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1. Introduction

ABSTRACT

This paper discusses a classical paradox in thermoacoustics when jump conditions are derived for
acoustic waves propagating through a thin flat flame. It shows why volume conservation must be used
for perturbations at zero Mach number (continuity of 2’ = u’A) while mass conservation is used at
non-zero Mach numbers (continuity of m’ = pot/A + tigp’A). First, from the three-dimensional mass
balance equation, a quasi one-dimensional mass balance equation is obtained for surface-averaged
quantities. Then it is demonstrated that the acoustic and entropy disturbances are coupled and need to
be solved together at the flame front because singularities in the entropy profile affect mass conservation.
At non-zero Mach number, the entropy generated in the thin flame is convected by the mean flow: no
singularity occurs and leads to the classical mass conservation at the interface. However, at zero Mach
number, the flow is frozen and entropy spots are not convected downstream: they produce a singularity
at the flame front due to the mean density gradient, which acts as an additional source term in the mass
conservation equation. The proper integration of this source term at zero Mach number leads, not to the
mass, but to the volume flow rate conservation of perturbations. A balance equation for the volume flow
rate has been also derived. This equation couples the volume flow rate and the mean and fluctuating
pressure. This latter equation degenerates naturally toward the volume flow rate conservation at the
flame interface at zero Mach number because of the pressure continuity. This theoretical analysis has
been compared to LEE (Linearized Euler Equation) simulations of stable flames and a good agreement
is found for the entropy fluctuations shape and the conserved quantities.

since. Recently, new well-instrumented acoustic experiments
[7,14,21,22] have opened the path to investigate flame response

Acoustics remains a crucial topic in the development of modern
gas turbines: acoustic waves can propagate in the whole combus-
tion chamber, interacting with the compressor exit, the turbine
stator inlet or the flames, leading to the production of direct
[1-3] and indirect noise [4-8], vibrations and combustion instabilities
[9-13].

Describing the acoustic modes, which can appear in combustion
chambers and finding methods to control them has been the topic
of multiple studies over the last decades [9,11,12,14-20]. The com-
plexity and the cost of performing laboratory-scale experiments
explain why progress in this field has been slow for a long time
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to acoustics [23], direct and indirect noise [7] as well as combus-
tion instabilities [10,14,15,21,22]. In addition, theoretical and
numerical approaches have progressed in different directions: (1)
three-dimensional high fidelity simulations of combustion cham-
bers have been performed [24-27], (2) three-dimensional acoustic
tools have been developed [28-31] and (3) analytical approaches
have been proposed to describe acoustics in simplified configura-
tions at low cost [4,5,8,16,32-35]. In particular, this last approach
allows the investigation of the underlying mechanisms involved
in acoustic phenomena since explicit expressions of acoustic
sources or growth rates of modes are obtained.

These low-order methods for thermoacoustics are usually based
on a one-dimensional formalism in which acoustic waves are prop-
agated in a network. A paradox arises from the fact that acoustic
modeling is usually performed at zero Mach number (i, = 0) while



combustion is a process necessarily place at non zero Mach num-
ber (otherwise reactants are frozen and are never transported to
the reaction zone leading to zero mean heat release Qo = 0, i.e.
no temperature or density gradients). A common approach is
therefore to consider two “worlds”: the first one is the “acoustic
world” at zero Mach number and the second one is a “convective
world” required by the flame to create the density/temperature
gradients at the flame front. Flame Transfer Functions used in
Helmbholtz solvers are a typical example of how a convective quan-
tity - the time-delay - is incorporated into the “acoustic world”
which assumes a zero Mach number. Low-order models are usually
prone to this paradox when dealing with acoustic jump conditions
required to link fluctuating acoustic quantities at both sides of a
thin flame: for a thin flame located at a section change (Fig. 1) in
the limit of zero Mach number, typical thermoacoustics studies
[11,17,21,30,33,35-40] incorporate a jump condition corresponding
to the continuity of the volume flow rate to express velocity
perturbation v} and u;, on both sides of the flame:

U’]A1 = u/zAZ (1)
while the intuitive condition would be to write mass conservation:
p] u/]A1 = pzulez (2)

which includes the mean density values on both sides of the flame
and differs strongly from Eq. (1). Mass conservation is actually used
at non-zero Mach numbers by some authors [18,36,41-43], leading
to some confusion in the community. The question becomes more
complex in network models where Mach number can be zero in cer-
tain parts of the combustion chamber modeled as one-dimensional
tubes and non null in others (Fig. 1). A crucial question is therefore
to prove the consistency between jump conditions at non-null
Mach number (M # 0) and the limit case when the Mach number
goes to zero (M — 0). Moreover, the differences between Eqgs. (1)
and (2) are large because the ratio p,/p, is of the order of 5-10
in most flames. Using Eq. (1) or (2) leads to very different results
in Helmholtz solvers. Therefore, understanding which velocity jump
condition must be used is a critical building block in all Helmholtz
formulations which clearly requires a careful analysis.

The present paper tries to elucidate this paradox by deriving
jump conditions for mass and volume flow rates on a thin flame
front at zero and non-zero Mach number. The first starting point
is to write the mass conservation at non-null Mach number
(Section 2.1). This balance equation is valid but does not degener-
ate simply to the proper equation at zero Mach number where the
volume flow rate is conserved and not the mass flow rate [11].
Another starting point is to write the conservation of total enthalpy
at the interface (Section 2.2), which leads to volume flow rate
conservation (Eq. (1)) for zero Mach numbers. Showing why these
approaches are actually compatible is one goal of the present
paper. To achieve this, jump conditions for both mass
(m = poliA + ptipA) and volume (2 = 1uA) flow rate perturbations

are derived in a case corresponding to two tubes connected by a
passive flame and section change (Fig. 1). From the three-dimen-
sional mass balance equation, a quasi-one dimensional mass
balance equation is obtained for surface-averaged quantities in
Section 2. Then the mass flow rate conservation equation is derived
in Section 2.1 for all Mach numbers. This equation couples the
unsteady mass flow rate m and the entropy fluctuations . In
addition, a conservation equation for the volume flow rate is also
obtained in Section 2.2, which couples the unsteady flow rate »
and the fluctuating pressure p. The comparison of the mass and
volume flow rate equations in Section 2.3 shows that entropy $
and pressure gradient % singularities present in these equations
change with the Mach number and explains why mass flow rate
is conserved at non-null Mach numbers (Section 3) and volume
flow rate at zero Mach number (Section 4) demonstrating the con-
sistency between the two formulations.

2. Mass and volume flow rate formulation

The conservation of the fluctuating mass and volume flow rate
through the thin flame front of Fig. 1 is described for a configuration
with a “steady” flame, i.e. no heat release fluctuations (Q = 0) and
p1 > p, due to a different temperature in the fresh mixture
(subscript 1) and the hot mixture (subscript 2). No distinction
between null or non-null Mach number is necessary at this step.

2.1. Mass flow rate (m)/entropy (5) coupled equations

The local mass conservation reads:
ap .
—— = —div(pu 3
o (pu) 3)
where p and u are instantaneous three-dimensional quantities.

Since the case studied is quasi-one-dimensional, a spatial
averaging over the area A is applied:

— 1
F=— FdA 4
pA_/A’D (@)

where F corresponds to any quantity such as pressure and velocity
and p =1 [, pdA.

Eqgs. (3) and (4) lead to a one-dimensional mass balance
equation:

op_ 0 ,__
AE =T (puA) 3)
This equation can be linearized around the mean state:
0
AE*_&('O”‘)AJFPO”A) (6)

where any one-dimensional quantity F is decomposed as F = Fy + F'
where F, is the mean quantity and F’ is the fluctuating part. The
second-order term p'u’A has been neglected.

Tube 2
Qy
Tubel  ;------- ‘ ,|,
| | | =
: : >
f L\ (pr,u1) © 1 (p2,u2)
PON ! H |
AI' ......... (pl,ul)/s‘, ......... (,’02.’.,./1112.) .......... “AQ”)” *
2 /N ‘
Flame / A
Control volume
Fig. 1. Configuration (left) with the corresponding one-dimensional model (right) and the control volume (---): two tubes connected by a flame and an abrupt change of

section from A; to A,.



__ Using the Fourier transform of the fluctuation parts F(x,t) =
F(x)e7t and integrating Eq. (6) over the control volume of width
Q, (Fig. 1) yields:

—jw . Apdx = — E(ﬁﬂoA + pollA)dx
Joy Joy dx
—— [ puoAdx— [ poitAdx (7)
00 90y

where 09, is the boundary of the integration line Q,.
The left-hand-side term of the above equation can be recast
using the entropy and pressure fluctuations variable knowing that:

f’zf‘cjg (8)

where ¢y = 1/91To = \/7Do/po is the mean sound speed and Gy is
the heat capacity at constant pressure.
The left-hand term of Eq. (7) then becomes:

—ja)/ Apdx = —jw/ /}—gdx +jw/ @dx 9)
Q, Q, Qx p

Finally, injecting Eq. (9) into Eq. (7) and taking the limit Q, — 0
leads to:

. " ApoS . _ . N
limy —joo | 5% dx = (piioA} + [poAl — ] (10)
Jo, Gp —_—

Qy—0

Fluctuating mass flux m

where [F]f = F, — F; stands for the jump of the quantity F at the
flame location x = x; between 1 and 2 (Fig. 1). Note that the acoustic
pressure being bounded,' the first term of the right-hand side of Eq.
(9) goes to zero with Q,. This equation couples the jump of fluctuat-
ing mass flow rate [rﬁ]f and the fluctuating entropy $ at the flame
front as already suggested by Dowling [36]. It shows that the
unsteady mass flow rate m is not necessarily conserved through
the flame: it depends on the entropy $ (or density) variation through
the flame front, showing that an additional equation for entropy var-
iation is needed (Section 3) to obtain the final jump condition.

2.2. Volume flow rate ()/pressure (p) formulation

A useful alternative to the mass flow rate conservation equation
(Eq. (10)), which involves the fluctuating mass flux m = ptiA+
DollA, is to write an equation for the fluctuating volume flow rate
¥ = UA. This volume jump condition is obtained from the linear-
ized mass balance equation (Eq. (6)) and therefore is equivalent
to the previous mass jump condition. However, different source
terms appear in both formulations and allow to understand which
quantity is conserved depending on the Mach number.

Differentiating over time Eq. (8) gives for complex amplitudes:

—jop = —]CU_2 +Jw@s (11)
P

The entropy fluctuations are obtained from the convection of

entropy, which reads in linearized form:
]ws+uod +ﬂdso
dx dx

where there is no unsteady entropy source term because a steady
flame is considered here.?

0 (12)

1 A quantity F is bounded if there is a finite positive number My where ||F| < M. It
implies that || [, Fx)dx|| < [, [[F(x)[ldx < [o Mrdx < Mr[|Q«|| goes to zero when
Qy — 0. Note that a bounded quantity F does not necessarily imply that F is
continuous. For instance, the fluctuating pressure amplitude p at non-null Mach
number is discontinuous but is however bounded.

2 Results with an unsteady flame can be obtained in the same manner by adding a
source term ¢ linked to the unsteady heat release on the right-hand side of this
equation. This will not change the conclusions of the paper and this term is omitted
here for simplicity.

Injecting the expression of jws from Eq. (12) into Eq. (11) leads

to:

B D Ppollo dS pou dsg

jop = 1w_2+ C, dx ' C, dx (13)
Multiplying Eq. (13) by the area A and injecting the mass

balance equation —jwpA = — £ (poliA + piigA) (see Eq. (6)) yields:
d, _ . o PolloA dS pouA dsy

14
C, dx' C, dx (14)
The mean entropy gradient ‘fji,? is related to the mean pressure
and density gradients by differentiating So = —C,In(po/py)+
C,In(po/py) where p, and p, are constant reference quantities.
Assuming constant heat capacities:
ds C, dp C, dp
So_ _ZpCho “» o (15)
dx Po dx  Cipo dx
Since the mean entropy gradient ddi; is known (Eq. (15)), extract-
ing the volume flow rate # = @IA using & (pollA) = po 4 + 1/—& gives
one local equation for the volume flow rate 2:

1de+ dy LA ..
& dx P )V =i p

DA & o) (16)

where potlpA is the mean mass flow rate so that this quantity is
independent of the axial coordinate x.

The above equation can be simplified combining the two RHS
fluxes and using the equation defining the entropy in Eq. (8):

poﬂoA ds d, . _ po OA
G, a*a‘p“(’m*dx c, ST PuA

d o d(p
T dx (po A b ) _poquﬁ<ﬁ> an

Therefore, the expression of the local equation of the volume
flow rate conservation (Eq. (16)) reads:

v dp,  db

p
JoA po dx ~dx

Lol <L) ;
7o dx \7Po
where 7y = tipA is the mean volume flow rate.

Finally, integrating over the line Q, and taking the limit Q, — 0
leads to:

lim/ 2L (P dx+1im/ v dpo
Q-0 dx \ypo Q-0 Do dx

(18)

dx = —[0A]; = - [o]]

(19)

Note that the acoustic pressure being bounded, the first LHS term of
Eq. (18) goes to zero in Eq. (19). Compared to the mass flow rate
conservation equation, which couples the mass flow rate m and
the entropy s, now, the volume flow rate ¥ conservation is linked
to the mean d”” and ﬂuctuating pressure gradients as summarized
in Table 1.

Table 1
Summary of the mass and volume flow rate conservation equations obtained in Eqs.
(10) and (19).

Jump Expression

Mass flow rate (= piA + poliA)  limg, ¢ — jor Ja, Aé’—fdx = [pligA + poﬂAﬁ
—limg, o [, Do (%) dx

~limg, g fo, & d”“ o dx — [WA)?

Volume flow rate (2 = iA)




Table 2

LHS source terms in mass (11 = poilA + piloA, top) and volume flow rate (¥ = @A, bottom) conservation equations (Egs.
(10) and (19)) with the analytical expressions of the singularities depending on the Mach number. §-singularities act

like additional source terms and are colored in gray.

Source _
Eq. et M=0 M#£0
m —ju/ #dz 5= —j 25z —ay) § = —ke T OH(z — z4)
., P L

: P d(»p L d (p P2 P\
e (2 i o 8 (LY — z,) P sz
/r;. "z (’Yﬁn) d dr (‘Yﬁn) ES (a-atll=—=) I (m)) v (m.' pm) =)

Ss

1dp 1 :
= O (’L) oz — x5)

Ay dx 7 Po.1

2.3. Singularities and source terms of conservation equations

Egs. (10) and (19) are valid for all Mach numbers. They corre-
spond to balance equations coupling the acoustic (p or it) and the
entropy (§ or p) disturbances as suggested by Dowling [36]. They
involve integrated LHS source terms, which are not necessarily null
and control the jump in mass and volume flow rates.

The LHS terms of Egs. (10) and (19) depend on integral terms
written as limg, o [, F(x)dx. Such terms are zero if the quantity
F(x) is bounded (but can be discontinuous) on Q,: for instance
the Heaviside function F(x) = H(x) would lead to a null source
term while a dirac function F(x) = §(x) would generate a source
term because limg, o [, d(x)dx = 1.

s-singularities are present in the two conservation equations
Eqgs. (10) and (19). Table 2 reveals the reason of the apparent par-
adox discussed in this paper: different jump conditions are
obtained at zero and non-zero Mach numbers because the mathe-
matical nature of these singularities® changes with the Mach num-
ber. For instance, the presence of an entropy source term in the mass
conservation equation shows that an entropy singularity is induced
in the flow, which can be smoothed and convected downstream only
in the presence of a mean flow. A quiescent flow however prevents
this singularity to leave the domain and creates an additional source
term to the mass conservation equation as already shown by Nicoud
and Wieczorek [44] using Euler simulations of flames at several
Mach numbers (Fig. 2).

Consequently the resolutions at non-null (M > 0, Section 3) and
null (M = 0, Section 4) Mach number have to be performed sepa-
rately. It will be shown that the mass flow rate conservation at
non-null Mach number and the volume flow rate conservation at
zero Mach number are consistent and directly linked to the
entropy $ and pressure gradients %Q and % behaviors as shown in
Table 2 and Fig. 2.

3. Jump condition at non-null Mach number (M > 0)

At non-null Mach number, the mean pressure po and fluctuating
pressure p are discontinuous (Fig. 2) because of the mean velocity
as shown by the integrated mean and unsteady momentum
balance equations (Egs. (20) and (21)) [44]:

3 The entropy singularity is detailed in Sections 3 and 4. Pressure gradient
singularities are not detailed but obtained here assuming a pressure constant by parts

or using for non null Mach number cases joil = pioz%

[Po + Pollotio)> = 0 (Mean momentum) (20)

[ + 2Polloil + Plloile) = O (Linearized unsteady momentum)
(21)

Consequently, according to Table 2, additional source terms are
present due to the singular pressure gradients in the volume flow
rate equation (Eq. (19)) and the volume flow rate # = IA is not con-
served though the interface.

Thus this section will focus on the mass flow rate Eq. (10),
which couples the mass flow rate m and the entropy s: the mass
flow rate conservation equation (Eq. (10)) and the entropy convec-
tion equation (Eq. (12)) have to be solved together as indicated by
Dowling [36]. Equation (12) is required to fix the LHS entropy term
s in Eq. (10). This equation for entropy is a first order differential
equation with a source term due to acoustics . Its solution is
S(x) = 8u(x) + Sp(x) where Sy is the solution of Eq. (12) without
source term (called the homogeneous equation) and Sp is one par-
ticular solution of Eq. (12).

3.1. The homogeneous solution Sy
Sy is the solution of the homogeneous equation:
. _ ds
—jws +Uy5-=0 22
J + Uo dX ( )
where iy is a known non-null function of the axial coordinate x:

{ﬁo(x) :1:[0‘1 ifXng (23)

Uo(X) = Uy = Pl if X > Xy

Do1Ar - . .
where ﬁ:% is obtained from the mean mass conservation
— = A2

[pOUOA]1 =0.

The solution Sy of the homogeneous Eq. (22) reads:
Su(x) = o’ Jata (24)

where o is a constant to be determined from boundary conditions.

Eq. (24) is valid only at non-null Mach number since it involves
the characteristic convection time 7.(x) = [ % which explains the
special behavior of the zero Mach number case (where 7. — oo,
Section 4). At non-null Mach number, the characteristic convection
time can be expressed explicitly using Eq. (23) and noting that
1/ug(x) is also constant by parts (1/tig; for x <Xy and 1/t for
X > Xf):



dx X/l:l()‘l ifXng
TC(X):./u(x):{u;J[Xf+(XXf)//3] if x > x; @3

Finally, the entropy fluctuation Sy(x,t) is:

$(x) = ogef@%e® (26)

3.2. One particular solution Sp

To obtain one particular solution of Eq. (12), the method of var-
iation of constants for inhomogeneous linear ordinary differential
equations is applied: the solution $p is sought as:

$p(x) = 7,(x)e’* (27)

For the particular solution, the source term in Eq. (12) is
retained. This term involves the mean entropy gradient, which is
due to mean density and pressure gradients (Eq. (15)) at the flame
front x = X;. Because of the abrupt jump of mean density and pres-
sure through the flame front, the mean entropy gradient is singular:
dso
P Ko(x — xy) (28)

Using Eqs. (12) and (27) and the expression of the mean density
gradient (Eq. (28)) leads to the following equation for y,(x):

IA() |

Position (m)

016 , . r . -
014 | i ; A
012 |- : : so¥¥} : 4

01 f

()]l

008 | ;
008 o
002 b e

0 0.2 04 06 08 1

0 0.2 04 06 08 1

Position (m)

dys(X) _ e U(x)
dx §

—JjoTce(X) _
K To() e (X —Xxr) (29)

whose solutions are:

i

Po(X) = —Ks[ } e IO H(x — xp) (30)
X=Xy

0
where [f]::,(f is the value of the regularized function f at x = xy, i.e.
fx=x) +flx=x)).

The final expression for the particular solution $p(x) is:

§Mm::—KSFq el H(x — x;) (31)
o X=Xy

3.3. Solution of the convection equation for the entropy fluctuations
and mass conservation at non-null Mach number (M > 0)

The solution of the full convective Eq. (12) is thus the sum of the
homogeneous and particular solutions (Egs. (26) and (31)):
$(X) = Su(X) + Sp(x) = osef V™™ _ K {,ﬂ

} elolre-we) H(x — xp)
Up X=Xf

(32)
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Fig. 2. The Normalized pressure (top) and entropy (bottom) modulus (left) and phase (right) obtained by Nicoud and Wieczorek [44] for several Mach numbers in a straight
tube of constant cross section: —: M = 0 (thickened entropy spot at x = x; = 0.5 m and continuous pressure), ---: M = 0.05 (entropy convected downstream and discontinuous
pressure) and ----: M =0.11 (entropy convected downstream and discontinuous pressure).



Assuming zero entropy fluctuations coming from the upstream
end of the configuration (x = 0) leads to o, = 0 and finally:

s

§x) = K, L%J el -l (x — xp) (33)
X*Xf

In other words, this result shows (Appendix A) that a flame
excited by acoustic waves i # 0 at non-null Mach number (iip > 0)
generates entropy fluctuations, which are convected downstream.

Eq. (33) shows that at non-null Mach number (M > 0) the
entropy fluctuations are bounded although discontinuous at
x = X;. It follows that the LHS term in Eq. (10) goes to zero when
the volume Q,S tends to zero:

. . ApoS ,
éirilofjw[zx C, dx=0 (34)
which leads directly to the mass conservation through the flame at
non-null Mach number:

[PioA]; + [potiAl} = ]} =0 (35)

4. Analysis of the mass and volume conservation at zero Mach
number (M = 0)

A well known paradox arises from Eq. (35) when considering an
infinitely thin flame at zero Mach number (M = 0). Indeed, using
Eq. (35) and enforcing iy = 0 does not yield the proper equation
of volume flow rate conservation [36]. The derivation of Eq. (32)
in Section 3 requires divisions by uy and therefore cannot be
extended to cases at zero Mach number. For these cases, an
alternative solution is to start from the total enthalpy
mH = puA(C,T + Ju?) conservation, which reads [44]:

2
KCDTO + %ﬂ%) (Poll + plig)A + PotipA (c,,T + ﬂoﬂﬂ =Q (36)
1

where [Fﬁ corresponds to the jump of any quantity F: [Fﬁ =F, - F,
and @ = 0 since here a steady flame is considered for the sake of
simplicity (this does not change the result of this demonstration).

When the mean velocity goes to zero (i.e. tip = 0), this relation
goes naturally to the volume flow rate conservation:

[CoTopoliA]} =0 <= [HA]; = 0 (37)

since the flame is an isobaric element at zero Mach number so that
Po = RpoTy is conserved.

This result can also be obtained using the volume flow rate con-
servation equation (Eq. (19)), which couples the unsteady volume
¥ and pressure p. At null Mach number, the mean and fluctuating
pressure are continuous:

[Do; =0 and [p]; =0 (38)

Thus, the two source terms present in the volume flow rate
equation (Eq. (19)) are null (Fig. 2): the volume flow rate conserva-
tion at zero Mach number results from the pressure continuity at
the interface. It also appears from the volume flow rate equation
(Eq. (19)) or the total entropy equation (Eq. (36)) that formulations,
which already incorporate the entropy equation will degenerate
naturally toward the volume flow rate conservation at zero Mach
number.

The problem is therefore not to prove the volume flow rate con-
servation (Eq. (37)) at zero Mach number but to demonstrate its
consistency with the mass flow rate conservation (Eq. (35)) at
non-null Mach number and to highlight its intrinsic links with sin-
gularities of the entropy fluctuations as depicted in the previous
section.

Considering the mass balance equation at zero Mach number,
Eq. (10) still holds but Eq. (35) does not because the entropy
fluctuations $ in Eq. (10) are not bounded anymore. At zero Mach
number, the mathematical nature of the entropy equation (Eq.
(12)) changes and now reads:

N dSo
f]a)s+ua_ 0 (39)
where %= —%240 — _C, 40— _C,In (”“) (x—x) for an

isobaric transformation w1th a mean density constant by parts:
poq for x < x; and po, for x > x;. The solution of Eq. (38) is:

gzjiﬂ%: S 1 (p“
0 Poa

@po X o )u(ﬁ(x Xf) (40)

Eq. (40) proves that, at zero Mach number, the entropy fluctuation $
is a ¢-singularity located at the flame position x = x;, also observed
in [44] (— in Fig. 2): the left-hand term of Eq. (10) does not go to
zero and the mass balance equation does not degenerate toward
the mass conservation at the interface: [rh]f # 0.

To demonstrate the consistency between the two formulations
(m —3§ and 2 — p), the source term of the mass flow balance equa-
tion can be integrated using Eq. (40):

lim ]w/ ApoS gy _ llm/ ﬁA@dx

Q0 Q0

= [poUA]; 7111‘1‘1/ po—dx (41)

Combining the mass flow rate conservation (Eq. (10)) and the
integration of the source term (Eq. (41)) shows that the entropy
singularity compensates one part of the mass flow rate (the one
independent of the Mach number: poiiA). Since at zero Mach
number the second part of the mass flux puA is null it yields:

A
[potiAT? — hm/Q du d."L’—M+ pqu (42)

Qe—0
70 at M=0

Consequently limo, .o [, Po 44 dx = 0. In other words 44 is bounded
at x = x;, which means that [ﬂAﬁ = 0.* This proves that the mass
conservation at non-null Mach number and the volume flow rate
conservation at zero Mach number are consistent: at zero Mach
number, the entropy $ generated by the flame excited by the
acoustics 1 is stuck at the flame location x; due to the frozen flow.
The singularity of the fluctuating entropy cannot be neglected and
is related to the density gradient Vp, (and the fluctuating heat
release ¢; for an unsteady flame), which leads to the volume flow
rate conservation (Eq. (42)).

5. Conclusion

The consistency between conservation equations at zero and
non-null Mach number has been proved for the mass/volume flow
rate conservation the case of two connected tubes separated by a
steady flame. The mass conservation equation is derived for all
Mach numbers: it involves source terms coupling the acoustic (p
or 1) and entropy disturbances (S or p). In particular, the nature
of entropy singularities changes with the Mach number explains
why mass conservation of fluctuations is satisfied at non-zero

4 This result can be proven by contradiction: let’s assume that #iA contains a
discontinuity at the interface (i.e. A ~ H(x —Xx;)). Consequently, its derivative
contains a é-singularity (i.e. ditA/dx ~ 6(x — xs)), which leads to limg, .o fo %dx #0
in contradiction with Eq. (42). Therefore @S is continuous at the interface, i.e.
[WA]? = 0.
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Fig. A.3. Typical shape of the entropy (real part, top left), modulus (bottom, left) and phase (bottom, right) obtained theoretically in Eq. (33) for M = 0.05 and M = 0.11 cases
and corresponding to complex frequencies fo0s = 139 — 13j Hz and fo11 = 134 — 34j Hz. LEE results [44] are superimposed for the entropy modulus [/§| and phase arg(s).

Mach number while volume flow rate is conserved at zero Mach
number.

This conclusion can be discussed using the present analytical
results: at non-null Mach number, the entropy generated in the thin
flame region is convected by the mean flow. No singularity occurs
and leads to the classical mass m conservation at the interface.

However, at zero Mach number, the flow is frozen and entropy
spots are not convected downstream: they are stuck in the thin
flame region producing a singularity related to the mean density
gradient, which acts as an additional source term in the mass con-
servation equation. The proper integration of this source term at
zero Mach number leads, not to the mass, but to the volume flow
rate conservation as expected. In addition, a balance equation for
the volume flow rate # has also been derived. This equation couples
the volume flow rate », the mean pressure p, and the fluctuating
pressure p. It degenerates naturally toward the volume flow rate
conservation at the flame interface at zero Mach number because
of the pressure continuity.

This theoretical analysis has been systematically compared to
LEE simulations of stable flames and a good agreement is found
for the entropy fluctuations shape and the conserved quantities.

Appendix A. Comparison between theory and Linearized Euler
Equation (LEE) results

The solution of Eq. (33) can be compared to the Linearized Euler
Equation (LEE) simulations obtained by Nicoud and Wieczorek [44]

displayed in Fig. A3 for both Mach numbers M = 0.05
and M = 0.11. The complex frequencies provided in [44] are used
to evaluate the formula (33): foos =139 —13jHz and fo11 =
134 — 34j Hz. In this case, § =4 and ¢; = 347 m/s. Since normali-
zation of § has been performed in [44], the term ky = K,[4]
has been tuned to match the entropy spot at the flame location
leading to koos = 0.05 and ko1 = 0.08.

e No entropy is observed upstream of the flame (x < x) in both
LEE simulations and Eq. (33).

e An entropy spot at the flame location (x = x) is present. In the
LEE simulations, the discontinuity is smoothed by the mesh res-
olution and the thickened flame technique.

e Downstream of the flame (x > x;) the entropy is convected by
the mean flow leading to an increasing exponential shape (since
stable flames (Im(w) < 0) are studied in [44]).

e No singularity is present in Eq. (33) and Fig. A.3, which
implies that entropy fluctuations are bounded although
discontinuous.
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