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Abstract

This paper presents a theoretical and numerical study on the
relative significance of two mechanisms of sound genera-
tion encountered in combusting flows. A non-diffusive, one-
dimensional, steady heat communicating flow, subjected to
downstream travelling acoustic excitations is considered. It is
first shown numerically and analytically that even without un-
steadiness in heat communication the investigated flow can gen-
erate sound. Existing theories of acoustic energy revea that
such generation of sound can be due to either of acceleration
of entropy disturbances or interactions between acoustics and
steady heat communication. An analytical scaling analysis is
then put forward to estimate the relative significance of these
sound generating mechanisms. Theresults are validated against
the numerical simulations and include both high and low fre-
quency limits. In particular, it is shown that at high forcing fre-
guencies the sound generation is dominated by the steady heat
communication.

Introduction

It has been known since Rayleigh [1] that unsteadiness in heat
communication can generate sound. Later, Ffowcs Williams
and Howe [2, 3] showed that acceleration of density inhomo-
geneities can be also a sound source. Since combusting flows
are normally accelerating and feature heat addition unsteadi-
ness, these two mechanisms are sometimes considered as the
main sources of combustion noise [4, 5]. Nonetheless, Blox-
idge et a. [6] showed theoretically that interaction of acoustics
with steady heat communication can be also a sound source.

Recently Karimi et al. [7] investigated the acoustic and entropic
fields of a simple one-dimensional heat communicating flow
subjected to acoustic forcing. They showed analytically and
numerically that even in the absence of unsteadiness in heat
communication such a flow can generate sound for all forcing
frequencies. However, the physical mechanisms responsible for
this sound generation were not clear, since their investigated
flow included both steady heat communication and convection
of entropy disturbances by an accelerating mean flow. Impor-
tantly, the relative importance of each of these two mechanismss
at varying forcing frequencies was unknown.

This paper therefore aims at estimating the relative significance
of the two mechanisms of acceleration of density disturbances
and steady heat communication in simple steady heat communi-
cating flows. Fig. 1 shows schematically the problem under in-
vestigation. A non-diffusive, steady heat communicating flow,
is excited by downstream travelling acoustic waves. This in-
homogeneous flow features a linear increase (or decrease) in
stagnation temperature and semi-infinite homogeneous regions.
Thus, there is no sound reflection from these homogeneous ends
while the inhomogeneous region can be reflective. The sys-
tem is excited by an incident harmonic acoustic wave | with
reflected and transmitted counterparts R and T. Interaction of

Figure 1: Schematic of the problem configuration, one di-
mensional accelerating flow, |=1m, heating case: 6;0=600 K,
6;=1200 or 1800 K, cooling case: 6;p=1200 K, 6,=600 K
where 6y is the stagnation temperature.

the acoustics with the heat communication flow also results in
generation of an entropy wave Swhich convects downstream.

Theoretical and numerical methods

Equations of motion

Consider the one-dimensional Euler equations applied to a
caorifically perfect, ideal gas,
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where p (Pa), p (kg/md), s (k¥kg.K) and u (m/s) are respec-
tively the static pressure, static density, entropy and flow veloc-
ity, g (W/m?3) is the heat communication per unit volume and
v is the ratio of specific heats (y = 1.4 ). Throughout this pa-
per symbols () and () respectively refer to mean value and first
order disturbance.

Acoustic energy

The acoustic energy balance for heat communicating flows was
derived by Bloxsidge et al. [6] who extended Morfey's earlier
work [8].
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isthe acoustic energy density (J/m®) and
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is the acoustic energy flux (W/m?). Bloxsidge et a. [6] ex-
pressed the acoustic energy source term D (W/m) as
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which can be rearranged in the following way
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are respectively the sources terms due to unsteady heat com-
munication, steady heat communication and mean flow accel-
eration. With the arrangement in Egs. (8) to (11) we can con-
sider two mechanisms which can generate sound in the absence
of unsteady heat communication, i.e. Dync = 0. First Dymia
describes sound generation by the acceleration of entropy in-
homogeneities. The remaining terms then only depend on the
steady heat communication and so are grouped as Dgc. It isnot
clear how significant D4, is compared to the well-established
mechanism of acceleration of entropy inhomogeneities [2].

Numerical solver

The present work solves Egs. (1) to (3) in conservation form
by using the Dispersion-Relation-Preserving (DRP) scheme of
Tam and Webb [9]. The specific DRP scheme chosen uses an
optimised, four level, time marching scheme and seven point
stencil for spatial differentiation. Further details and validation
of the solver can be found in [7, 10].

Results and discussion

Sound generation in steady heat communicating flow

Consider the balance of acoustic energy as defined in Egs. (4)
to (6). The acoustic energy reflection and transmission coeffi-
cients are defined respectively as
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Figs. 2 and 3 show the numerically calculated reflection and
transmission coefficients at finite Mach numbers for heated and
cooled flows respectively. These figures also include the ana-
lytically developed acoustic energy reflection and transmission
coefficients for zero mean flow case [7]. As can be seen, there
is a good agreement between the low Mach number numeri-
cal simulations and the analytical calculations. However, as
the inlet Mach number increases there is a deviation from the
zero mean flow coefficients. This resultsin a net generation or
dissipation of acoustic energy in cooled and heated flows re-
spectively. Further simulations show that generation (or dissi-
pation) of acoustic energy becomes more significant astheinlet
Mach number and the overall temperature ratio increase [10].
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Figure 2: Amplitude of the acoustic energy a) reflection and b)
transmission coefficients, heating case 6, /6p = 2. Solid lines:
zero mean flow analytical result, dots: simulationsfor M=0.01,
circles: simulations for Mp=0.1.
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Figure 3: Amplitude of the acoustic energy a) reflection and b)
transmission coefficients, cooling case 8 /6p = 0.5. Solid lines:
zero mean flow analytical result, dots: simulationsfor Mp=0.01,
circles: simulations for Mp=0.1.



Scaling analysis

In the present problem the unsteadiness in heat communication,
g has been set to zero, i.e. Dync = 0. Thus, sound generation
observed in Figs. 2 and 3 is due to acceleration of entropy dis-
turbances by the mean flow Dy t4, OF mean heat communication
Dgnc. This section presents an approximate comparison of the
source terms in Eqg. (8) associated with the steady heat commu-
nication and mean flow acceleration at high frequencies. The
results are applicable to low mean Mach numbers only.

Equations (1) and (2) can be linearised and combined to give
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By expressing density disturbances as entropy and pressure dis-
turbances, see[7], Eq. (13) can be expressed as

v dp  __ou (E_u_s,__u, M )du

% - =P ) =0 (19

In the limit of infinite forcing frequency it has been shown
in reference [7] that |§| — O in al cases studied here. Con-
sider high forcing frequencies satisfying Ag < | where A4 isthe
acoustic wavelength. It can be then argued that
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Substituting expressions (15) and (16) into (14) then resultsin
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It is clear from Relation (17) that the second term on the right
hand side approaches zero at infinite frequency. In this limit
Relation (17) then simplifies at low Mach numbers to
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Substitution of Relation (18) into Eq. (25) reveals after some
agebrathat .
AA —
Dinfa ~ 7¥Mu’2. (19)
Similarly, assuming a low Mach number mean flow, rela
tion (25) becomes approximately

Dsne =~ *YT peMu, (20)
Further, in thelow Mach number limit, Eq. (2) indicates that the
mean pressure can be assumed constant. Therefore it follows
from the ideal gas law that pdp/dx ~ —6d8/dx. Combining
this with continuity of mass and using relation (15) gives
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Applying relation (21) to relations (19) and (20) then resultsin
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Figure 4: Comparison between the analytical scaling and nu-
merical simulation of Q at high frequency for a) stagnation tem-
perature ratio of 2 and b) stagnation temperature ratio of 3.

which should hold at any given streamwise position in the inho-
mogeneous region.

Fig. 4 presentsthe spatially averaged value of theright hand side
of Relation (22), 1/I féy/de. It also compares this theoreti-

cal result with Q = 1/I 3 Dgne/Dmradx from the simulations.
The forcing frequency in each numerical simulation was chosen
such that Aa/l < 0.2 adways. Further, entropy generation was
negligible at these frequencies. As can be seen in Fig. 4, the-
ory and ssimulation are in very good agreement over the lower
Mach number region, as was assumed in deriving the theoreti-
cal results. It follows that at low Mach numbers and high forc-
ing frequencies, the dominant source terms involve steady heat
communication, and the effect of the source termsrelated to the
acceleration of the mean flow is small. However, at close to
sonic conditions the two sets of source terms have comparable
strength.

As w — 0 the generation of entropy within the heat communi-
cating region is significant [7]. Acceleration of these entropy
disturbances then generates sound though the D4 Source term
and also greatly complicates the scaling analysis. Further, the
numerical simulation takes longer to converge asm — 0. There-
fore, in this paper we only present numerical results for Q at
frequencies such that A¢/1=2 aways, where A¢ is the convec-
tive wavelength. It is noted that further decreases in the forcing
frequency does not change the result significantly. Fig. 5 shows
that in the low frequency limit the two sets of sourceterms Dpfa
and Dgyc have similar strength.

Alternative arrangement of the source terms

Equation (8) can be rewritten in the following form

D = Dync + D& + Dinfas (23)
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Figure 5: Values of Q at low forcing frequency, calculated by
numerical simulation. Dots and circles: stagnation temperature
ratios of 2 and 3 respectively.
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Karimi et al. [7] showed that |§| — 0 as ® — . Thus, when
Ac/l < 1 and under acoustic excitation there are negligible en-
tropy disturbances in any steady heat communicating flow. It
follows that in this limit Dy — 0 and the only existing sound
generating mechanism is that by steady heat communication
D

At the limit of zero frequency the generation of entropy is
significant [7]. Thus, Dy, is expected to be large at this

limit. To compare the relative significance of Dy, and

D, at low frequencies the parameter Q* is defined as Q* =
1/1 [¢ Dic/Dingadx. Fig. 6 shows the values of Q* calculated
for arange of inlet Mach numbers such that A¢/l = 2 always.
At low frequencies the two source terms Df;, and D, have
comparable strength.

It should be noted that sound generation by acceleration of the
mean flow is characterised in terms of either entropy distur-
bances or density disturbances [2]. When the acoustic and en-
tropic fields are decoupled the acoustic part of the density inho-
mogeneity p’ = p//c? — ps /cp does not contribute to the gen-
eration of sound, and therefore the two mechanisms are equiv-
alent. However, the entropic and acoustic fields are coupled in
heat communicating flows.

Conclusions

A simple, one-dimensional, non-diffusive, heat-communicating
flow under acoustic excitation was considered. It was shown
theoretically and numerically that such a flow can generate
sound, even though there is no unsteadiness in heat commu-
nication. Based on existing acoustic energy equations, it was
argued that this sound generation can be due to acceleration of
density/entropy disturbances by the mean flow or mean heat
communication. A scaling analysis was then put-forward to
characterise the relative significance of these two mechanisms
at different forcing frequencies. It was shown that considering
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Figure 6: Calculated value of Q for stagnation temperature ra-
tios of 2 (circles) and 3 (dots).

either density or entropy disturbance acceleration, at high fre-
quencies the sound generation is dominated by the steady heat
communication. However, at low frequencies and for the mean
temperature ratios investigated in this paper, the strength of the
two mechanisms was comparable.
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