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Abstract

Strict pollutant emission regulations are pushing gas turbine manufacturers to develop devices
that operate in lean conditions, with the downside that combustion instabilities are more likely
to occur. Methods to predict and control unstable modes inside combustion chambers have been
developed in the last decades but, in some cases, they are computationally expensive. Sensitivity
analysis aided by adjoint methods provides valuable sensitivity information at a low computa-
tional cost. This paper introduces adjoint methods and their application in wave-based low order
network models, which are used as industrial tools, to predict and control thermoacoustic oscil-
lations. Two thermoacoustic models of interest are analysed. First, in the zero Mach number
limit, a nonlinear eigenvalue problem is derived, and continuous and discrete adjoint methods are
used to obtain the sensitivities of the system to small modifications. Sensitivities to base-state
modification and feedback devices are presented. Second, a more general case with non-zero
Mach number, a moving flame front and choked outlet, is presented. The influence of the entropy
waves on the computed sensitivities is shown.

Keywords: Thermoacoustic stability, adjoint methods, sensitivity analysis, network models,
nonlinear eigenvalue problems

1. Introduction

The F-1 engines used in the Saturn V rockets were the subject of an expensive, but ultimately
successful, attempt to mitigate combustion oscillations. More than 3200 full-scale tests were
required [1]. Today, this cost would be prohibitive, which demonstrates the need for robust
analytical tools to predict the onset of thermoacoustic oscillations and methods to control them.

Network models using wave-based approaches have been widely used in thermoacoustics [2,
3, 4]. As described by Dowling and Stow [5] a thermoacoustic network is a collection of acoustic
elements such as ducts, plenums, combustors, boundaries, and a combustion zone, which is
normally assumed to be compact. The elements’ mean flow quantities are often considered to be
homogeneous in each network element. Both mean flow quantities and fluctuations are related
across elements by jump relations for the mass, momentum, and energy.
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The primary objective of combining adjoint methods with stability analysis is to calculate
the eigenvalues and their sensitivities to small modifications to the system, which can be caused
by a variation of a parameter or the introduction of a feedback device [see e.g. 6, 7].

In thermoacoustics, nonlinear adjoint looping was used by Juniper [8] to find the smallest ini-
tial perturbation that could cause triggering of self-sustained oscillations in an electrically heated
Rijke tube. The first application of adjoints in eigenvalue sensitivity analysis was performed by
Magri and Juniper [9], who modelled a time-delayed thermoacoustic system in low Mach number
conditions. Using Galerkin methods, they studied the eigenvalue sensitivity to (i) any of the pa-
rameters of the system (base state sensitivity) and (ii) generic passive control devices (feedback
sensitivity, also known as structural sensitivity). One outcome was finding that a fine mesh in
the second half of the tube would help to stabilize the system. This was tested experimentally
by Rigas et al. [10], who measured the growth rate and the frequency shift in the presence of
the passive control device. The growth rate shift was predicted accurately by adjoint analysis
applied to the model. There was, however, some discrepancy in the frequency shift, which was
due to limitations of the thermoacoustic model, rather than the sensitivity analysis.

Wave-based methods produce a nonlinear eigenvalue problem of the form [11, 12, 13]:

L(s,p)q = 0, (1)

where s is the eigenvalue and p are the parameters of the system such as the reflection coefficients,
time delays and heat source parameters. The adjoint function can be defined by means of a
bilinear form [, -] such that for arbitrary a, b:

[a, Lb] — [L+a, b] = constant, (2)

where LT is the adjoint operator. An operator L is said to be normal if its eigenfunctions q are
orthogonal, or equivalently, if LL™ = L*L. Clearly, an operator is normal if it is self adjoint,
i.e. L™ = L. The equations governing duct acoustics, without considering boundary conditions,
obey the wave equation and are self-adjoint [see e.g. 14]. Nicoud et al. [15] demonstrated that
thermoacoustic eigenfunctions are not orthogonal to each other, meaning that thermoacoustic
systems are non-normal. Wieczorek et al. [16] showed that non-normal effects in thermoacoustics
increase with the mean flow velocity. Therefore, with a mean flow, thermoacoustic systems are
expected to be even less normal.

Depending on the sensitivity information desired, the operator, L, needs to be perturbed.
Two different types of perturbation are defined:

e when the parameters p are perturbed, the resulting sensitivity is named base state sensi-
tivity;

e when the system is perturbed by adding a small feedback mechanism, which is linearly pro-
portional to one of the state variables of vector g, the resulting sensitivity is called feedback
sensitivity (also known as structural sensitivity in Giannetti and Luchini [17] and Magri
and Juniper [9]). Feedback mechanisms that cause mass addition, momentum addition,
and/or energy addition are considered.



In this paper we extend adjoint-based sensitivity analysis to wave-based thermoacoustic models,
which produce a nonlinear eigenvalue problem. Throughout this study, we focus on first-order
perturbations. Higher-order perturbation studies have been performed by Magri [12], Magri
et al. [13, 18], Mensah and Moeck [19], Silva et al. [20] but are not considered further here.
First, we consider a zero-Mach number thermoacoustic system to show the symmetries between
the direct and adjoint eigenfunctions, which are harder to see when the mean flow and entropy
waves are included. The sensitivities are calculated using both continuous and discrete adjoint
approaches, and the computational /physical advantages and disadvantages of these two methods
are discussed. In the second part of this paper, the methods are extended to include a mean flow,
a moving flame front, and a choked outlet in a more realistic combustor model. The paper ends
with a concluding discussion.

2. Thermoacoustic model with zero mean flow

A one dimensional network model composed of a duct of length L, with a compact heat
source located at « = b is considered. The model assumes homogeneous properties along each
segment, hence the heat source splits the domain into two segments as shown in Fig. 1. Each
segment is governed by a similar set of equations, which are connected by the jump conditions
established by the heat source.
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Figure 1: A simple network model. The heat source located at x = b divides the duct into two segments. The
arrows represent the travelling waves moving at the local speed of sound, which are labelled fi and g1 upstream
of the heat source and f2 and g2 downstream. The waves’ reflection coefficients at each end are R, and Rg.

2.1. Governing Fquations

The governing equations for the ducts of the thermoacoustic system are given by the conti-
nuity, momentum, and the energy equations, neglecting viscosity and heat conduction:

Op dp ou
E‘FU@‘FP%—O, (3&)
ou Ou Op
Por + pus— + e 0, (3b)
dp Op ou
a—ku%—i-vpax =0. (3¢)



For small Helmholtz numbers, the heat source is regarded as a discontinuity in the flow parame-
ters, thus requiring a set of jump conditions. These relations are derived from Egs. (3) assuming
that there is no accumulation of mass, momentum, or energy at the source and integrating from
one side of the heat source (z = b~) to the other (z = b™):

bt

[pu];- =0, (4a)
+
[p+pu?],_ =0, (4b)
i 1 ?,bJr
———pu+ pu’| =g, (4c)

(v—1) 2 -

where ¢ is the heat release rate per unit area. Linearising the governing equations around the
mean flow parameters (i.e., p(x,t) = p + p/(z,t)) and assuming a zero Mach number limit (i.e
@ = 0) provides the steady base flow equations and the time-varying fluctuation equations. The
steady base flow equations under this assumption are reduced to: dp/dz = 0 and [p] IZJ_F = 0, which
implies that the pressure is continuous everywhere in the duct. Furthermore, if @ = 0 then Eq.
(4c) can only be satisfied if ¢ = 0, because any heat added is not convected away. Therefore we
specify AT instead of g. The fluctuation equations reduce to:

_ou  op
Por Tor =0 (5a)
op’ _ou/
ot T or = (5b)
with the following jump conditions:
b+
[p/] b— 0, (6&)
bt
oty —1 /
ul, = — q dzx. 6b
W =" (6b)

Note that, in the zero Mach number limit, the continuity equation and the energy equation (in
terms of pressure) represent the same dynamics [5]. This follows by recasting the energy equation
using the isentropic relations: p’ = p'é® and vp = pe-.

The unsteady heat release is taken to be from a heated gauze. This is modelled by an n — 7
model in which the heat release is proportional to the velocity upstream of the gauze with a time
delay [21]:

q(z,t) = pu'(b”,t — 7)d(z — b), (7)
where [ is the interaction index, 7 the time delay between velocity and heat release and d(x — b)
is the Dirac delta.

2.2. Decoupling the system into Riemann invariants

The linearised governing equations (5) form a system of coupled equations which, in matrix
form and using Partial Differential Equation (PDE) notation, U; + AU, = 0, are:

{ﬂ+@%ﬂMf“ (8)



This represents a hyperbolic system of equations whose solutions are plane waves. To obtain the
plane wave solutions, matrix A is diagonalized:

N |1 F

By substituting Eq. (9) into Eq. (8) and pre-multiplying by S~! we obtain:
S7lU,+ AU, = 0. (10)

Then, by using V = S~'U we obtain the fully decoupled system, V; + AV, = 0, which reads:

Pl B o

The vector V = [U, P]T represents the Riemann invariants of the system (travelling waves). Now
the system has become a set of two wave equations, with solutions:

Uz, t) = f (t - %) forward travelling wave, (12a)
Pz, t)=g (t + %) backward travelling wave. (12b)

The solutions to the original variables are recovered using U = SV. According to Fig. 1 the
domain is split into two sections. The wave-form solutions are centred at x = b, and labelled
with subscripts 1 if they are located upstream of the heating gauze and 2 if they are downstream.
The pressure and velocity fluctuations become:

A(t—%22) +aq (t+2%2) ifz<b

/ c1
p(z,t) = (13)
fo(t—28) +g2 (t+52) ifx >0,
1 z—b z—b :
ul($ t) _ pic1 f]. t— & — 01 t + c1 lf T < b (14)
’ 1 z—b z—b :
5222 fQ t—g — g2 t"‘? if x > b.

2.3. Nonlinear eigenvalue problem

First, we Laplace-transform the unsteady variables, i.e., g1 = G1e®® (and similarly transform
f2). The boundary conditions are set by means of the upstream, R, (s), and downstream, R4(s),
reflection coefficients. Then we match the values of F; and GG, and F, and Gy at x = b, after
reflection off the boundaries:

Fi(s) = Ru(s)G1(s)e ™ Tu = 2b/¢1, (15)
Ga(s) = Ry(s)Fa(s)e™ ™ 74 = 2(Ly, — b) /2, (16)

We can therefore express the linearised jump conditions (6) in matrix form:

—1— Rye™ 1 4+ Rge 5™ G1 0 .
(1 — Rye=*™) (1 + 1—;}5587) & (1-Ree )| | By |~ [0] ’ (17)
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which can be written as L(s)§ = 0. This problem is a nonlinear eigenvalue problem in s. The
eigenvalues (s; = \j + iw;) are computed by setting the determinant of L to 0. Once the
eigenvalues are known, the eigenvectors §j, and subsequently the mode shapes (p, @), can be
computed.

Using a wave-based formulation, adjoint-based sensitivity analysis will be performed using
two different approaches: discrete and continuous. For each method the adjoint equations and
eigenvalue drift formulae will be derived for the sensitivity analysis.

2.4. Continuous adjoint approach
Transforming the governing equations (5) and jump conditions (6) into the frequency domain
using v/ = de*t (and similar for p’) leads to:

o dp
F = — = 1
1 = spi + o 0, (18a)
dil
By =sp+yp— =0 18b
2 =sp+ypg =0, (18b)
and
Ji= [l =0, (192)
_ pt
Jy = [ P u] — Ba(b™)e " = 0. (19b)
y—1 ],

For the set of governing equations defined in z € [0,b67) U (b*, L,,] there exists a corresponding
set of adjoint variables (4" (z), p™(x)). Similarly, for the set of jump conditions defined only at
x = b, there exists a corresponding set of adjoint variables (T, fz+) It is convenient to define
the following inner products:

b Ln
for functions a(z), b(z): (a(z),b(x)) = /0 a(x)*b(z) dx +/b a(x)*b(z) dz, (20a)

+

for non-spatial functions a, b: {a,b} = a™b, (20b)

where the * denotes complex conjugation. Using the direct equations (18, 19) and the adjoint
variables, we create a Lagrangian functional [22]:

L=s—(a" B~ (p", B) —{g", i} — {ht, ]} (21)

To determine the sensitivity functions of the eigenvalue following a Lagrangian approach [23],
any first variation of the Lagrangian with respect to a variable & must be equal to 0, for any

arbitrary value of 6¢:
oc . - <£(§ + edé) — L’(f)) _0 (22)

€

For this problem, there are three sets of variables of interest: the direct variables (u,p), the
adjoint variables (41, p", g7, h") and the eigenvalue s. The trivial cases are the derivatives of
the Lagrangian with respect to the adjoint variables, for example:

oL
out

sat = (60", E1) =0 = E1 =0 (23)



which give the direct Egs. (18) and (19). The derivatives with respect to the direct variables
require integration by parts and gives the adjoint equations:

_dp*

—s*puT — =0 24

§*PUT + ¥ : (24a)
dat

—s*pT 4+ — =0 24b

ST+ , (24b)

along with boundary terms. Given the unsteady heat release model, the boundary terms defined
just after the heating gauze (x = b™) relate the adjoint variables defined at the jump to those
defined in the rest of the domain. After some manipulation [24] they give:

gt =at ("), (25a)
Wt = (v —1)pt ). (25b)

Similarly, the terms defined just before the heating gauze (z = b~) provide the adjoint jump
conditions:
_ bt
2] et <o (26a)
v—1 b
At bt .
[ Lr =
Finally, boundary terms defined either at the inlet or outlet relate the direct boundary conditions
to the adjoint boundary conditions:

0. (26b)

W+ p T ypi = 0. (27)

The last quantity of interest in the Lagrangian is the eigenvalue. The Lagrangian’s derivative
with respect to the eigenvalue yields the normalization condition:

(a*, pa) + (p*,p) + {hT, TBa(b")e "} = 1. (28)

2.4.1. Adjoint eigenvalue problem and sources of non-self adjointness
The adjoint equations of (5) can be found by including an integration over time in the tech-
nique described in section 2.4:

_ouT _Op™ B

e Ty =0 (292)
opT  OuT

By comparing the sign of the first terms in Eqgs. (24) and (29), it can be seen that, in this
formulation, the Laplace transform p*(z,t) = p+(z)e™*"* should be used for the adjoint equations.
We can now decouple the system following a similar approach as in § 2.2. We build a system of

the form U, + ATU = 0 that reads:

[ZIL + [‘1) v%/p} Bﬂ — 0. (30)



Then matrix AT is diagonalized:

vossf 5 Y Y e

We note that matrix A* = A. By substituting AT into Eq. (30) and pre-multiplying by S+ '
we obtain:

stlut, 4 ASTTUT, = 0. (32)
Then, by using V1 = S+_1U+, we obtain the fully decoupled system, V*; + AV T, = 0, which
is:

U+ ¢ 0 fur

ol ol e o &
Again, the vector V¥ = [U+, PF]T represents the Riemann invariants of the adjoint system.

Since the diagonal matrix A is the same for the direct and adjoint equations, V' equals V.
Therefore the solutions of the wave equations are the same as in the direct problem:

Ut(x,t) = f*+ <t - %) forward travelling wave, (34a)
Pt(z,t)=g" (t + i) backward travelling wave. (34b)

The equations governing the ducts, without considering boundary conditions, are those for pure
acoustics. Unsurprisingly, this analysis show that they are self-adjoint. An alternative demon-
stration exists in the zero Mach number limit by making the variable change ¢™ = ~vpp™. The
adjoint system in the time domain becomes:

_Out oYt
o™ _Out
+ -1
[, = —LW Byt (bt + 1), (35¢)
Wt =o, (35d)

which is the same as in the direct case Eqs. (5) and (6) except for the unsteady heat release
(B) term, which has switched from the u™ jump condition to the %% jump condition and now
relies on ¢ at a later time, ¢ + 7. (The latter point shows that the adjoint equations naturally
evolve backwards in time.) It is evident that the unsteady heat release term makes the system
non-self-adjoint through the jump conditions.

After decoupling the system, we define the adjoint reflection coefficients, R, and Rj, as for
the direct case Egs. (15) and (16). By applying Eq. (27), which links boundary terms at the
inlet and outlet, we obtain:

1
Rf = —
v = Re

u

(36a)



1
R+ — x "
d Rd

(36b)
The adjoint reflection coefficients are the inverse conjugates of the direct reflection coefficients.
At first sight, this suggests that the system will be non-self-adjoint whenever |R,| # 1 or |Rg4| # 1
(and hence, non-normal as pointed out, for example, by Mangesius and Polifke [25]). However,
since the Laplace variable for the adjoint problem (f;” = F;fe=*"!) is the negative of that of the
direct problem (f; = Fie®), the direction of the travelling waves in the adjoint case is opposite
to that in the direct case (i.e F| corresponds to G; and G corresponds to F). This results in
the following adjoint eigenvalue problem:

—1— R*e 5T 1 * —8* Ty (1 y=1 —5*7—) +
AT R T O 1)
1—-Rje ® T 2 (1 — Rje d) Gy

which can be written as L*(s)§T = 0. Comparing it with the direct matrix L from Eq. (17),
the unsteady heat release term has switched from the bottom-left element to the top-right ele-
ment. The determinant, however, remains the same apart from the complex conjugation of the
frequency-dependent terms, which arises due to the definition of the inner product in (20). Hence,
we notice that the adjoint eigenvalues are the complex conjugates of the direct eigenvalues [9],
but the adjoint eigenvectors are not the complex conjugate of the direct eigenvectors, due to the
re-positioning of the heat release term. Note that, in the absence of the unsteady heat release,
matrices L and LT™ are identical, and the system is self-adjoint even when the magnitudes of the
reflection coefficients are not 1.

2.4.2. Base state and feedback sensitivities
The eigenvalue drift associated with base state or feedback sensitivities using a continuous
approach is derived through the following steps [24]:

1. From the eigenvalue problem Eq. (17) we compute the eigenvalue of interest, s;.

2. We obtain p and @ from the direct eigenvalue problem. Similarly, from the adjoint eigenvalue
problem, we obtain p* and 4.

3. We normalize using Eq. (28).

4. For the feedback sensitivity only, we add a small feedback perturbation to the system. For
example, for feedback of velocity into the momentum equation at position xg this is:

E, — Fuu(x)d(z — z9) = 0. (38)

5. We obtain the first variation of the Lagrangian with respect to the base state variable or
feedback mechanism of interest, which provides the eigenvalue drift. For the base state
variable 7 this is:

oL _ _ 2+ An(h—\a—ST
8—7_67—0 == 63——{h ,pu(b” e 557'}. (39)

For base state variables such as reflection coefficients, R, and Ry, or geometric time delays,
7, and 74, the wave-form solutions (13) and (14) together with the boundary conditions (15)
and (16) must be substituted into the original Egs. (5) and (6). The equations governing



the ducts (5) will be trivially satisfied. Hence, from the jump conditions in the frequency
domain we obtain their first variations, for example:

%57}1—0 — s = §+,3F2Rde_”d57d — iL—’_,SFQRde_STd €2 0Tq ¢ - (40)
aTd Y — 1

2.5. Discrete adjoint approach

For the nonlinear eigenvalue problem (17) there exists an adjoint eigenvector (¢') that satis-
fies:
(G""L(s) = 0. (41)

For these problems, [12, 13] derived the following eigenvalue drift formula:

AVH ST (5.6
os = -] HiLESG)? (42)
(@) =557
where the matrix 0L represents the first variation of a variable in L.
2.5.1. Base state sensitivity
The matrix 0L for the base state variables is:
oL oL oL oL oL oL
0L=—90Ry+ —0Rg+ —01y+=—56 —0 —0 43
R, T R, T g 0Tu T G, 0T a8 0T (43)

For example, the eigenvalue drift for a generic change in the downstream reflection coefficient,
Ry, is given by ds/0R; = — <((jT)H8§§§;) ) / ((qT)HaL(sa)q)

Sj

2.5.2. Feedback sensitivity

To compute the matrix JL associated with the feedback sensitivity of the system, the effects
of a feedback mechanismhas needs to be considered. This is done by introducing small time-
varying disturbances proportional to p’ and «’ into the fluctuation equations (Eq. (5)), which
correspond to adding a force (F,, F,,) into the momentum equation or introducing heat (Q,, Q)
into the energy equation. The main assumption is that these perturbations do not produce any
change to the base flow parameters. The major consequence is that, to keep a wave-based model,
intrinsic feedback must be introduced as a jump similar to the heat source, which in turn splits
the system into four segments as shown in Fig. 2. Following the notation in Fig. 2, the set of
jump conditions upstream of the heat source (z = a) reads:

p;;i - p; = fp1pg + ]:u1 u;ﬁ» (44&)
1w — u) = Qi + Quy Ui (44b)

The set of jump conditions downstream of the heat source (x = ¢) reads:

p;v - p;u =k ngv + ]:U2u;1)7 (45&)
’7132 (u;v - uz) szpw + ng w (45b)
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Figure 2: Network model split into 4 segments due to the presence of intrinsic feedback at © = a and = = c.
The original system can be thought of as being the heat source and the ducts from regions i and iii. Since
the perturbations must be introduced from the surroundings into the system (see Egs. 44 and 45), the depicted
wave-forms from regions ¢ and v represent the unperturbed waves (f; = fi and fi» = f2), while the wave-forms of
regions i and i represent the perturbed waves (fi; = f1 + 61 and fiis = fo + df2).

Because the elements of matrix L are the coefficients for the amplitudes of wave forms (f, g), the
elements of matrix 6L should be their first variations (§f,dg) induced by the application of the
perturbations (F, Q), which is: L — 6L(F, Q). To get the wave forms together with their first
variations (i.e f+0f), we solve both 2 x 2 systems generated by the new sets of jump conditions
(Egs. 44 and 45) for the waves in regions #i and 4ii. For example:

)= 1)+ 3 (Fn (50 + 010 = ) + 220 = nlt = 7)) -
FELAO + - 7)) + 25 (A0 - nle - 7)) ) (46)
C1 P1¢7

where 7, = 2(b — a)/¢1. The four perturbed wave solutions have a similar structure in terms of
coefficients. After applying the same boundary conditions, Laplace transforms and substitution
into the original jump conditions Eq. (6) as in § 2.3 we obtain the desired system:

(L +0L)(g + d4) = 0. (47)

Matrix 6L is computed in Appendix A following the above procedure. To obtain the feedback
sensitivities, the eigenvalue drift is computed at several positions between the inlet and the outlet
by keeping only one of the feedback elements active at a time, bearing in mind that the equations
are linear and the superposition of effects holds.

2.6. Finite-difference method

After perturbing any of the equations or variables in the system, we re-compute the per-
turbed eigenvalue, s; 4 ds;, and then subtract from it the unperturbed eigenvalue, s;. The major
drawback is that, unlike adjoint methods, this requires another full computation for every per-
turbation. This finite-difference method is used throughout this paper to check the sensitivities
provided by the adjoint equations.
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3. Continuous adjoint vs. discrete adjoint approaches

The main advantage of the continuous adjoint approach is that the adjoint variables are
directly expressed in physical space, i.e., the adjoint spatial functions are known. This means
that (i) base state and feedback sensitivities are computed as inner products between direct and
adjoint variables and (ii) one can obtain good physical understanding of the spatial system’s
receptivity to harmonic forcing!. The main disadvantage is that the adjoint equations, boundary
conditions and normalization condition, need to be derived analytically.

The main advantage of the discrete adjoint is that, as long as the the operator L is known,
computing the base state sensitivities does not require any further implementation other than
a complex transpose (see § 2.5.1). The main disadvantage is that, to compute the feedback
sensitivity, we need to introduce the feedback perturbations by splitting the domain as in Fig. 2.
This implementation is more complicated than that of the continuous approach.

The sensitivities of the eigenvalue computed using continuous and discrete approaches are
the same to machine precision, and they match the results by finite difference. Since the results
are identical, the sensitivities computed in the following sections do not distinguish between the
approaches used.

4. Results for an open-ended duct with zero mean flow

4.1. Thermoacoustic configuration

The variables are non-dimensionalized using the following reference scales for length, time,
speed and pressure, respectively: L,, L,/¢1, ¢ and yp;. The non-dimensional variables are
written with a tilde, i.e., f = t-&; /L,. Pressure eigenfunctions for the direct and adjoint variables
are normalized as fOL" plx)p(x)” do =1, fOL" pT(z)pT(z)" do = 1. We consider a Rijke tube of
length L, = 1 m; dry air properties, v = 1.40 and R = 287.1 Jkg 'K~!; inlet pressure of
p1 = 101.3 kPa and inlet temperature of 73 = 300.0 K; open ends at the inlet and outlet,
R, = —1, R; = —1; jump in temperature of AT = 300.0 K caused by the heating gauze
located at b = 0.250 m with interaction index f = 360.0 x 10% ms’kg~! and time delay 7 =
1.00 x 1073 s. Following the procedure from § 2.3 we find that the dominant eigenvalue is
51 = (134.1 + 27 x 222.24) rad s~ !, in non-dimensional units: §; = 0.3862 + 4.0214.

4.2. Stability and sensitivity analysis

The direct and adjoint mode shapes are shown in Fig. 3. Where the amplitude of the direct
mode shape is large, the system is more observable. Where the amplitude of the adjoint mode
shape is large, the system is more controllable. For this configuration, the pressure and velocity
mode shapes of Figs. 3a and 3b display several important characteristics of thermoacoustic
systems. The pressure is continuous at the heating gauze, with a slight change of gradient, while
the velocity has a jump at the heat source, as expected from the jump conditions (6). For the
governing equations in the zero mean flow case, Eq. (5), it is easy to show that when a Dirichlet

!The reason why the adjoint variables represent the receptivity of the system originates from bi-orthogonal
decomposition (7, 22].
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boundary condition is imposed on p’, a Neumann boundary condition is instantly imposed on v/,
and vice-versa. The former statement is depicted in the amplitudes of the direct mode shapes.
With regards to the adjoint mode shapes, we see in Fig. 3a that the receptivity to the energy
equation (pT) inherits the jump at the heat source location from «’ and the boundary conditions
from p’. Additionally, note that the receptivity to the momentum equation, @™, is now continuous
with a slight change of gradient at the heating gauze location. Although not shown here, with
zero unsteady heat release the direct pressure mode shape is identical to the adjoint pressure
mode shape, and the direct velocity mode shape is identical to the adjoint velocity mode shape
(see Section 2.4.1).

(a) ‘ ‘ ‘ ‘ (b) 5 x1073 ‘

800
15} o L8
—pt(z)
— 1 1 =
5 )
= &
0.5 | 105
a*(x)
0 . . . : 0 0 . . . : 0
0 02 04 06 08 1 0 02 04 06 08 1

x x

Figure 3: Mode shapes for the direct and adjoint variables. (a) and (b) show the relative amplitudes between
pressure and velocity fluctuations, i.e., p(x) = |p(z)[e’?, as well as the receptivity to the energy and momentum
equations respectively (computed using the continuous adjoint approach).

In a self-adjoint system, the best position for a Helmholtz resonator is where pp* is maximal,
which is at the centre of the tube. In a system that it is not self-adjoint, this is no longer true.
Even though the pressure is still maximum around the centre of the tube, the system is more
receptive before the heating gauze location. The best location to place the Helmholtz resonator
in such a system is where the amplitude of pp*™ is maximum, which, in this case, is slightly
upstream of the centre of the tube (Fig. 3a).

: (b) 1

|)2 :|_ — R, —— R ——8

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
b b

Figure 4: Growth rate shift 6\ (a) and angular frequency shift 6w (b) shifts of the base state variables, denoted by

X, for different positions of the heating gauze, b, along the duct length.
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The base state sensitivities for different positions of the heating gauze are presented in Fig.
4. It can be seen that any small increase (from —1) in the reflection coefficients, R, and Ry,
makes the system more stable. This is because less acoustic energy is reflected back into the tube.
The interaction index, 3, has the smallest amplitude and it predicts, as expected, that a heating
gauze in the second half of the duct will stabilize the system. The time delay, 7, of the unsteady
heat release has a great impact on the eigenvalue drift. Any increase will destabilize the system
if the heating gauze is located in the first half of the duct before b = 0.4. Many of these remarks
can be made from physical arguments. The novelty is that, with these adjoint methods, they can
be calculated cheaply by an automated process and therefore could be used in a gradient-based
optimization routine.

The feedback sensitivity encompasses four feedback mechanisms, shown in Fig 5. The figure
recovers similar results as those obtained using Galerkin methods, by Magri and Juniper [9] for
uniform temperature and in Magri and Juniper [22] considering a jump in temperature. This
achieves this paper’s aim of validating the wave-based adjoint method.

(a) !

0.5} 2 o

55/7,

051 e o

0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 5: Growth rate shift &) denoted by —, e, and angular frequency shift d& denoted by - - - , o, for each
feedback mechanism. (a) and (b) display the drifts due to forcing the momentum equation with a force proportional
to pressure and velocity fluctuations respectively. Similarly (c) and (d) show the drifts due to heat addition into
the system. The continuous and dashed lines (—,- - -) represent one calculation (via the adjoint method) while
the circles (e, 0) represent 15 computations (via the finite difference method).
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5. Thermoacoustic model with mean flow and a moving flame front

5.1. Governing equations

A non-zero mean flow, u # 0, appears in the linear Eqgs. (3) as follows:
- +Uu—+p— =0, (48a)
pr + Pl + = =0, (48b)
o Tip +p5 =0, (48¢c)

and in the jump conditions Eq. (4). Now, however, instead of the heating gauze, we now
introduce a moving flame front that oscillates with speed us (in the lab frame of reference)
around the position x = b inside the duct. We do this because systems with non-small mean flow
Mach numbers are more likely to contain flames than heated gauzes. Following the formalism
developed by Strobio Chen et al. [26], and assuming that the flame is anchored (i.e us = 0), the
new set of jump conditions reads:

_ _ bt _ B
[p’u—kpu’]lr :u;(pg—pl), (49&)
-+
W+ 2+ 4 =, o
3 1 bt D 7 1
% (p/’[j +ﬁ’u,/) + QﬁaQ’U/ + 2p,'[]3:| . = q/ —|— ug (pj/ _12:1 —|— 5[)1??61 (ﬂg — 121)) . (49(:)

The unsteady heat release model is again defined as an n — 7 model proportional to the velocity
upstream of the flame, resembling a perfectly premixed flame:

/ (11—
qi:ku(b it—T) (50)
q u1
where k is the flame interaction index and 7 the time delay. To compute u/, we follow the approach
of Bloxsidge et al. [27]. They consider a 2D flame inside a finite control volume. In the limit of a
compact flame (i.e the length of the control volume vanishes) their formalism recovers Eqgs. (49)
and gives the following expression for the unsteady flame velocity:

" <pl(b_) L) q/> (51)

P1 u1 q

5.2. Decoupling the system into Riemann invariants

Due to convection effects, the continuity and energy equation no longer represent the same
dynamics. This is shown by decoupling the system of equations governing the the ducts (§ 2.2),
reading V; + AV, =0:

R a 0 0 R
Ul + 10 c+ua 0 Ul =o. (52)
Pl, 0 0 —(c—u)] |P],



The solutions are the known forward, f, and backward, g, acoustic waves, which travel at speeds
c+u and ¢—u, respectively. In addition, there exists an entropy wave, «, convected with the mean
flow at speed @ [see, e.g, 28, 29, 30]. The solutions for the original variables can be expressed as:

ﬂ@ﬁ:fG_QL)+gG+¥1>’ (53a)
U’(:r,t)zﬁlé (f(t—éia)—g<t+éfa>), (53b)
p/(g:,t):él2 (f(t—éfﬂ)—kg(t%—éfa))—ka(t—z). (53¢)

In summary, the mean flow causes corrections to the travelling speeds of the acoustic waves and
the appearance of an entropy wave, which convects with the mean flow speed. After assuming a
choked end due to a compact nozzle in the outlet, the network model is detailed in Fig. 6.

| b

< >

H

; x—Db - x—b 3

|| fl( _61+ﬁ1> ” fz(t—cz+u2> T, R4
"Ru U —> N> u(t) ) a2<t—x )—)

" gl(t+_x_l_’>(— g2 Hc:—az) 2 Re

|| “a""/ mpmtha P2 P2 T2 s

) )
. x L, i

Figure 6: Network model setup considering a mean flow @ and a choked end. Compared to Fig. 1, this model
includes corrections for the propagation speeds of the waves, and an entropy wave generated after the flame. The
downstream end is now chocked by a compact nozzle. The reflection coefficient R, represents the strength of the
acoustic wave generated by the entropy wave aa.

5.8. Nonlinear eigenvalue problem

The boundary condition for the upstream acoustic waves defined through the reflection coeffi-
cient from Eq. (15) remains almost unaltered. Only the time delay associated with the length of
the upstream duct changes to 7, = 2b¢; /(¢ —u?). The downstream boundary is now modelled as
a choked outlet. Hence, according to Marble and Candel [31], the following boundary condition
must be satisfied: , . ,

2L 2Py, (54)
uw p P
this condition allows acoustic fluctuations to be generated from the acceleration of the entropy
waves. Thus:

Ga(s) = RqFa(s)e °™ 4+ R.Aa(s)e™ e (55a)
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with reflection coefficients depending on the Mach number M = u/é:

1—5(y—1)M;

1
Ry=—2 = 2(L,, — b)&2 /(82 — @), 55b
TRV Ta = 2( )e/(¢; — u3) (55b)
= 2l ro = In=b)r (55¢)
1+ iy -1 © ug(ey — ug)

Entropy fluctuations are often considered as convected hot spots generated by the flame. There-
fore they are set to zero at the inlet, oy = 0. Following a similar approach as in § 2.3 we
create an eigenvalue problem: L(s)§ = 0. L(s) is a matrix that includes the effects of the mean
flow, @, through the Mach number, (the components are shown in Appendix B). The vector
g =[G, F» AQ}T now contains the relative amplitudes between the acoustic and entropy waves.
The problem is again nonlinear in the eigenvalue s. The eigenvalues and eigenvectors are numer-
ically computed as in § 2.3.

Most of the analysis to obtain the adjoint equations and eigenvalue drift formulae in the zero
Mach number case can be extended to the case with a mean flow. Therefore, only a few remarks
about the methods are made in the following section.

5.4. Continuous adjoint approach

Following the same approach as in section § 2.4, the adjoint variables for the governing
equations (48) are p*(x),a"(z),p"(x) and for the jump conditions (49) are f*,g*,h*t. The
Lagrangian functional becomes:

L=s—(p*, By — (a%, Ea) — (p, Bs) = {f*, i} = {g", Jo} — (i, J5}. (56)

As explained previously, the derivatives of the Lagrangian with respect to the adjoint variables
produce the direct equations. The derivatives of the Lagrangian with respect to the direct
variables, after integration by parts, produce the adjoint equations:

dpt
—s' pt +u——=0 57
§PT + =0, (57a)
da* dpt dp*
_s*pat + i 5 5P
8 PUT + pu + p - b =0, (57b)
dpt dat
N S I S ek
spT +u . + P 0, (57¢)
along with the relationship between adjoint variables
~ . o 1 .
Fr=pt ") = apa” (57) + Sy = Duzp* (bF), (58a)
Gt =@t (5) — (v = Daap* (b, (58b)
Wt = (y=1)pt ("), (58¢)
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and the adjoint jump conditions

2

R . 1 9. 9 9\ 1 9.
[/ﬁ it + (- 1>u2p+] = @~ @)} — 50+ D (592)
1
[0t — (v — Dap*]] = yudd, (59b)
~t12 ~
7]} = a7, (59¢c)
where
. 1 .
af =af + ( — Ly plul(uQ — ul)) ag (59d)
AT — iA-i- + fs T
qs = — a’2 Ug (596)
(75}
o 1
at = 7_(”2 _) (/3 (bT) — @t (bT) + = (v — Dazp™ b*)) , 59f)
1 o1 (C% _ u%) ) 2( Ua ( (
. v = Dpt(b*
ap = = V) (59)
p1(cq — uf)

The term 4 is the adjoint equivalent of the flame speed in the lab frame of reference. Physically,
it gives the response of the thermoacoustic mode to harmonic forcing of the flame speed. The
boundary terms are:

prap+ pt i pu+ ot pua 4+ ot p+ pTrap 4+ pt i ypa = 0. (60)
Finally, the derivative with respect to the eigenvalue provides the normalization condition:
<ﬁ+,ﬁ> + <ﬂ+,ﬁ&> + <ﬁ+,ﬁ> + {f+,Nkau( T)e T+ {hJr Nekra(b™)e T} =1, (61)

where N,, = p1 — p2 and N, = q/uy — ((152 -p1)/(y—=1)+ %ﬁlal(ﬂg — 1]1)) Decoupling the
system of mean flow adjoint equations (57) as in § 2.2, yields exactly the same system as that
presented in Eq. (52). That is, two adjoint acoustic waves convected at speeds ¢+ @ and ¢—u and
an adjoint entropy wave convected at the mean speed u. This shows that, even with a mean flow,
the equations governing duct acoustics remain self-adjoint. Adding the flame or the boundary
conditions, however, make the system non-self-adjoint. In the direct eigenvalue problem § 5.3 we
assumed no entropy waves upstream of the flame. Hence, Eq. (60) provides the upstream adjoint
reflection coefficient relationship at the inlet:

1 1-M;

R = — 62
u Ru* 1 _|_ Ml’ ( )

then, as before, the upstream adjoint boundary condition is:
Gf = Rf ' Ffe™™, (63)

Due to the choked end, the downstream acoustic and entropy waves are reflected as an acoustic
wave. In the adjoint problem, however, the outgoing adjoint acoustic wave at the choked end cre-
ates both a backward adjoint acoustic wave and a backward adjoint entropy wave. This is because

18



the direct equations propagate quantities forwards in time, while the adjoint equations propagate
receptivities backwards in time. Equation (60) gives the reflection coefficient relationships at the
outlet:

1 1+ M
R = — 64
d Ry1— ]\427 ( )
1 Mo
Rl = ", 65
¢ R.2(My—1) (65)
With these expressions, the downstream adjoint boundary conditions are obtained:
Ff = RF'Gfe ™, (66)
Af =R 'GFe™. (67)

The procedure to obtain the adjoint eigenvalue problem, and the eigenvalue drift for the base
state and feedback sensitivities, remains the same as in § 2.4.2.

5.5. Discrete adjoint approach

Since the mean flow nonlinear eigenvalue problem has the same form as that in the zero Mach
number limit (17), the adjoint problem (41) and eigenvalue drift formula (42) remain unaltered.
Thus, the matrix 6L associated with the base state sensitivity is again provided by equation
(43). The feedback sensitivity can now consider the effects of mass injection, M, and feedback
devices can be extended to include density fluctuations. Hence, instead of four possible feedback
mechanisms there are now nine. The procedure to create the matrix 0L is as described in § 2.5.2.
However, the inclusion of entropy waves makes the sets of jump relations change slightly. The
jump conditions upstream of the flame (z = a) become:

ﬂ’l(p;i - pi) + p1 (u;z - u;) = Mp1p; + Mulu; + MT1P2? (68&)
P1UL (u;l - U;) + (Piz - p;) = fmp; + ]:mu; + fmp; (68b)
U1 (p;l - p;) +p1 (U;Z - U;) = gmp; + 5u1u;' + grlp;') (68c)

while the jump conditions downstream of the flame (z = ¢) become

ﬂQ(p;v - p;u) + P2 (ufw - u'/nz) = Mpzp'liv + MUZU;U + MT’zpfim (69&)
/52@2(“;1) - u;n) + (p;v - p'/nz) = fp2p'liv + fuzugv + ‘FTQP’/L"LN (69b)
ﬁQ(p;v - p;u) + D2 (u;v - u;n) = €p2p2v + €U2u;v + 8T2p;v7 (69C)

where the term £& = Q + ¢ M arises due to the use of the continuity equation to express the
energy equation in terms of pressure. Some features of the wave-forms together with their first
variations (0f,d0g,da) are that the acoustic waves (f and g) are affected by mass, momentum
and energy addition and are accompanied by a 1/(2(M =+ 1)) factor, while the entropy waves («)
are only affected by energy addition and accompanied by a 1/M factor.
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6. Results for a choked combustor with mean flow and a moving flame front

6.1. Thermoacoustic configuration

For this flow configuration, we use the same properties for the air and inlet conditions as in §
4.1. However, we now assume a mean flow Mach number of M; = 5.00 x 102, which requires an
inlet steady flow of %; = 17.4 ms~!. The flame causes a jump in temperature reaching 7> = 1500 K
in the downstream side, which corresponds to a mean steady heat release of § = 24.7 MWm™2,
which is similar to the heat release of an intermediate scale rig [32]. The flame interaction index
is chosen to be k = 1.00 and the time delay 7 = 1.00 x 1073 s. The relevant eigenvalue becomes
51 = (145.2 + 27 x 184.44) rad s~! or &; = 0.4180 + 3.336i.

6.2. Stability and sensitivity analysis

The mode shapes for this configuration are shown in Fig. 7. Pressure (Fig. 7a) displays
the open ended inlet condition and a jump caused by the combined effect of the mean flow and
unsteady heat release (49). Velocity (Fig. 7b) has a jump at the flame location and shows the
behaviour of a nearly closed end due to the choked boundary condition. In the region upstream
of the flame, density (Fig. 7c) shows a similar behaviour as the pressure (scaled by a 1/ factor).
After the flame, density is the only mode shape that contains the influence of both acoustic and
entropy waves. Small amplitude entropy waves appear in the downstream region because the
acoustic fluctuations change the temperature upstream, (and the model assumes that the mean
heat release is kept constant) [26]. The generated hot spots are accelerated at the nozzle and
converted into indirect acoustic waves. The ratio between the amplitudes of the indirect acoustic
wave and the direct acoustic wave is 0.53%, which directly correlates to the small contribution
of indirect noise in perfectly premixed flames. For comparison, in the same configuration a heat
source at rest (u), = 0) with the same heating capacity, such as a gauze heater, gives a ratio of
20.70%.

Adjoint entropy waves appear upstream and downstream of the flame in the receptivity of the
continuity equation (pT in Fig. 7c) and as oscillations in the receptivity of the energy equation
(p™ in Fig. 7a). In the latter, they appear in the upstream region mainly due to the effect
of the flame. They appear in the downstream region due to the choked end as explained in §
5.4. This physically means that to produce a change in the generation of entropy waves through
the unsteady flame speed, we need to force the energy equation before the flame, as intuitively
expected. Forcing the energy equation after the flame changes the intensity with which the
entropy waves interact with the choked end.

For this configuration, the base state sensitivities for different flame positions are plotted in
Fig. 8. (The choked end does not allow a variation of the reflection coefficients in the downstream
end, and its sensitivity is thus omitted.) The upstream reflection coefficient shows a similar
behaviour to the case without a mean flow. The sensitivity of the flame interaction index shows
that any increase in its value when the flame is in the first fifth of the duct will stabilize the
system but will destabilize the system everywhere else. On the other hand the frequency is largely
affected when the flame is located in the first half of the duct, when compared to the second half.
This is because the unsteady heat release is proportional to velocity and its magnitude is reduced
towards the chocked end. The sensitivity of the time delay has the strongest growth rate shift
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Figure 7: Mode shapes for the direct and adjoint variables. (a), (b) and (c) show the relative amplitudes between
pressure, velocity and density fluctuations respectively (i.e. p(z) = |p(x)|e’’) as well as the receptivity to the
energy, momentum and continuity equations respectively (computed using the continuous adjoint approach).

from the other two variables. Any increase will destabilize the system as soon as the flame is not
located near the inlet of the duct, and the effect is similar for the frequency shift as well.
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Figure 8: Growth rate (a) and angular frequency (b) shifts of the base state variables, denoted by X, for different

positions of the flame, b, along the duct length considering a mean flow, @, and a moving flame front.

For the feedback sensitivity, we first analyse the mechanisms that cause mass injection (row 1
of Fig. 9). For this system any feedback mechanism that causes mass addition in phase with p, 1,
or p, will destabilize the system, as seen by the growth rate shifts. The most physical mechanism is
represented by feedback from pressure Fig. 9a, which models the effect of positioning a Helmholtz
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resonator in the duct. (The phase of the resultant mass addition depends on the oscillation
frequency relative to the Helmholtz resonator frequency). In a system with a choked end, the
most influential position to locate such a device is towards the exit x = 0.96, which is not quite
the antinode of the resonant mode.

The mechanisms that cause momentum addition in phase with p, 4, or p, are shown in row
2 of Fig. 9. The most physical mechanism would be the drag device from Fig. 9e, which forces
the flow m out of phase with (i.e. in the opposite direction to) the local velocity, and is strongly
stabilizing. This can be seen by taking the negative of the growth rate (continuous black line or
filled dots) in Fig. 9e.

The mechanisms that cause heat addition in phase with p, @, or p, are shown in row 3 of Fig.
9. In all of these mechanisms there are oscillations upstream and downstream of the flame. These
are caused by the entropy waves and their contribution, after being accelerated at the choked
end, as acoustic waves. If entropy waves were allowed to convect away from the system, the
mechanisms would be similar to those for mass injection, with oscillations only upstream of the
flame. For example, any mechanism that causes increased heat input in phase with the pressure
will destabilize the system, as is the case for solid rocket propellants.

In a choked nozzle two upstream-propagating acoustic waves are generated at the throat:
one by the entropy wave and one by the downstream-propagating acoustic wave. If the super-
position of the two upstream propagating waves is constructive, the feedback mechanisms will
present similar shapes but with larger amplitudes. If the superposition of waves is destructive,
the feedback mechanisms will present similar shapes but smaller amplitudes. For this particular
configuration the latter case is present, therefore the feedback devices are weakened by the in-
direct noise. Investigating whether this is a general result or a specific feature of the considered
configuration is left for future studies.

7. Conclusions

The main goal of this paper is to extend adjoint sensitivity analysis in thermoacoustics to
nonlinear eigenvalue problems derived from wave-based network models. These models can tackle
mean flows and are more versatile than Galerkin methods, for which adjoint methods have already
been developed.

Two thermoacoustic models are developed. The first mode has a heating gauze and a zero
Mach number. The second model, which is more general, has a moving flame front and a mean
flow. In each model, the system is decoupled into acoustic (and entropic when M # 0) waves,
creating a nonlinear eigenvalue problem. The adjoint eigenvalue problem is set up with two
different methods: the continuous adjoint and the discrete adjoint approach. In the continuous
approach, the adjoint equations are derived by a Lagrangian formalism. We mathematically show
that the adjoint variables are governed by a wave equation. The adjoint equations are then solved
in the same way as the direct equations, by obtaining the eigenvalues and right eigenvectors of
the adjoint matrix. In the discrete approach, the adjoint eigenvector is simply the left eigenvector
of the direct matrix. For the wave-based model in this paper, the continuous approach provides
greater physical understanding in terms of receptivity because the adjoint spatial functions are
known.
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Figure 9: Growth rate shift, 5X denoted by —, e, and angular frequency shift, & denoted by - - - | o, for
each feedback mechanism. The rows display the continuity, momentum and energy equations, while the columns
represent feedback from pressure, velocity and density respectively. The continuous and dashed lines (—,- - -)

represent one calculation via the adjoint method while the circles (e, o) represent 15 computations via the finite
difference method.

This analysis shows that the equations governing duct acoustics, without considering bound-
ary conditions, are self-adjoint, with or without a mean flow. We also show that the system
with no unsteady heat release and reflection coefficients with magnitude different from 1 is self-
adjoint under the transformation t — —t, which is equivalent to saying that forward-propagating
waves become backward-propagating waves and vice-versa. The thermoacoustic system becomes
non-self-adjoint when there is velocity-coupled unsteady heat release, in agreement with findings
available in the literature. By combining the eigenfunctions from the direct and adjoint systems,
we obtain the base state sensitivities and feedback sensitivities with cheap computations. The
base state sensitivity is easier to implement with the discrete approach, and the feedback sensi-
tivity is easier to implement with the continuous approach. Both adjoint methods provide the
same results, which are validated against finite-difference calculations to machine precision. The
base state sensitivity provides the gradient of the eigenvalue with respect to any parameter of the
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model in a single calculation. Hence, it reveals how to stabilize (or destabilize) the the system.
The feedback sensitivity provides the gradient of the eigenvalue with respect to linear feedback
mechanisms. In this paper, it is obtained for co-located sensors and actuators.

The base state sensitivity analysis shows that the most influential stability parameter is the
time delay between velocity and heat release. In the zero Mach number case, the feedback
sensitivity shows the influence of devices that react to the velocity or pressure fluctuations and
force the momentum or energy equations. For the non-zero Mach number case, the feedback
sensitivity also shows the influence of devices that react to the density and devices that force
the mass equation. However, density-driven devices are difficult to devise and their influence
depends on the strength of the entropy waves, and consequently on the flame model. For a
perfectly premixed flame they display very small eigenvalue shifts in the downstream region due
to the small entropy waves. As a result, they would probably be ineffective in practice. The
choked outlet in this configuration accelerates the hot spots producing indirect noise, which in
turn reduces the overall amplitude of all the feedback mechanisms.

The optimal position to locate a feedback device is given by the product of the direct and
adjoint eigenfunctions. In a self-adjoint system, the adjoint eigenfunction is identical to the
direct eigenfunction, so the optimal position can be determined from the direct eigenfunctions
alone. In a non-self-adjoint system, however, the adjoint eigenfunction differs from the direct
eigenfunction and the optimal placement is altered accordingly. This needs to be taken into
account in thermoacoustic systems, which are non-self-adjoint. For example, this information
can aid the design of retrofitted devices such as Helmholtz resonators.

In summary, this paper develops and applies adjoint methods to wave-based thermoacous-
tic network models, which are used in industrial design of gas turbine engines. The adjoint
methods provides sensitivities of the eigenvalues at very little cost. The combination of gradient-
information with optimization routines could improve the design to mitigate (or delay the onset
of) thermoacoustic instabilities in gas turbines.
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Appendix A. Computing matrix L

Once the boundary conditions have been applied, by taking the Laplace transform of the
perturbed wave solutions (i.e Eq. 46) we obtain:

ZL(fii) = Fji = G1 (Rue™ "™ + Ep,) , (A.la)
L(9ii) = Gy = G1(1 + Eg,), (A.1b)
L(fiii) = Fui = Fo(1+ ER,), (A.1c)
L(giii) = Giii = Fa(Rge™ ¥ + Eg,), (A.1d)



where

Er = <.7-"p1 (Ruem7e o+ e70m) 4+ T2 (R — o)

42 (R o) pQIC% (Rye™ e_STa)> | (A.20)
Eg, = % (f,,l (Rue™=™) 4 1) + ;1?1 (Ryems(em) — 1)

~ Qci’l <Rue_s(”_7“) + 1) - [)lel% (Rue—S<Tu—Ta> _ 1)) , (A.2b)
Ep, = % (—}"p2 (1 + Rde_S(Td_TC)) - g = (1 - Rde_S(Td_TC))

—QC;”? (1 + Rde*S(Td*W) - pg;% (1 - Rdes(Tch)>> , (A.2¢)
o=} (< e+ a0 - T (e

+QE;”2 (€™ + Rqe ") + ﬁQQ";% O Rde_w)> : (A-2d)

where 7, = 2(b—a)/¢; and 7. = 2(c — b) /2. After substitution of the these expressions into the
jump conditions (Eq. 6) we get the perturbed problem:

(L +6L) (§+54) = 0, (A.3)

where L and § are given by Eq. (17), and JL is:

*EFl - EGl EF2 + EG2

_ : A4
(Ea, — En) (1+ 552877) & (Ep, - Ba) A4

oL =

Appendix B. Mean flow matrix L(s)

The components of the mean flow matrix L(s) are:

Ly =2 ((1 — My) — Rye "™ (1 + M1)> - (’)2 - 1) ke (1 — Rye ")

p1 p1
c
Lip = 571 ((M2 +1) + Rge ™ (My — 1))
2
Lis = ;i (Mg + Ree (M — 1))
2

Lop = —(M; — 1)* — Rye *™ (M + 1)*
L22 = (M2 =+ 1)2 =+ Rde_STd (M2 — 1)2
Loz = M2 + Ree 5™ (My — 1)?
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L—yM, M}

Ly = — 11 — M) =N (1= M —keT)-..
31 Y1 T (3 1) ( 1= ke™™)
_ 1 +’)/M1 M12 - (j e~ ST B
— Rye s (=L L (3 M)~ N (14 My — ke ™) ) + kLS (1 — Rye™™"
Rye ( po— + = (3+ M) (1+ M —ke™) ) + ﬂlﬁﬁ%( Ryue™®")

Co (14+~My M3 1—~yMy M?
Lgy = 2 (""72 + 72(3+M2) — Ry (72 + 23— M2)>>

1 1 M3
L33 = §M§’ + Ree™ ™ ((MQ —1) < — M + 2)>

a\ y-1 v—1 2

v—1 2

where

1 —p2/p1
(v —1)

. _
N=-= <M12—M2222) +
2 P1

Note that for simplicity, the amplitude of the entropy wave Ay was multiplied by 1/¢5 factor.
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