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ABSTRACT

Acoustic liners are comprised of small holes in the walls
of gas turbine combustors. The flow through them both
cools the combustion chamber and absorbs acoustic en-
ergy, such that their aeroacoustic, aerodynamic, and heat
transfer performance are all important. Their circular
holes typically have straight edges, whose length (com-
pared to the radius) plays a significant role in their acous-
tic behaviour. In the case of “short” holes, where the
flow through the hole separates without reattaching within
it, there can be an amplification of acoustic energy at
certain frequencies, leading to a phenomenon known as
“whistling”. Previous analyses suggests that heat transfer
can either exacerbate or mitigate this undesirable occur-
rence. Furthermore, altering the inlet or outlet geome-
try of the holes can eliminate the whistling effect, shift-
ing the acoustic behaviour toward damping. Such geom-
etry changes will also affect the holes’ aerodynamic and
heat transfer performance. This research numerically in-
vestigates optimisation of the hole geometry, considering
aeroacoustic, aerodynamic performance and heat trans-
fer performance. Simulations integrate the energy equa-
tion into a linearised Navier-Stokes solver and employ
Bayesian optimisation to refine the orifice shape based on
a cost function that combines acoustic absorption, aero-
dynamic and heat transfer measures. The results indicate
that heat transfer through the orifice surface significantly
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impacts acoustic performance. To enhance the acoustic
absorption, a large downstream chamfer is optimal, while
for aerodynamics, a moderate upstream chamfer is best.
For optimal heat transfer, or to achieve a combined multi-
objective target, a large upstream chamfer is identified as
the most effective geometry.
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1. INTRODUCTION

Thermoacoustic instability occurs when acoustic waves
interact with unsteady heat release during combustion.
This phenomenon can lead to significant pressure fluc-
tuations within combustors, negatively impacting opera-
tional performance and potentially damaging components
[1]. The challenge of thermoacoustic instability is espe-
cially pertinent when using decarbonised fuels such as hy-
drogen, with hydrogen flames being especially sensitive
to acoustic disturbances due to their high flame speed.
Acoustic dampers, like liners and Helmholtz resonators,
are often installed in engines to mitigate these issues.
These devices absorb acoustic perturbations and help sup-
press thermoacoustic instability in various industrial ap-
plications, including gas turbines and rocket engines.
Acoustic liners consist of multiple circular holes
through which a bias flow passes. When the flow trav-
els through these holes, it can significantly enhance the
acoustic absorption and effective bandwidth of a perfo-
rated liner. Additionally, its tunable properties can be ad-
justed by varying the mean flow velocity [2]. The mech-
anism underpinning the acoustic damping is recognised
as the conversion of acoustic energy into vortical energy,
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which is then dissipated as heat [3,4]. Furthermore, the
bias flow from the orifice also provides an impingement
jet for cooling the combustor surface [5]. Thus, the effect
of heat transfer within the hole must be taken into account.

Howe’s model [6] has been widely used to predict the
acoustic absorption of holes. It assumes that the hole is
infinitely thin and that there is a straight vortex-shedding
path from the hole downstream. It predicts that an ori-
fice can absorb sound energy, but cannot generate it. Sub-
sequent research [7] indicates that the dimensions of the
orifice significantly impact its acoustic behaviour, and the
thickness of the orifice must also be taken into account.

A “short” hole, defined as having a length-to-diameter
ratio of less than one but not close to infinitesimal, ex-
hibits flow characteristics that can amplify acoustic en-
ergy at certain frequencies, a phenomenon referred to
as “whistling” [8—10]. This occurs due to the two-way
interaction between acoustic waves and vortical distur-
bances. It presents challenges in engineering design, as
it can decrease the acoustic absorption capability and may
even amplify acoustic perturbations, potentially leading to
structural failures. The above works considered isother-
mal hole flows: recent research on heat transferring flows
suggests that a temperature gradient can alter the acous-
tic behaviour of a flow, either increasing or decreasing its
acoustic absorption ability [11].

For isothermal hole flows, recent theoretical and nu-
merical studies have shown that the acoustic character-
istics of short holes are highly sensitive to their geome-
try [12,13]. Even minor changes in shape can significantly
alter the acoustic response, causing a hole’s behaviour to
shift from amplification to damping [13, 14]. The present
study numerically investigates the optimal performance of
short holes, considering aeroacoustic, aerodynamic and
heat transfer performance.

2. PROBLEM FORMULATION
2.1 Simulation configuration

To evaluate the aeroacoustic performance, a two-step sim-
ulation method is employed [15, 16]. In the first step, the
mean flow field is obtained using a Reynolds-Averaged
Navier-Stokes (RANS) k-w-SST turbulence model. Next,
acoustic perturbations are added to the mean flow field,
which is then solved using a linearised Navier-Stokes
Equation (LNSE) solver in the frequency domain. This
method has been validated against experimental data and
direct simulation techniques, demonstrating greater com-
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Figure 1. Schematic of the hole configuration, with
heat transfer through the wall of the hole.

putational efficiency compared to more intensive meth-
ods like Large Eddy Simulation (LES) [13]. Additionally,
Bayesian optimisation is utilised as a powerful approach
for black-box problems with costly evaluations [17, 18].
The high resource cost associated with each evaluation
during the optimisation process limits the number of sam-
pling operations.

The configuration studied is a single axisymmetric
hole, whose wall is subject to heat transfer. A turbulent
mean flow passes through the hole, as illustrated in Figure
1. The radii of the upstream and downstream ducts are R,,,
while the radius of the concentric circular hole is Ry,. The
ratio of the duct radius to the hole radius is R, /Ry, = 2.
The length of the hole is set to L, = 0.66 Ry, which is
typical for a short hole. To account for a heat transfer ef-
fect, the mean flow is considered to have a temperature of
T, = 500 K, while the orifice wall is considered to be at
a cooler fixed temperature of 7;, = 300 K, with the up-
stream and downstream duct walls considered adiabatic.

A subsonic mean flow with an inlet velocity U, is de-
fined at the inlet boundary as a fully developed turbulent
profile. The mean flow is characterised by two dimen-
sionless parameters: the Reynolds number and the Mach
number. At the orifice, the Reynolds number is defined as:

. RhUh

Re = 20,000 (1)
where U}, represents the average flow velocity at the ori-
fice, and v denotes the kinematic viscosity of the average
flow. The Mach number is defined as:

M = @ =0.104

Cu

2

where ¢,, represents the mean speed of sound in the flow.
Previous simulations and experimental results [8, 10] sug-
gest a potential for whistling under these flow conditions
with a straight hole geometry in adiabatic conditions.
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To optimize the geometry, two chamfers are added to
the hole edges at both the upstream and downstream sides
of the hole. Each edge features a fixed chamfer angle of
45 degrees with variable length, denoted as §,, for the up-
stream edge and J, for the downstream edge.

The Strouhal number, denoted St, is a dimensionless
quantity used to describe normalised frequencies of sound
waves. It is defined as:

St = fLn/Un = 5-Ln/Us 3)
where f is the frequency of the acoustic wave, w is the
angular velocity of the wave and U}, represents the mean
flow velocity passing through the orifice. In this research,
our focus is on Strouhal numbers ranging from O to 0.5,
as this range is linked to the first whistling mode of the
geometry under investigation.

The absorption coefficient, represented as A [14, 19,
20], is used as a measure of the aeroacoustic performance
of the hole. It is defined as:

W+ W

A= A
Wl |+ Wy |

“

where Wji (j = u, d) represents the averaged acoustic en-
ergy flux of a plane wave propagating in the positive (+) or
negative (-) directions, at the upstream (u) or downstream
(d) locations, respectively. It represents the ratio of acous-
tic energy moving away from the orifice to that entering
it. A value of A = 1 indicates full absorption, mean-
ing that all incoming energy is absorbed and no acous-
tic energy escapes the hole. Conversely, A = 0 signifies
that the acoustic energy remains unchanged by interaction
with the hole. If A < 0, the acoustic energy is amplified
by the presence of the hole, a phenomenon commonly re-
ferred to as “whistling”.

The aerodynamic characteristics of the orifice are rep-
resented by the discharge coefficient, Cyy. This is defined
as the ratio of the actual discharge to the theoretical dis-
charge from an orifice, expressed as:

_ Qreal o m
Qideal A\/ 2PAP
where, 772 is the mass flow rate through the hole, A is the
cross-sectional area of the hole, p is the fluid density, and
AP is the pressure difference across the hole. Knowing
the value of Cy is essential for designing the air distribu-
tion system within gas turbine engines [21].
To characterise the heat transfer performance of the
hole, we define a normalised power coefficient, denoted

Cq

(&)
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P*, given by:
Pwall

UL,

wet

*

(6)

where, P, represents the power transferred from the
orifice wall to the flow. The sign of P, indicates the
direction of heat transfer: a positive value means that the
wall loses heat to the flow, while a negative value indicates
that the wall absorbs heat from the flow. The denomina-
tor, pUZ L2, ,, represents the kinetic power of the flow and
has units of Watts. p is the mean flow density, U}, is the
mean flow velocity, and L,,.; refers to the total length of
the orifice wall, which includes the hole length, chamfer
length, and radial length in cross-section. The coefficient
P* quantifies the ratio between the energy transferred into
the flow and the flow kinetic energy through the hole.

2.2 Numerical Implementation

To evaluate all of the aerodynamic, heat transfer and
aeroacoustic performance, a two-step simulation method
was employed [15, 16] which decomposed the fluid vari-
ables into mean and perturbation terms. The first step
involved obtaining the mean turbulent flow field using a
compressible Reynolds-Averaged Navier-Stokes (RANS)
simulation with the open-source solver OpenFoam (ver-
sion 11). A steady-state simulation solution was achieved
using the SIMPLE algorithm along with the K-Omega
SST turbulence model. A fully developed turbulent flow
profile was imposed at the inlet boundary, where the in-
let pressure was defined as a zero gradient, and the outlet
pressure was set to zero gauge pressure. The temperature
of the flow inlet is assigned 7' = 500 K. The upstream
and downstream walls are set to adiabatic and the hole
wall is set to a fixed temperature T,,;; = 300 K. The up-
stream, downstream, and wall surfaces were assigned a
no-slip condition.

The second step then involved solving for the lin-
earised flow perturbations using a compressible linearised
Navier-Stokes Equation (LNSE) solver. This was per-
formed in the frequency domain using a finite element
method within the open-source computing framework
FEniCS [22], with more detail provided in [23]. Non-
reflecting boundary conditions were implemented at both
the inlet and outlet boundaries, and acoustic waves of
different frequencies were forced from the inlet bound-
ary into the downstream flow. The acoustic response was
evaluated using the two-microphone method at the inlet
and outlet boundaries to distinguish between the acoustic
waves. For the acoustic perturbations, the walls of the hole
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Figure 2. Magnitude of the mean flow velocity field
(upper) and temperature field (lower) for the original,
unmodified hole geometry with a wall temperature
Twan = 300K.

were defined as non-slip boundaries with @ = 0. The up-
stream and downstream walls were assigned slip boundary
conditions G1-n = 0 to reduce the computational costs
that would be associated with acoustic boundary layers
along the upstream and downstream duct walls.

For isothermal flows, the two-step method was vali-
dated for straight holes against experimental data and di-
rect simulation techniques, demonstrating accuracy and
computational efficiency [13]. For the present work, vali-
dation was for the isothermal straight hole geometry, with
the ug,u,, = 0, condition validated by comparison to
experimental data and numerical simulations [23]. The
mean velocity and temperature fields of the straight hole
(0, 04 = 0) with T,y = 300K are shown in Figure 2.
This mean flow field is subsequently used in the perturba-
tion solver to determine the acoustic response to an input
acoustic wave. The absorption coefficient A as a function
of frequency St is shown in Figure 3.

2.3 Optimisation configuration

The geometry of a straight hole serves as the baseline for
optimizing the aeroacoustic, aerodynamic, and heat trans-
fer performance. With the acoustic performance known
to be sensitive to geometry [13], two 45-degree chamfers
of variable length were added to the upstream (inlet) and
downstream (outlet) edges of the hole to modify the en-
ergy amplification. The optimisation algorithm controls
the depths of the two chamfers, d,,,d4, while keeping the
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Figure 3. Absorption coefficient A of original ge-
ometry with an adiabatic wall and with a cooler wall.
Negative A indicates the acoustic amplifying phe-
nomenon known as “whistling”.

total length of the hole constant (J,, + dg < Lp,).

For the optimisation procedure, Bayesian optimisa-
tion was chosen, this being a powerful approach for black-
box problems with costly evaluations [17, 18]. For the
present numerical problem, computing the mean flow so-
lution and perturbations at a single frequency takes ap-
proximately 500 CPU hours, primarily due to the mean
flow simulation. Bayesian optimisation is performed us-
ing a modified version of the scikit-optimize library that
includes a constraint function [24] [25]. The acquisition
function is set to the probability of improvement (EI), and
the acquisition optimizer function is configured as “’1bfgs.”
The optimisation problem is formulated as follows:

arg max f(6u,04) @)

u,0d
subject to 0,, € [0, L], 04 € [0, L] and 6, + 94 < Ly,
to maintain the geometry’s topology. 45 initial sampling
points, selected using the grid method, were computed in
advance to initiate the optimisation. The optimisation was
performed for 5 steps to provide a fast indication of the
potential optimal geometry.

The acoustic absorption coefficient, A, of a straight
hole with and without heat transfer is shown in Figure 3.
A shows acoustic energy amplification in the frequency
range 0.16 < St < 0.30, with the most pronounced
whistling effect occurring at St 0.20, for which A
reaches its minimum value of -1.72. The presence of a hot
bias flow and heat transfer increased the maximum nega-
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tive value of A; this is consistent with recent research [11]
suggesting that heat transfer out of a flow can increase A
and vice versa.

In this study, the acoustic absorption coefficient at
frequency St = 0.20, denoted Ag;—¢.20, is identified as
the aeroacoustic parameter that needs optimisation. The
aerodynamic performance is represented by the discharge
coefficient, Cy, and the heat transfer performance by the
normalised heat transfer power, P, both of which depend
only on the mean flow solution. The values of these three
performance parameters for the straight (unmodified) hole
are summarised in Table 1.

Table 1. Aeroacoustic, aerodynamic and heat trans-
fer performance of unmodified straight hole geome-
try.

Cq
0.66

[P
0.77

Agt—0.20
-1.72

Geometry
5u7 5d =0

In order to perform an optimisation which accounts
for aeroacoustic, aerodynamic and heat transfer perfor-
mance, an objective function f is defined which combines
all three using weighting factors «, /3 and ~y:

f=alAg=020 + BCq+ /P (8)

By altering these weight factors such that they sum to
unity, optimal geometries can be obtained which differ-
ently prioritise the three performances.

3. RESULTS

3.1 Optimisation of only the acoustic absorption
coefficient A ;—q 29

When optimisation is performed for solely the aeroacous-
tic performance (i.e. « = 1, 8 = 0, v = 0), the results
in Figure 4 show that an orifice with a large downstream
chamfer would provide the best aeroacoustic absorption
performance. The mechanism of the improved perfor-
mance is likely to be associated with the downstream edge
being moved further from the vortex shedding path, weak-
ening the generation of acoustic waves at the hole open-
ing.

3.2 Optimisation of only the aerodynamic
performance, C

When optimisation is performed for solely the aerody-
namic performance (ie. a = 0, 5 = 1, vy 0),
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Figure 4. Acoustic absorption coefficient Ag—0.20
versus §,, and d4. An optimised value of Ag—g.20
0.44 was found for which 6, = 0.01L; and J 4
0.98Ly,.

the optimisation results in Figure 5 show that a moder-
ate upstream chamfer of size 4, = 0.19L, and no down-
stream chamfer(d; = 0) is best. The presence of an up-
stream chamfer reduces flow separation at the upstream
edge, which ultimately helps to alleviate the pressure drop
across the hole.

Discharge coefficient Cd versus &, and &4
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Figure 5. Discharge coefficient C; versus ¢,, and dg.
An optimised value of Cy 0.84, was found for
which §,, = 0.19L;, and §; = 0.0.
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3.3 Optimisation of only the heat transfer
performance, | P |

When optimisation is performed for solely the heat trans-
fer performance (i.e. « = 0, § = 0, v = 1), the op-
timisation results in Figure 6 show that a large upstream
chamfer provides the highest heat transfer. This outcome
can be attributed to the larger contact area created with the
flow upstream, which enhances heat transfer.

Normalised power coefficient P* versus &, and 64
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Figure 6. Normalised power coefficient P* versus
0, and &4, with the highest heat transfer performance
obtained for 6, = 0.98 Ly, 64 = 0.01Ly,

3.4 Optimisation for combined objective function

For the multi-objective optimisation, the combined objec-
tive function in Equation 8, is applied using weight factors
of a = 0.33, 8 = 0.33, and v = 0.33. With this combina-
tion of weight factors, the optimisation process returns an
optimal geometry characterised by a large upstream cham-
fer, consistent with the results of P*. This results in a
high heat transfer power transfer coefficient while causing
only minor reductions (compared to the best achievable)
in Ag—g.20 and Cy. A summary of these geometries is
presented in Table 2. The aeroacoustic performance of
the optimized geometry is illustrated in Figure 3, while
the mean flow fields are depicted in Figure 2.

4. CONCLUSION

The present work has presented a two-step simulation
method for simultaneously characterising the aeroacous-
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Figure 7. The combined cost function f, which ac-
counts for aeroacoustic, aerodynamic, and heat trans-
fer performance, 9, and 4.

Table 2. Summary of the performance of the original
and optimised geometries.

Geometry(d,, 6q) | Asi—0.20 | Cq | |P*| f

Straight(0,0) -1.72 0.66 | 0.77 | -0.09

(0.01L,0.98L4) 0.43 0.64 | 0.98 | 0.68

(0.19Ly, 0) -0.17 0.86 | 0.97 | 0.55
(0.98Ly,,0.01Lp,) 0.38 0.76 | 1.10 | 0.74
1 T T T
> Optimised hole, 6, = 0.98L;, 64 = 0.01L,,
0.5 « Straight hole
ot
<-0.5
b
1.5}
2 ' : . :
0 0.1 0.2 0.3 0.4 0.5
St = wLy/ (G, * 2m)
Figure 8. Absorption coefficient A of original

straight geometry and optimised geometry under ob-
jective function f.
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Figure 9. Magnitude of the mean flow velocity field
(upper) and temperature field (lower) for the opti-
mised hole.

tic, aerodynamic and heat transfer performance of a hole
flow with heat transfer. Heat transfer through the wall of
the hole is seen to accentuate the acoustic whistling effect
in the absence of hole geometry changes. A Bayesian op-
timisation technique for optimising the chamfer lengths of
45 degree chamfers at both the hole inlet and hole outlet
was then employed.

The optimisation can target the individual aeroacous-
tic, aerodynamic, and heat transfer performances resulting
in three distinct optimal geometries. It was also shown
that it is possible to apply a combined objective function
which incorporates different combinations of the above
three performance measures. The optimal geometry then
obtained involves a large upstream chamfer which ensures
good heat transfer, acrodynamic and aeroacoustic perfor-
mance.

This work thus represents a step in being able to de-
sign the shapes of orifices according to acoustic, aero-
dynamic and heat transfer priorities, with finer geometry
control being possible through additive manufacturing.
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