according to the strain value prescribed for the 2D solution and brighter grey colors correspond
to a higher strain value. For reference, corresponding profiles of a 1D unstretched premixed flamelet are shown (red

solid line).
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For a more detailed inspection of the solution quantities, their profiles are extracted and com-
pared along four vertical slices (Z* = 0.2/.4/.6/.8) which are indicated in the lower left contour plot
in Fig. 3l The solution profiles along these four vertical slices are plotted in Fig. [4| (left to right).
The black dashed line corresponds to zero strain, while grey corresponds to an elevated strain rate
of 200/s. Furthermore, the solution for a 1D unstretched premixed flame, which corresponds to the
local mixture fraction Z* in each column, is plotted for reference. Notably, the zero strain solutions
are in perfect agreement with the 1D flamelet solution which confirms the recovery of the premixed
limit. It is further found that all solution quantities are affected by the flamelet-to-flamelet inter-
action close to stoichiometry (Fig. |4 second column). On the lean side (Z* = 0.2, first column) the
gradient g, shows a clear response to the strain variation, while the HRR shows a small but notable
shift to higher ¢*, and the other solution quantities remain mostly unaffected. On the rich side
(Z* =0.6/0.8), the gradient g, changes significantly and the HRR again shows a minor response
to strain while T" and Yoo show almost no changes. In summary, the interaction between neigh-
bouring premixed flamelets starts to affect the stoichiometric region first, similar to the response
of non-premixed flames to strain. Increasing the strain rate, also lean and rich regions become
more and more affected. Since the largest variation of the thermochemical scalars, and the flames’
reactivity in general, are found in the vicinity of stoichiometry, this behaviour appears conceivable.
The observations further illustrate how the 2D model combines properties of both, premixed and

non-premixed flames, which is characteristic for partially premixed/multi-regime combustion.

5.2. Budget analysis for the gradient equations

Figure |5[shows the budgets of the gradient equations, Egs. and , for a 2D solution with
an intermediate strain rate of 100/s. All terms of the equations are evaluated along a vertical slice
(Z* = 0.3) and a horizontal slice (¢* = 0.8) of the (Z*, p*)-domain, and they are shown in the
middle and on the ride side of Fig. |5 respectively. The slices are marked in the contour plots of the
gradients gz (top) and g, (bottom) on the left of the figure. For reference, the gradient equations
are shown with all relevant terms above the plots for the readers convenience. Inspecting the gz
equation budgets, it is found that the diffusion terms mainly balance the (-convection termﬂ with
a smaller but non-negligible contribution to the overall budget from the strain term. This marks a
significant difference to purely non-premixed flames, for which the ¢-convection term does not exist

and where the diffusive terms consequently only compensate the strain term. As can be observed

!Terms which contain a first derivative of the corresponding solution quantity are formally interpreted as convective

terms in composition space.
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Figure 5: Left: contour plots of the gradients gz = |VZ| and g, = |V| corresponding to a 2D composition space
solution with strain=100/s. Budgets of the gradient equations are shown along horizontal slices (¢* = 0.8, middle)

and vertical slices (Z* = 0.3, right). For the readers convenience, the simplified Egs. and are shown above

each plot indicating the individual terms.

from its contour plot, gz is large at the lower boundary and smaller at the top boundary, which
shows that the gz information prescribed at the lower boundary is propagated into the domain
by means of this ¢-convection term (the term is positive everywhere). Hence, the interaction term
represents an important mechanism, distributing gradient information in the 2D composition space.

Considering the g, equation budgets, primarily the ¢-diffusion term and the source term, which
originates from chemical reactions, balance each other. These terms are also present in the gradient
equations for purely premixed flames [9]. Notably, the Z-convection term, which is a novel char-
acteristic for the 2D formulation, shows an almost negligible influence for the slice ¢* = 0.8. This

is consistent with Fig. @7 which confirms that the g,-profiles are almost unaffected by the imposed
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Figure 6: Budget of the g,-equation along a horizontal slice (¢* = 0.2) corresponding to a 2D composition space

solution with strain=100/s. The terms are denoted analogously to Fig.

strain (i. e. flamelet-flamelet interactions) for ¢* > 0.5. Extracting an additional horizontal slice at
¢* = 0.2, the budgets appear different, cf. Fig.[6] Consistently with findings of the previous section,
which showed notable influence of the flamelet-flamelet interactions on g, in the region ¢* < 0.5,
now the strain term balances the (p-diffusion term with small, but non-negligible contributions from
the source and the Z-convection term. Furthermore, the budget terms are an order of magnitude
smaller. This is due to the fact that the progress variable source term, which appears similar to the
HRR shown in Fig. [3| dominates the equation budgets where it is large (around stoichiometry and
for ¢* > 0.5). It should further be noted that the gradients gz and g, are large in this area, which
therefore corresponds to a confined region of high chemical activity in the physical space. Away
from this region of high chemical reactivity, flamelet-flamelet interactions show a pronounced effect
on the 2D composition space solution and it can be expected that this effect becomes stronger for

higher imposed strain rates.

6. Conceivable coupling strategy to CFD-codes

To this point, we presented a closed system of composition space equations and demonstrated
their numerical solution by a suitable algorithm. With only few parameters and an adequate
definition of boundary conditions, the overall approach can serve as a basis for modeling multi-
regime combustion when coupled to a flow solver. In this section, we outline such a coupling strategy
and discuss its strength and open issues left to implement it, all from a conceptual perspective.

Considering large eddy simulation (LES) approaches operating with tabulated manifolds, it
appears attractive to project the composition space solution into the conventional (Z,Y.)-space. This
allows utilizing exisiting subgrid scale closures based on progress variable and mixture fraction, such

as presumed PDF [17] [36] or artificial thickened flame (ATF) approaches [37]. To date, tabulated
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manifolds are often generated either from premixed or non-premixed flamelets (i. e., the limiting
cases) and have already been used for partially premixed / multi-regime combustion simulations with
reasonable results [32], 38, [39]. Hence, it is conceivable that the aforementioned coupling strategies
can also be applied with minor modifications to the current modeling approach. In this context, it
is important to differentiate between Z* and ¢* (Eq. ), which are useful normalized coordinates
to solve the 2D composition space equations, and the conventional Z and Y., which appear more
beneficial to parameterize a manifold and couple it to a CFD code. Besides Z and Y., at least a
third quantity is required for the parameterization of the manifold to reflect the imposed strain
rate, which itself controls the extent of mixture stratification and flamelet-flamelet interactions.
However, in opposition to previous coupling approaches, it would not be necessary to provide an
ad-hoc model to bridge between the strain rate imposed to the scalar field by turbulence and the
scalar gradients (or the scalar dissipation rates). Instead with the present formulation, the scalar
gradients are explicitly computed in composition space, with the strain rate being a direct input
flow parameter of the modeling. The SGS modeling would then need to focus on the fluctuating
part of the strain rate, a quantity which has deserved attention in the context of flame surface

density modeling [40].
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Figure 7: 2D composition space solution (strain=100/s) projected into (Z, Y:)-space. The figure shows the gradients
and scalar dissipation rates for the mixture fraction and the reaction progress variable together with the reconstructed
cross-terms 0Y./0Z and xz,v.. The latter terms can be directly computed from the numerical solution of the 2D

composition space solution.

To illustrate the potential of the proposed strategy, Figure [7] shows the projection of a 2D
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composition space solution into (Z,Y.)-space. The projection is readily obtained calculating Y, as a
weighted sum of species and utilizing the backward transformation Z* — Z, cf. Eq. . From the
numerical solution of the mixture fraction gradient, gz, the composition-space distribution of the
scalar dissipation rate, xyz = QDQ%, can be determined. The progress variable gradient, g. = |[VY,|,

is not a solution quantity, but it can be computed as [22]

Y.\ 2
gfzgi+g%<82> - (54)

Analogously, the scalar dissipation rate of the progress variable is obtained from xy, = 2Dg?. These
scalar dissipation rates provide estimations of SGS scalar mixing frequencies useful in scalar SGS
mixing modeling [41].

Employing orthogonal coordinates, x 7y, does not appear in the equations and can be retrieved

by post processing the numerical solution [22]

9 OYe
297"

XZ,YC = 2Dg (55)

While this quantity explicitly requires a closure in other 2D composition space approaches [24. [19]
21], this is not the case for the present model. Interestingly, due to the fact that xzy, contains
information on both orientation and magnitude of VZ and VY., it will qualify to help improving
the modeling. This will be particularly the case using probability density functions to calibrate the
SGS correlations between mixture fraction and progress of reaction. These unresolved correlations
are linked to fluctuations whose amplitude can be expected to depend on the topology of the
multi-regime reaction zones, topology which, on the other hand, directly relates to the cross-scalar

dissipation rate xzy, = 2DV Z - VY.,.

7. Conclusions

In this work, it has been shown how adopting a Lagrangian interpretation of the flamelet trans-
formation allows deriving a self-consistent set of two-dimensional composition space equations for
partially premixed combustion. The formulation makes use of the mixture fraction, Z, and a mod-
ified reaction progress variable, ¢, where the latter is defined in such a way that the condition
VZ -V =0 is satisfied in the entire flame domain. Additionally to the typical composition space
equations for chemical species and temperature, equations for gz = |VZ| and g, = |[Vy| were de-
rived, which allowed to achieve a solvable formulation in terms of four parameters: two strain rates
(az, ay) and two curvatures (kz, Ky). After an appropriate numerical approach was introduced,

the derived set of 2D equations was employed to study the interaction between premixed flamelet
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structures subject to different levels of imposed strain in the Z-direction. A budget analysis of
the different contributions to the scalar gradient equations showed that for gz, diffusion is mainly
balanced by convection in the p-direction. The latter effect is not included in previous g-equations
obtained in the context of single-regime combustion, which highlights the relevance of the current
extended formulation. For g,, on the other hand, it was found that diffusion is mainly balanced
by terms associated with chemical reactions. This roughly coincides with results obtained for the
gradient of the conventional reaction progress variable in the context of premixed flames, even when
some influence of the interaction between flamelets could be observed. These results provide new
and important insights into the physics of scalar gradients in two-dimensional composition space
equations. Finally, conceivable coupling strategies of the present formulation with CFD codes were

discussed in the context of the numerical simulation of turbulent flames.
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Appendix A. Derivation of the gg-equation

For the derivation of a general equation for gg, we apply the operator ng - V(-) to Eq. ,

which yields

ng~V<%§+u-VS:FS>. (A.1)

The transient term can be then rewritten as
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while the convective term yields

nS-V(u-VS)—nZ-a< -8S>

Bx,- Y ij
o D (08Y 95 o
Y Oxj \ Ox; 8.%'] ox;
———
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dgs on;
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inag —_—
=0
=u-Vgs — gsas, (A.3)

where ag = —ng - du/dng. Replacing in Eq. (A.2) and conveniently re-arranging we obtain

dgs _ ol'g
T u-Vygs + gsas + 877157 (A.4)

which corresponds to the final form required in Section 2 (see Eq. )

Appendix B. Detailed transformation of I'y; and I'r

In order to obtain the final form of the chemical species and temperature composition space
equations, Eqs. and , I'y, and I'r need to be transformed from physical into composition
space. According to Egs. and , these terms are

Wk

1
Fyk = ;V . (pDVYk) + — (B.l)

and

1 D
Iy ==V - (pDVT) 4T + VT VCp—l-Z Pk pvy, - VT, (B.2)
p P =1 ©p
respectively. It is noted now that there are two kind of terms that need to be transformed in these

equations, namely V (pDV) and (V1)1 - Vibg). The first of them can be generically transformed as

V (pDVY) =V - <p (ggvz+ azﬁv ))

31/} 2 0% Oy 2 2¢
8Z - (pDVZ) + pD|V Z| 922 + R V - (pDV) + pD|V| 0.2
9* oY oY
pD|V Z|? pD Qi ry, r B.
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For the transformation of the second term, we make use of Eq. , which allows expressing the
gradients of ¥y and 1y as Vb1 = Y1 /0Z VZ 4091 /0p Vi and Vipy = Ohe /0Z NV Z +01)e /0p Vi,

respectively. After multiplying both expressions and properly arranging terms, we obtain

01 O1)a v ‘231#1 0o n 01 0o +3¢1 0
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Vipy - Vo = |VZ|* == )(vz.w). (B.4)
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With Egs. (B.3) and (B.4), I'y, and I'r can be rewritten in their final forms as

1 5 %Y} 5 %Y}, oY, Y}, Wi
Pyk—p<ngZ8Z2+ D@82+PZaZ+F¢&p +? (B.5)
and
1 o O°T o O°T ar oT wr
D , T Oc, 26T8cp
p<|v “azaz TV a5 B,
N
Cpk ,OY, OT , Y, OT
D (|vZ B.
+;cp <|V|azaz+| o0 as (B-6)
respectively.

Appendix C. Consistency with Scholtissek et al. [22]

Scholtissek et al. [22] have recently derived a set of composition space equations in an orthogonal
coordinate system built in terms of the mixture fraction and a reaction progress variable governed
by Egs. and , respectively. The approach employs a Lagrangian particle traveling with
a mixture fraction iso-surface, but which is free to move along them with the flow velocity. The
required orthogonal space is then defined in terms of the transformation given by Eq. . Before
further assumptions are introduced, their composition space equation for chemical species mass

fractions yields [22]

aYk 20 2 OV
Y, 0Y; oYy .
¢l A , 1
or Y., “roav|, (€1)
with
) o*y, .
We, = pDIVZ|? a7z + e (C.2)

While the same procedure was used in that work for the derivation of a composition space equation
for the temperature, we will focus here on Eq. only, since it already contains all the necessary
terms to evaluate conditions for equivalence between their equations and the ones introduced in the
present work.

We proceed now to analyze conditions required to achieve equivalence between Egs. and .
For this, we note first that the condition Vi = VY, directly implies that

3Yk 8Yk 82Yk 0 2 Yy
= and =

Do IY.|, o2 V2|, (€3)
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and that the chemical source term appearing in Eq. is identical to the one given by Eq. .
However, despite these similarities, some important differences still remain. First, the temporal
derivative of Y}, (with respect to 7) is different for both approaches. In particular, in the formulation
presented in the current work this quantity is computed considering a particle moving with two
scalar isosurfaces. In contrast, as stated above, Scholtissek et al. [22] allow the particle to move

with the flow field in the direction tangential to VZ. A further difference observed is the term

p%{cg—% appearing in Eq. 1) which does not have a counterpart in Eq. . The equivalence
between the different transient terms can be better understood by considering the change of variable
(Z,0,7) = (Z,Yc(Z,,7),T), which, after applying the chain rule, allows rewriting the transient
term in Eq. in the following equivalent way

| _om
or Z,cp_ or

Y.
7y, or

oY}
Zyp Y.

(C.4)

ZT

Thus, with this it becomes clear that the differences regarding the transient terms are apparent
only. Despite the exact relation existing between them, having a single transient term evidently

results in an easier to handle formulation.

Appendix D. The transformation (Z, p) — (Z*, ¢*)

The 2D composition space equations are formulated in (Z,p)-space, but they are solved in the
normalized (Z*, ¢*)-space, cf. Fig. In this section, we describe how the change in variables
leads to a reformulation of the terms appearing in the equations. With this, the composition space
equations can be evaluated on a (Z*, ¢*)-grid to facilitate their numerical solution.

The transformation rules for the change of variables (Z, ¢) — (Z*, ¢*) are repeated here for the

readers convenience:

7 — Zmi
747) = =—— 21 D.1
( ) Zmax_Zmin ’ ( )
* ¥ — Pmin
(. 2) = : (D.2)

Pmax(Z) — Pmin
For consistency, we further introduce the time-like coordinate 7% with the trivial transformation
7" = 7. In the above transformation, the quantities pnin and @max correspond to the values of
the progress variable at the lower and upper boundary, respectively. For the current case, the
progress variable is defined as Y. = Yn,0 + Yco,. Thus, ¢min = 0 (fresh gas conditions at lower
boundary) and ¢max(Z) = Y.(Z) is a case-specific function of mixture fraction to be determined
from the non-premixed flamelet solution prescribed for the upper boundary. For the normalization

of mixture fraction, Zy;, = 0.0284 (¢ = 0.5) and Zy,in = 0.0903 (¢ = 1.7) which are both constants

independent from Z or ¢.
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For the change of variables, it is useful to formulate the jacobian:

[or*  or* Or*
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op*  O0p*  OJp*
| O 0Z Oy |
1 0 0
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0 — (P* 8()Omax i
I Ap 07 Ay |

Utilizing these transformation rules, the partial derivatives with respect to 7, Z, and ¢ can be
rewritten as
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N R A (D-5)
and
82_@@4_62* oT +8g0* oT
dp  Op Ot*  Op 0Z*  Op Op*
1 0T
= — . D
Ay Op* (D6)

Applying the above math to the second partial derivatives with respect to Z and ¢, one obtains

the transformation rules provided in Egs. [50] and

Appendix E. Transformed composition space equations

The composition space equations for species and temperature in (Z*, ¢*)-space read

Y, &, i  pDgy 0*Yi | pDgl 0°Yy,
Por Apdp*  AZ2 972 Ap? Op*?
0%Y;, %Y}, Y,
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and
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respectively. Additionally, the corresponding equations for gz and g, are
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where mg - mg represent metric terms defined as
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