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ABSTRACT

In the present work, indirect noises generated by compositional disturbances in a non-isotropic convergent nozzle are studied using Large
Eddy Simulations (LESs). An in-house compressible LES code, Boundary Fitted Flow Integrator-LESc, is utilized to simulate the noise gener-
ation in the system. A non-reflective outlet boundary condition is used to eliminate numerical reflections and to ensure the reproduction of
the operating conditions in the experiments. The experiments are designed to feature two configurations with different injection positions,
which enable the separation of direct and indirect noises. Different operating conditions are investigated, including different injection gases
and air mass flow rates. This present paper compares computational results with the experimental measurements. The results revealed that
the processes of direct and indirect noise generation are successfully reproduced in the LES, with the noise magnitudes in good agreement
with those in the measurements. Injection of gases with smaller (He) and larger (CO,) molar masses compared to air is found to generate
negative and positive indirect noises, respectively, in the LES, which is consistent with the experimental findings. The effect of different air
mass flow rates is also investigated and discussed, and the direct noise and indirect noise amplitudes are both found to be closely related to
the air mass flow rate.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0065959

. INTRODUCTION

Combustion noise is a potential major contributor to aircraft
engines and gas turbines, and this has become an increasingly
important topic over the last several decades.' There are two main
categories of combustion noise: direct combustion noise and indi-
rect combustion noise. Direct noise is caused by volumetric expan-
sion and contraction due to unsteady heat released by unsteady
combustion. The unsteady heat release rate is also accompanied by
temperature and compositional and vortical perturbations, which
if accelerated can eventually generate acoustic noise, known as the
indirect noise.” In real engines, indirect noise is generated at the
nozzle or the first stage of the turbine and propagates both down-
stream and upstream back into the combustor. Those traveling back
can contribute to the triggering of thermo-acoustic instability in the
combustion chamber’ and may lead to significant damage to the
combustor structure and even engine failure."

Entropy indirect noise caused by temperature perturbations
has been a topic for analytical study for over 50 years. Marble and

Candel” developed one-dimensional transfer functions for the noise
generated via an isentropic compact nozzle for different conditions,
which laid a foundation for further work on indirect noise genera-
tion. The theory was further extended to include a wider range of
conditions, and various low-order models have been proposed, e.g.,
by Goh and Morgans® and Christodoulou et al.” The generation of
indirect noise by compositional inhomogeneities was first identified
by Thme® and investigated further by Magri et al.” and Giusti et al.,'’
where its importance was quantified in subcritical and supercriti-
cal nozzles and the relative contributions were compared with other
sources of noise. It has been shown that compositional noise can
exceed entropic noise for lean flame conditions and that noise gen-
eration in modern low-emission combustors thus requires further
study.

Following the above analytical efforts, several model experi-
ments have been devised to investigate the generation of entropic
and compositional noises. In the German Aerospace Centre (DLR),
an Entropy Wave Generator (EWG) was set up using a heating
grid and convergent-divergent nozzle to generate entropic noise
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and the pressure signal was measured downstream for both sub-
sonic and supersonic regimes.'' Recently, in Cambridge Univer-
sity, an EWG rig has also been set up to investigate indirect noises
caused by entropic and compositional inhomogeneities.'>!* The
pressure signal upstream of the nozzle was recorded with various
designs, successfully separating and identifying the direct and indi-
rect noises. This work was further extended by De Domenico et al.'*
to account for the effect of non-isentropicity on the noise generation
by compositional disturbances.

Noise generation has been studied in the DLR EWG of Leyko
et al.'” and Duran et al.'® and the Cambridge EWG of De Domenico
et al.'’"'* using one-dimensional analysis with different models
proposed for indirect noise generation. A further step is to take
account of the non-uniform distribution of entropic and compo-
sitional waves and the dispersion and convection of these waves
inside the system: high accuracy simulation, which provides a three-
dimensional description of the flow and turbulence, is a natural
means whereby this can be achieved. Morgans et al.'” performed
incompressible direct numerical simulation (DNS) on a combustor
channel flow to investigate the effect of flow advection of entropy
waves, where dissipation effects were found to be negligible and that
dispersion may not be sufficiently fast. Hence, significant entropy
wave strength remained at the combustor exit. Giusti et al.'® applied
incompressible Large Eddy Simulations (LES) to study entropy
waves and found that the waves decayed as a function of a local
Helmholtz number based on the wavelength and axial distance.
Moreau et al.'’ performed compressible LES of the DLR EWG
configuration, successfully reproducing the measured pressure sig-
nals and confirmed that the amplitude and shape of the entropy
spot (temperature fluctuation caused by the heating device) were
distorted, especially when convected over a long distance in the
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downstream duct, while Rodrigues et al.”’ utilized URANS to study
the details of entropic and compositional waves generated by ther-
mal and compositional perturbations in an open-end pipe with-
out noise generation. It appears that there have been only a few
detailed computational studies of the indirect noise generated by
compositional inhomogeneities.

The specific objective of the present work is to investigate the
noise generated by compositional perturbations in the Cambridge
EWG with a non-isentropic subsonic nozzle. Compressible LES has
been performed on the 360° EWG configuration. Different injecting
positions, main jet mass flow rates, and injection gases correspond-
ing to the experiments are studied, and the upstream pressure signal
is monitored to separate and identify the direct and indirect noises.

This paper is organized in the following manner: The target
experiments are described and the basic mechanisms of noise gen-
eration and reflection in the EWG configuration are introduced in
Sec. 11, after which the computational setups together with various
computational meshes are outlined in Sec. II1. The computed results
are presented and compared with experimental measurements with
a detailed analysis in Sec. I'V. Finally, this paper concludes with the
main findings and suggestions for future work.

Il. ENTROPY GENERATOR
A. Experimental setup

The target experiments of the present work are a series of
test cases conducted with the Cambridge University EWG rig. The
experimental configuration is shown schematically in Fig. 1(a) with
the key dimensions summarized in Table I. A flow of air with a
controlled mass flow rate is fed into the duct through the inlet

Jet Flow

! yd

FIG. 1. (a) A simplified layout of the experimental configuration. Specific dimensions are listed in Table |. (b) A schematic diagram of the mechanism of the noise and wave
generation and propagation in the system. Acoustic noise, compositional wave, and entropic wave are denoted by P, &, and o, respectively. The subscripts d and i represent
direct and indirect noises, and the superscripts + and — represent the propagation directions of the acoustic waves, respectively. The blue arrows represent the acoustic
waves propagating at the speed of sound c, and the black arrows denote the jet flow rate at which the compositional and entropic waves travel downstream.
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TABLE I. Dimensions for the experimental configuration.

L L D Dy, L, L

Length (m) 1.65 61 0.0426 0.0066 0.75 0.65or0.05

on the left of the duct upstream of the nozzle. A pulse of sec-
ondary flow is injected perpendicular to the main air flow. The
primary air flow is supplied through a long flexible hose, attached
via a flat flange to provide a simple acoustic boundary condition.
The upstream duct consists of a steel tube with 42.6 mm inner
diameter and a length of 1.65 m. A flexible plastic duct is placed
downstream of the nozzle, which features the same inner diam-
eter as the upstream tube and a length of 61 m. The reason for
such a long duct is to create an anechoic boundary at the outlet.
The “round-trip” time for the downstream duct is 2L, /c = 350 ms,
where ¢ represents the speed of sound. Hence, for ¢ < 350 ms, down-
stream acoustic reflections will not have any effect on the acous-
tic pressure.* In contrast, the inlet boundary has a high reflec-
tion coefficient R; ~ 0.99,"° which is effectively a fully reflective
boundary.

In the experiment, two non-isentropic nozzles are employed,
namely, convergent and convergent-divergent nozzles, but the
present numerical work focuses on the convergent nozzle configu-
ration. The nozzle is 24 mm long featuring a linear geometry profile
and a throat diameter of 6.6 mm, followed by the straight down-
stream pipe. Thus, the flow experiences an abrupt divergence down-
stream of the converging section, along with flow separations and
large losses. Hence, the convergent nozzle terminated with a straight
pipe works in a way similar to an orifice plate. A series of measure-
ments were carried out at 11 different air mass flow rates #,, and
three of these, where the flow in the convergent nozzle is in sub-
sonic conditions, are studied in the present work. The details of test
cases considered are presented in Table III. Corresponding to the
experiment of De Domenico et al.,'* the injected gas mass flow rates
provide a fixed mass fraction of the gas (Yue = 0.02 and Yco, = 0.2)
and a similar molar fraction for all cases (Xne ~ Xco, ~ 0.14).

B. Pulse injection and noise generation

Pulses of a secondary flow are injected in the cross-stream
direction to generate species composition perturbations. Various
injected gases are studied, including helium, argon, carbon dioxide,
and methane, with each having a different density. Each pulse lasts
for 7, = 100 ms with a 0.25 Hz repetition rate, corresponding toa 4 s
period. The mechanism of noise generation in the configuration can
be simplified by using a quasi-one-dimensional framework'* and is
depicted in Fig. 1(b). The gas injection has three major effects in
terms of the flow fluctuations: first, the injection leads to perturba-
tions in the mass, momentum, energy, and mixture fraction fluxes,
generating direct pressure fluctuations that are referred to as direct
noise, denoted by P; (where P represents pressure); these perturba-
tions also cause entropic fluctuations o, and additionally, composi-
tional fluctuations are caused by the addition of the compositional
flux, denoted by &. The flow variables can be decomposed into mean
and fluctuating values such as Y; = Y; + Y;'. In the linear limit when
Y; « Y;, these disturbances do not interact’’ and can be treated as

ARTICLE scitation.org/journall/adv

waves with amplitudes related to relative flow variable fluctuations,
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where y, u, ¢, s, ¢p, Z, and V¥ represent the specific heat capacity ratio,
velocity, speed of sound, entropy, heat capacity, mixture fraction,
and chemical potential function, respectively.” Direct noise travels
both upstream P, and downstream P;” at the speeds ¢ — u and
¢ + u, respectively, approximately equal to the speed of sound c. The
entropic and compositional inhomogeneities are convected with the
flow downstream toward the nozzle. Once these inhomogeneities are
accelerated by the nozzle, indirect noise is generated and propagates
both upstream P;* and downstream P;~ at a speed c. The convec-
tive distance L. represents the distance between the injector and the
nozzle and varies with the injection location, with correspondingly
different convective time delays 7. = L./u, where u represents the
bulk flow speed. Two configurations, based on the injection loca-
tion, are selected: a long configuration where the injected gas loca-
tion corresponds to L. = 0.65 m upstream of the nozzle and a short
configuration with L. = 0.05 m. In the former case, a separation, 7.,
between the direct and indirect noise arises, whereas in the latter, the
direct and indirect noises are almost coincident. By comparing the
results of both configurations, the direct and indirect noise contri-
butions can be identified and evaluated, which will be discussed in
detail in Sec. IV C.

C. Reverberation

When an acoustic signal is reflected in an acoustic chamber
repeatedly over a short period of time, the measured acoustic pres-
sure is effectively an ensemble of the original and all the reflected
noise. In the present work, the acoustic “round trip” time in the
upstream pipe is Tpuug = 2L1/¢ = 2 x 1.65/340 ~ 0.01 s. During the
injection process, the sound wave in the upstream pipe reflects about
2Tp/Tround ~ 20 times between the inlet and the nozzle, and this
results in reverberation. Hence, the measured upstream pressure sig-
nal corresponds to a superposition of the direct noise and its reflec-
tions in the upstream pipe between the inlet and the nozzle, which is
determined by the direct noise amplitude and the impedance of the
boundaries.

1. COMPUTATIONAL METHODOLOGY
A. Compressible BOFFIN-LES

In order to investigate the direct and indirect noise generation,
a compressible LES of the Cambridge EWG configuration is per-
formed using the in-house, compressible LES code Boundary Fitted
Flow Integrator (BOFFIN-LESc). The pressure-based LES code uti-
lizes the governing equations for compressible flow, including the
equation for total enthalpy, and is based on the use of structured
multi-block grids. The convection terms in the momentum equa-
tions are approximated by a second order central difference scheme,
and as such, there is no “numerical” dissipation—at least on a uni-
form mesh—and it is thus likely negligible. A spatial filtering oper-
ation is performed to the governing equations to separate the larger
scales from the smaller ones. The unknown sub-grid scale stress aris-
ing due to filter operation is approximated via a Smagorinsky sgs
viscosity in conjunction with the dynamic procedure of Piomelli and
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Liu.”’ Constant and equal Prandtl and Schmidt numbers with a value
of 0.7 are used throughout for both “molecular” and sgs fluxes. This
is a commonly invoked assumption, and it is not expected to result
in significant error. Also at high turbulence Reynolds numbers, the
“molecular” transport is overall substantially smaller than the sgs
transport. Details of the mathematical formulations can be found
in the previous work.”> BOFFIN-LESc has proven its capability for
a variety of turbulent flames,*** including instabilities in complex
geometries such as model swirl-stabilized configurations.”**’

B. Boundary conditions and grids

The computational domain covers the upstream pipe, nozzle,
and part of the downstream pipe. The domain length of the down-
stream pipe is reduced for cost considerations, with all other dimen-
sions being those listed in Table I. This modification of downstream
length is supported by the use of a non-reflective outlet boundary
condition,’®?’ with a relaxation coefficient of 0.28,%° to minimize
flow distortion and numerical reflection at the exit. Fully reflective
inlet boundary conditions are imposed at the inlet of the pipe to
match the experimental impedance discussed in Sec. II A. No-slip
adiabatic boundary conditions together with the approximate near-
wall, semi-log law based model of Schumann described in Ref. 30
are applied to all solid boundaries. Four meshes are created as listed
in Table II. Meshes M1, M2, and M3 cover the same domain with
different grid sizes, representing coarse, medium, and fine meshes,
respectively. The meshes are smoothly clustered toward the nozzle
and throat regions where the minimum mesh spacing exists. For M1,
M2, and M3, the minimum mesh sizes are 0.5, 0.25, and 0.15 mm
in the axial direction (8°min) and 0.5, 0.5, and 0.25 mm for the
radial directions (8" min), respectively. Mesh M4 is based on M2 but
extended to cover a longer domain with a longer downstream pipe
with L, = 2.2 m. This allows the examination of the potential effect
of the downstream pipe length on the flow field. Figure 2 shows a
sliced view of meshes M1-M4, where different grid sizes and domain
lengths can be seen qualitatively. The results of the mesh sensitivity
study will be discussed in Sec. IV A.

The present work investigates the effects of different gas injec-
tion locations, various air mass flow rates, and injected gases with
different molar masses on the noise generations. Helium and car-
bon dioxide are selected to represent gases lighter and heavier than
air, respectively. This leads to eight test cases C1-C8, with details
summarized in Table TII.

All the simulations are carried out with constant time steps,
with the Courant-Friedrichs-Lewy (CFL) number limited below 0.3,
and details can be found in the last column of Table I1I. As shown in
Sec. 11 B, the injection encompasses 100 ms and takes place every 4 s.
In the simulations, each case is initialized for one cycle of 4 s after

TABLE |I. Details for computational meshes M1-M4.

Mesh Cells (x10°) 6% min (mm) 6" min (mm) L, (m)
M1 0.08 0.5 0.5 0.35
M2 0.23 0.25 0.5 0.35
M3 0.64 0.15 0.25 0.35
M4 0.42 0.25 0.5 2.2

ARTICLE scitation.org/journall/adv

FIG. 2. Slices of numerical grids for M1 coarse mesh, M2 medium mesh, M3 fine
mesh, and M4 long mesh.

TABLE IIl. Numerical conditions for test cases C1-C8: primary mass flow rate m,
injected mass flow rate rig, convective distance L¢, and time step A;.

Case Gas i (gs™') ritg (g57')  Le(m)  A(x107s)
Cl He 8.0 0.17 0.65 5
C2 He 8.0 0.17 0.05 5
C3 CO, 8.0 1.62 0.65 5
C4 CO, 8.0 1.62 0.05 5
C5 He 1.0 0.02 0.65 30
C6 He 1.0 0.02 0.05 30
C7 He 4.0 0.08 0.65 10
C8 He 4.0 0.08 0.05 10

which the data are collected and phase and time averaged. Phase
averaging is carried out over two cycles. For each cycle, it was found
that after 0.8 s, the pressure level settled to the background level and
remains the case until the end of the cycle. Hence, in the simulations,
the injection period was reduced to 1 s as a compromise between
reliable results and more injection cycles for phase averaging.

IV. RESULTS AND DISCUSSIONS
A. Reference case

First, a mesh sensitivity study was performed with the mean
flow field computed and compared for all four meshes. The flow
conditions in CI are adopted. The flow in each case is initialized
for two flow through times after which the time-averaged results are
found to be statistically convergent, and then the mean results are
collected over another two flow through times. The wall clock time
for one flow through time is 24, 50, 96, and 60 h on the Isambard
GW4 Tier2 HPC Service (https://gw4.ac.uk/isambard/). Figure 3
shows the mean axial velocity (U) profiles along the pipe centerline
and diameters at three representative positions, namely, upstream
(x = =200 mm), throat (x = 3 mm), and downstream (x = 30 mm).
Along the centerline, all simulations exhibit the same low U in the
upstream pipe, which increases sharply in the nozzle, reaching a
maximum at the throat and then decreasing back to a low down-
stream bulk velocity. The velocity with M1 reaches a peak U of
about 180 m/s, lower compared to the other three simulations, and
exhibits a slower decreasing rate downstream of the throat, due to
insufficient resolution, while the centerline U on M2, M3, and M4
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FIG. 3. Mean axial velocities computed from the LES with M1-M4 meshes along
the centerline (top) and radial diameters at upstream x = —200 mm, nozzle throat
x = 3 mm, and downstream x = 30 mm.

is very similar. In the case of noise generation, the relevant wave-
lengths lie in the range 1-4 m and the corresponding time scales are
0.003-0.01 s. The maximum mesh size in the axial direction is about
10 mm and around 2 mm in the radial direction. The time step is
2x 1077 s, and hence, noise related waves are well resolved by all
meshes.

More insights are provided by the radial profiles of U. First,
all radial profiles are closely axisymmetric as is expected. At
x = —200 mm, the velocity with M3 exhibits a much greater acceler-
ation on the centerline (y = 0), which reduces with increasing radius
up to half of the pipe radius and increases again from y = 10 mm
to the solid boundary. The radial profiles with M2 and M4 are very
similar but with a much lower peak U at the center and a higher
“trough” value, while M1 produces generally uniform radial profiles.
This difference is almost certainly attributable to the different reso-
lutions of the flow upstream and in the nozzle. In case C1, with the
primary mass flow rate #: = 8 gs~', the Reynolds number is about
6500, which lies within the Reynolds number range where laminar
to turbulent transition may occur.’’ The current simulations suggest
that the flow is basically in the laminar regime accompanied by some
turbulent structures. At the throat, as discussed above, the peak Uin
M1 is much lower compared to the other cases, while M2, M3, and
M4 exhibit a similar U profile, with a slightly higher peak found in
M3, followed by M4 and the lowest is in M2; however, the difference
is less than 5% (10 m/s). At the downstream position x = 30 mm,
which is close to the throat, the lowest U is found on M3, followed by
M2 and M4, and the highest on M1. This difference is attributed to
the more accurate simulation of the losses in the downstream region
arising from the finer meshes.

Mean parameters representing the operating conditions are
computed and compared with the experimental measurements for
the C1 case, including the mean Mach number, M, and M, and the
mean upstream pressure Py, as shown in Table I'V. It can be seen that
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TABLE IV. Dimensions for the selected cases.

Cases i (gs™) Py (kPa) My, M;(x107%)
EXP 8.0 125.4 0.686 11.05
LESyn 8.0 141.8 0.654 12.5
LESa 8.0 135.4 0.676 12.8
LESums3 8.0 131.2 0.682 12.8
LESma 8.0 135.6 0.680 12.1

meshes M2, M3, and M4 lead to throat Mach numbers very close to
the experimental values, with the best agreement found with M3 and
an important indication that the flow field and operating conditions
are well captured in the simulations. The mean upstream pressure
and Mach number at the upstream probe position are also compared
with the measurements. The upstream Mach number of all the cases
is very close in every case with less than 15% difference compared to
the measurement. At the upstream probe, mesh M1 gives the high-
est upstream pressure, which indicates the highest loss in the flow,'*
and again, with a finer mesh, better matches between the simulated
and measured P; are achieved. M2, M3, and M4 cases show discrep-
ancies of P; below 6%. It can be concluded that the flow properties
are, in general, successfully captured in the simulations with meshes
M2-M4 to a reasonable accuracy. Given the large axial extend of
the EWG configuration and that the focus of the present study is the
noise generation and propagation in the region upstream of the noz-
zle, the medium mesh M2 is selected for the following computational
study as a compromise between computing costs and accuracy.

B. Flow field evolution

A flow without radial injection was set up first for each case to
initialize the flow field. Figure 4 shows the snapshots of mean axial
velocity U, pressure p, and total pressure p, though a slice across the
centerline in the nozzle region. The flow is accelerated through the
nozzle with the highest velocity U occurring at the throat, followed
by a “jet” like flow in the downstream pipe. Figure 4(b) shows that
the static pressure is almost constant in the upstream pipe and in
the nozzle reduces rapidly as the throat approaches its lowest value
and then gradually increases to the downstream ambient pressure.
Figure 4(c) shows the total pressure that has a constant value in
the upstream and with a slight reduction in the nozzle and throat,
implying that the flow is almost isentropic in this region. This is not
the case when the flow exits the nozzle, where a sudden expansion
occurs and the “jet” flow becomes turbulent. Hence, there is a large
loss, shown in Fig. 4(c), with a lower total pressure at the nozzle exit,
which gradually falls during the mixing with slower moving fluid
until no obvious difference can be seen with the surrounding flow.

The injection of the secondary gas in the cross-flow direction is
then triggered. Figure 5 shows the evolution of the helium mass frac-
tion snapshots for case Cl from t = 5ms to ¢ = 300 ms, where the
injection period extends from t=0ms to ¢ = 100 ms. The helium
flow enters the pipe at around ¢ = 5ms in the cross-flow direction
and then mixes with the main air flow both in the radial and axial
directions, after which it is convected downstream toward the noz-
zle by the main axial flow. At ¢ = 250 ms, the helium reaches the
nozzle, which gives rise to indirect noise generation as the helium
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FIG. 4. Sliced color plots of (a) mean axial velocity U, (b) pressure p, and (c) total
pressure py in the region of the nozzle.

wave accelerates in the nozzle. This will be discussed later together
with the temporal acoustic noise signal in Sec. IV C.

C. Long pipe configuration

The evolution of non-dimensional pressure fluctuations in the
long configuration (L; = 650 mm) is compared with the experimen-
tal measurements, shown in Fig. 6. The pressure fluctuation p’ is
normalized by the product of the specific capacity ratio y and the
mean pressure p. Figures 6(a) and 6(b) show the upstream pres-
sure signals in C1 and C3 with helium and carbon dioxide injected,
respectively. The blue lines represent the LES results, while the
black solid lines represent the experimental measurements. The red
dashed lines are the exponential decay fit of the acoustic energy loss
predicted by the reverberation model proposed by Rolland et al.*

.l Yy,

—200 0 200
z[mm]
FIG. 5. Temporal evolution of the helium mass fraction in C1 on slice across the

pipe centerline at {1 = 5ms, {2 = 50 ms, t3 = 105 ms, t4 = 165 ms, t5 = 250 ms,
and t6 = 300 ms.
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The injection lasts for 100 ms and ends at t = 7,, during which
time the acoustic p’ rises rapidly and reaches a maximum at ¢ = .
This corresponds to the acoustic waves generated as a direct result of
the gas injection and reverberation effects. After reaching the maxi-
mum value, the pressure signal begins to fall due to the loss of acous-
tic energy. Both the measured and simulated p’ decay exponentially
and follow the decay fit line up to t = 7. » 163 ms when the injected
gas reaches the nozzle, as shown in Fig. 5 at t = 165ms. At t = 7,
the injected gas reaches the nozzle where it is accelerated, generat-
ing indirect noise that propagates upstream toward the probe (P;",
Fig. 2). Hence, p’ begins to deviate from the decay fit curve in both
the measurements and LES. In case C1, the indirect noise is negative,
while in C3 it is positive, which is due to the relative molar masses of
He and CO; compared to air. The indirect noise reaches a maximum
at around t = 0.26 s, which is close to the time where the composi-
tional wave is fully convected through the nozzle. This is supported
by the fact that t = 0.27 s is very close to the summation of pulse
injection time and convective delay 7. + 7, ~ 0.263s. On compari-
son of the measurements and LES p’ profiles up to ¢ = 0.16 s, it can
be observed that the peak amplitudes, arrival times, and the shapes
of the p’ signal are well reproduced by the LES, suggesting strongly
that the time histories of the compositional disturbance source are
well defined and the acoustic boundary conditions are determined
appropriately.

In the case of the indirect noise, both the measurements and
LES p' begin to deviate from the theoretical decay model at around
t = 165 ms with the time of the indirect noise generation being well
reproduced by the LES, implying that the bulk convective veloci-
ties are accurately computed. However, the indirect noise is slightly
under-predicted in C3 with CO; injection. This is largely due to
the over-prediction of the loss in the flow suggested by a higher
upstream pressure and therefore the mismatch of the throat Mach
number and upstream pressure as discussed in Sec. IV A. More dis-
cussions are provided in Sec. IV E. This will affect the computed
indirect acoustic source strength and the reflections at the nozzle
and is found to be related to the molar mass of the injected gas.
In addition, the acoustic signature has been found to be related to
the convection process and dispersion effect in the upstream pipe,*’
although this effect should be small in the present case with a very
small Helmholtz number, which reflects the nozzle compactness. To
further investigate this, a finer mesh is required to simulate the com-
positional and entropy wave propagation and dispersion and the
flow across the nozzle.

D. Short pipe configuration

In the short pipe configuration, the cross-stream gas is injected
very close, 50 mm, to the nozzle corresponding to a convec-
tive time delay of the compositional and entropic wave of t = 7,
~ 0.001-0.01 s, which is very short compared with the pulse dura-
tion t = 7, = 0.1s, as indicated in Fig. 7. This suggests that the direct
noise and indirect noise are generated almost simultaneously. In
contrast to the long configuration cases discussed above, where the
direct noise and indirect noise are separated, the two sources of noise
largely overlap in the short configuration. Figures 7(a) and 7(b) show
the upstream pressure signals for cases C2 and C4. From t =0 to
t = 1., there is only direct noise present and p’ increases as a conse-
quence. Between t = 7. and t = 1), indirect noise is also generated,
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FIG. 6. Phase averaged, normalized acoustic pressure fluctuations in the long pipe configuration at the upstream probe: (a) C1 with He injection and (b) C3 with CO,
injection. The blue line represents the LES results, while the black solid line represents the experimental measurements. The red dashed line denotes the exponential decay
fit of the acoustic energy loss in theory. " Two vertical dashed lines mark the end of the injection duration 7, and convective time of the compositional waves 7, ~ 163 ms.

and p’ represents the acoustic perturbation as a combined effect
of the direct and indirect noise. Beyond 7, there is only indirect
noise present in the pipe, while after t = 7, + 7, no noise is gener-
ated and the acoustic pressures decay until all the acoustic energy is
dissipated.

On observing Figs. 6 and 7 together and comparing the maxi-
mum p’ at 7p for Cl in Fig. 6(a) and C2 in Fig. 7(a), it can be found
that the peak p’ is much smaller by about 50% in the short config-
uration, caused by the negative indirect noise. In contrast for the
CO; cases, with positive indirect noise, the maximum p' is higher
in case C4 shown in Fig. 7(b) compared to that for C3 in Fig. 6(b),
consistent with the positive indirect noise found in the long con-
figuration. Since p’ maxima represent the direct noise amplitudes
in the long configuration and the superposition of direct noise and
indirect noise amplitudes in the short configuration, the results can
be used to estimate the ratio, k, of the indirect to direct noise. The
simulated ratio is k = 0.46 for He and k = 0.19 for CO, compared
with the values obtained from the measurements of about 0.42 for
He and 0.27 for CO,. Thus, the simulated indirect noise is lower by

(x1072) (2)
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1

f

1
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about 9% for He and 26% for CO; than the values obtained from the
measurements.

E. Influence of mass flow rate

Pressure signals with different air mass flow rates are studied
with LES for both the long and short pipe configurations. As dis-
cussed in Sec. IV B, an air flow is set up in each case. The upstream
pressure in cases with different mass flow rates can be used to inves-
tigate the isentropicity of the nozzles using the total pressure loss
coefficient, which can be expressed as follows:

Poj —Ppo2 _ Po1—po2
Coo = = R 2
P 120 1f2pup @

where Cyy is a normalized pressure loss coefficient and pj, is the total
pressure and where the subscripts 1, 2, j represent the upstream,
downstream, and position where the flow just begins to become non-
isentropic. A non-isentropicity parameter 8 is introduced to indicate

(x107%) (b)

0 02 04 06 08
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FIG. 7. Normalized acoustic pressure fluctuations in the short pipe configuration at the upstream probe: (a) C2 with He injection and (b) C4 with CO; injection.
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FIG. 8. LES predicted upstream pressure p; vs mass flow rate compared with
experimental measurements. Two analytical limits are presented with L1 for the
orifice plate limit and L2 for a fully isentropic nozzle.
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the level of total pressure losses occurring in the system, which is
defined as 8 = Aj/A;, where A represents the cross-sectional area.”
Hence, according to the definition of 8, two limits can be given:
when the flow is fully isentropic, Cyo = 0 and 8 = 1; when A; equals
the throat area A;, the highest loss occurs in the nozzle, and hence,
B = A;/A;. The latter case corresponds to the configuration of an ori-
fice plate with the same throat area A;. As discussed in the work of
De Domenico et al.,” for a given geometry and mass flow rate, each
value of f3 corresponds to a specific upstream pressure p; and to a
specific mean pressure loss. The pressure p; as a function of air mass
flow rate 71 obtained by LES and the experiments is shown in Fig. 8.
The two limits of isentropic flow (L2) and orifice plate (L1) predicted
by the analytical model'* are also depicted. As shown in Fig. 8, the
basic trend of p; rising with i1 is captured well by the LES. The value
of pi is well predicted in Cl1, C4, and C6 but is over-estimated in
C8, slightly higher than the p; given by the theory for an orifice plate
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with the same mass flow rate. This indicates larger losses in the simu-
lation when the flow rate is high and the Mach number in the nozzle
is close and above unity. The larger discrepancy in p; may be asso-
ciated with the occurrence of shocks in the vicinity of the sudden
expansion downstream of the nozzle, and in these circumstances,
the accuracy of Boffin-LESc is uncertain.

Figure 9(a) presents the upstream non-dimensional pressure
fluctuations for C1 (m =38 gs_l), C5 (m=4 gs_l), and C7 (m
=1 gs™") based on the long pipe configuration, while Fig. 9(b) shows
the results in C2, C6, and C8 where the jet mass flow rates are the
same as in C1, C5, and C7, respectively, but the short pipe config-
uration is adopted. In Fig. 9(a), the direct noise amplitude (repre-
sented by the normalized peak p’) reduces from C1 to C7. This can
be explained using the one-dimensional simplified theory.'* As dis-
cussed in Sec. II B, the secondary gas injection causes perturbations
in mass, momentum, energy, and mixture fraction fluxes. Given
the fact that the perturbations have a low frequency (f, <1 Hz),
the entropy generator is assumed to be compact compared to the
wavelengths of interest (A » 1-4 m). Hence, a jump condition holds
whereby mass, momentum, energy, and mixture fraction fluxes are
added to the flow at a discontinuity, and the mean flow properties
are assumed to be conserved across the discontinuity. The normal-
ized changes in mass, momentum, energy, and mixture fraction are
denoted by ¢,,, ¢11, de» and ¢, respectively, and are defined as

ol

i, _ Oy
- <

;D -
- Tr,
o pit,

P P p7=0z  (3)

In cases C1, C5, and C7, gb;n and ¢'Z have the same values since
Yue is held constant; therefore, a higher injection mass flow rate
causes a higher level of momentum (¢),) and energy (®;) pertur-
bations, which leads to a higher peak amplitude of the direct noise
shown in Fig. 9(a). An estimation of the ratio of indirect noise to
direct noise k can be obtained using the method outlined in Sec. IV C
and are listed in Table V: k~ 0.11 for 72 = 1 gs™" for cases C7 and
C8, k~0.37 for fn =4 gs™" for cases C5 and C6, and k = 0.46 for
i =8 gs' for cases C1 and C2. Since the normalized compositional
perturbations are the same in all the cases, the changes in the indi-
rect noise amplitude are mainly due to the increased entropic noise
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FIG. 9. Normalized acoustic pressure fluctuations in the (a) long configuration and (b) short configuration caused by injections of three different He mass flow rates. The
legends show the test cases in each plot, and detailed conditions of each case are shown in Table Il.
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TABLE V. An estimation of the ratio of indirect noise to direct noise k.

i (gs™h) Cases k

1 C7,C8 0.11
C5,C6 0.37

8 C1,C2 0.46

caused by a higher level of momentum and energy perturbations
arising from higher injection mass flow rates.

V. CONCLUSIONS

The present paper describes the results of a numerical study
of the noise generation by compositional perturbations in a non-
isentropic nozzle. A fully compressible LES is performed for the full
360° EWG configuration, with an appropriate choice of boundary
conditions and computational domain. The compositional inhomo-
geneities are generated by a cross-flow pulse injection. The pressure
signal extracted from the LES reproduced the direct and indirect
noise generating process and matched the measurements to a good
level of accuracy for different injection gases. Cases with different
air mass flow rates were also investigated, and these show that the
simulation captures the isentropicity of the nozzle flow with an over-
prediction for the case with the highest mass flow rate. The effect
of increasing main flow mass flow rate on noise generation is also
studied and discussed in relation to an analytical method. The indi-
rect noise amplitude and upstream pressure are found to be closely
related to the losses in the system, which are higher in the simulation
when the Mach number in the nozzle approaches unity and shocks
may exist. Under these circumstances, the accuracy of the numerical
method is uncertain and requires further investigations.

ACKNOWLEDGMENTS

This research was funded by Imperial College London and
the China Scholarship Council (CSC) (Grant No. 201708060199).
This work was supported by the Engineering and Physical Sci-
ences Research Council (EPSRC) (Grant Nos. EP/K026801/1
and EP/R029369/1) through the UK Consortium on Turbu-
lent Reacting Flow (UKCTREF). The simulations have been per-
formed using the ARCHER2 UK National Supercomputing Ser-
vice (http://www.archer2.ac.uk) and the Isambard GW4 Tier2 HPC
Service (https://gw4.ac.uk/isambard/).

AUTHOR DECLARATIONS

Conflict of Interest

The authors have no conflicts to disclose.

DATA AVAILABILITY
The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES

'A. P. Dowling and Y. Mahmoudi, “Combustion noise,” Proc. Combust. Inst. 35,
65-100 (2015).
2M. S. Howe, “Indirect combustion noise,” J. Fluid Mech. 659, 267-288 (2010).

ARTICLE scitation.org/journall/adv

3A. S. Morgans and L. Duran, “Entropy noise: A review of theory, progress and
challenges,” Int. |. Spray Combust. Dyn. 8, 285-298 (2016).

“T. Poinsot, “Prediction and control of combustion instabilities in real engines,”
Proc. Combust. Inst. 36, 1-28 (2017).

SF. E. Marble and S. M. Candel, “Acoustic disturbance from gas non-uniformities
convected through a nozzle,” . Sound Vib. 55, 225-243 (1977).

8C. S. Goh and A. S. Morgans, “Phase prediction of the response of choked
nozzles to entropy and acoustic disturbances,” J. Sound Vib. 330, 5184-5198
(2011).

7L. Christodoulou, N. Karimi, A. Cammarano, M. Paul, and S. Navarro-Martinez,
“State prediction of an entropy wave advecting through a turbulent channel flow,”
J. Fluid Mech. 882, A8 (2020).

8M. Thme, “Combustion and engine-core noise,” Annu. Rev. Fluid Mech. 49,
277-310 (2017).

°L. Magri, J. O’Brien, and M. Ihme, “Compositional inhomogeneities
as a source of indirect combustion noise,” J. Fluid Mech. 799, R4
(2016).

TOA. Giusti, L. Magri, and M. Zedda, “Flow inhomogeneities in a realistic aero-
nautical gas-turbine combustor: Formation, evolution, and indirect noise,” J. Eng.
Gas Turbines Power 141, 011502 (2018).

"TF. Bake, C. Richter, B. Miihlbauer, N. Kings, I. Rihle, F. Thiele, and B. Noll, “The
entropy wave generator (EWG): A reference case on entropy noise,” J. Sound Vib.
326, 574-598 (2009).

2F, De Domenico, E. O. Rolland, and S. Hochgreb, “Detection of direct and indi-
rect noise generated by synthetic hot spots in a duct,” J. Sound Vib. 394, 220-236
(2017).

3E. O. Rolland, F. De Domenico, and S. Hochgreb, “Direct and indirect noise
generated by entropic and compositional inhomogeneities,” . Eng. Gas Turbines
Power 140, 082604 (2018).

"“F. De Domenico, E. O. Rolland, J. Rodrigues, L. Magri, and S. Hochgreb,
“Compositional and entropy indirect noise generated in subsonic non-isentropic
nozzles,” |. Fluid Mech. 910, A5 (2021).

TSM. Leyko, S. Moreau, F. Nicoud, and T. Poinsot, “Numerical and analytical
modelling of entropy noise in a supersonic nozzle with a shock,” J. Sound Vib.
330, 3944-3958 (2011).

"8, Durén, S. Moreau, and T. Poinsot, “Analytical and numerical study
of combustion noise through a subsonic nozzle,” AIAA ]. 51, 42-52
(2013).

17A. 8. Morgans, C. S. Goh, and J. A. Dahan, “The dissipation and shear dis-
persion of entropy waves in combustor thermoacoustics,” J. Fluid Mech. 733, R2
(2013).

8 A. Giusti, N. A. Worth, E. Mastorakos, and A. P. Dowling, “Experimental and
numerical investigation into the propagation of entropy waves,” AIAA ]. 55, 446
(2017).

195, Moreau, C. Becerril, and L. Gicquel, “Large-eddy-simulation prediction of
indirect combustion noise in the entropy wave generator experiment,” Int. J. Spray
Combust. Dyn. 10, 154-168 (2017).

297, Rodrigues, A. Busseti, and S. Hochgreb, “Numerical investigation on the gen-
eration, mixing and convection of entropic and compositional waves in a flow
duct,” J. Sound Vib. 472, 115155 (2020).

21B.-T. Chu and L. S. G. Kovasznay, “Non-linear interactions in a viscous heat-
conducting compressible gas,” |. Fluid Mech. 3, 494-514 (1958).

22U. Piomelli and J. Liu, “Large-eddy simulation of rotating channel flows using a
localised dynamic model,” Phys. Fluids 7, 839-848 (1995).

25D, Fredrich, W. P. Jones, and A. J. Marquis, “Thermo-acoustic instabilities in the
PRECCINSTA combustor investigated using a compressible LES-pdf approach,”
Flow, Turbul. Combust. 106, 1399 (2020).

24W. P. Jones and V. N. Prasad, “Large eddy simulation of the Sandia flame
series (D-F) using the Eulerian stochastic field method,” Combust. Flame 157,
1621-1636 (2010).

2%Y. Gong, W. P. Jones, and A. J. Marquis, “Study of a premixed turbulent
counter-flow flame with a large eddy simulation method,” Flow, Turbul. Combust.
106, 1379 (2021).

28D, Noh, E. Karlis, S. Navarro-Martinez, Y. Hardalupas, A. M. K. P. Taylor,
D. Fredrich, and W. P. Jones, “Azimuthally-driven subharmonic thermoacoustic

AIP Advances 11, 115103 (2021); doi: 10.1063/5.0065959
© Author(s) 2021

11, 115103-9


https://scitation.org/journal/adv
http://www.archer2.ac.uk
https://gw4.ac.uk/isambard/
https://doi.org/10.1016/j.proci.2014.08.016
https://doi.org/10.1017/s0022112010002466
https://doi.org/10.1177/1756827716651791
https://doi.org/10.1016/j.proci.2016.05.007
https://doi.org/10.1016/0022-460x(77)90596-x
https://doi.org/10.1016/j.jsv.2011.05.016
https://doi.org/10.1017/jfm.2019.799
https://doi.org/10.1146/annurev-fluid-122414-034542
https://doi.org/10.1017/jfm.2016.397
https://doi.org/10.1115/1.4040810
https://doi.org/10.1115/1.4040810
https://doi.org/10.1016/j.jsv.2009.05.018
https://doi.org/10.1016/j.jsv.2017.01.004
https://doi.org/10.1115/1.4039050
https://doi.org/10.1115/1.4039050
https://doi.org/10.1017/jfm.2020.916
https://doi.org/10.1016/j.jsv.2011.01.025
https://doi.org/10.2514/1.j051528
https://doi.org/10.1017/jfm.2013.448
https://doi.org/10.2514/1.j055199
https://doi.org/10.1177/1756827717740775
https://doi.org/10.1177/1756827717740775
https://doi.org/10.1016/j.jsv.2019.115155
https://doi.org/10.1017/s0022112058000148
https://doi.org/10.1063/1.868607
https://doi.org/10.1007/s10494-020-00177-3
https://doi.org/10.1016/j.combustflame.2010.05.010
https://doi.org/10.1007/s10494-020-00240-z

AIP Advances

instabilities in a swirl-stabilised combustor,” Proc. Combust. Inst. 37, 5333-5341
(2019).

27D, Fredrich, W. P. Jones, and A. J. Marquis, “The stochastic fields method
applied to a partially premixed swirl flame with wall heat transfer,” Combust.
Flame 205, 446-456 (2019).

28C. S. Yoo, Y. Wang, A. Trouvé, and H. G. Im, “Characteristic boundary con-
ditions for direct simulations of turbulent counterflow flames,” Combust. Theory
Modell. 9, 617-646 (2005).

2G. Lodato, P. Domingo, and L. Vervisch, “Three-dimensional boundary con-
ditions for direct and large-eddy simulation of compressible viscous flows,” .
Comput. Phys. 227, 5105-5143 (2008).

ARTICLE scitation.org/journall/adv

50F, Balaras, C. Benocci, and U. Piomelli “Two-layer approximate
boundary conditions for large-eddy simulations,” AIAA ]. 34, 1111-1119
(1996).

3TA. A. Draad, G. D. C. Kuiken, and F. T. M. Nieuwstadt, “Laminar—turbulent
transition in pipe flow for Newtonian and non-Newtonian fluids,” J. Fluid Mech.
377,267-312 (1998).

32E, O. Rolland, F. De Domenico, and S. Hochgreb, “Theory and application of
reverberated direct and indirect noise,” |. Fluid Mech. 819, 435-464 (2017).

33F, De Domenico, E. O. Rolland, and S. Hochgreb, “A generalised model for
acoustic and entropic transfer function of nozzles with losses,” J. Sound Vib. 440,
212-230 (2019).

AIP Advances 11, 115103 (2021); doi: 10.1063/5.0065959

© Author(s) 2021

11, 115103-10


https://scitation.org/journal/adv
https://doi.org/10.1016/j.proci.2018.07.090
https://doi.org/10.1016/j.combustflame.2019.04.012
https://doi.org/10.1016/j.combustflame.2019.04.012
https://doi.org/10.1080/13647830500307378
https://doi.org/10.1080/13647830500307378
https://doi.org/10.1016/j.jcp.2008.01.038
https://doi.org/10.1016/j.jcp.2008.01.038
https://doi.org/10.2514/3.13200
https://doi.org/10.1017/s0022112098003139
https://doi.org/10.1017/jfm.2017.183
https://doi.org/10.1016/j.jsv.2018.09.011

