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ABSTRACT
Indirect combustion noise is a growing concern for aviation

engine designers. It is typically associated with the distortion of
“hot spots” (entropy structures) and vortical structures that gen-
erate excess noise as they are convected by an accelerating mean
flow. Recently, it has been shown theoretically that fluctuations in
a gas’s chemical composition can act as an additional source of
indirect noise in aviation engines. This work examines this com-
position noise mechanism, focusing on the underlying chemical
effects that drive this source of indirect noise. Since the mecha-
nism has yet to be confirmed experimentally, this paper begins by
applying the theory to inert mixtures of noble gases and air, in an
attempt to guide experimentalists by identifying the set of operat-
ing conditions that will produce the strongest acoustic response.
Turning from non-reacting to reacting flows, the paper next ex-
amines the sensitivity of the compositional noise mechanism to
fuel type, testing several common fuels. It is found that, while
there is a substantial difference between hydrogen and hydrocar-
bon fuels, overall noise levels vary only slightly between differ-
ent hydrocarbon fuels. Additionally, there appears to be a com-
mon underlying structure to the response of a product-gas mix-
ture generated by burning a fuel, which is explained through lin-
earized theory and confirmed with numerical results. Lastly, the
physics of composition noise is examined at the species-specific
level, attempting to provide a link between individual combus-
tion products and changes in a mixture’s propensity to generate
indirect noise. The sensitivity of individual species can be ex-
plained by a combination of differences between the species and
mixture’s Gibbs free energy and strong gradients in product gas
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concentration with mixture fraction. However, by analyzing the
species dependency of combustion products at several different
mean mixture fractions, it is found that no single species domi-
nates the noise generation over the combustor’s entire range, but
rather the most acoustically active species varies strongly with
local stoichiometry.

NOMENCLATURE
Roman
Da Dahmköhler number
He Helmholtz number
L Nozzle length
M Mach number
Ns Number of species
R Universal gas constant
T Temperature
W Molecular weight
Yi Mass fraction of species i
Z Mixture fraction
Z∗ Rescaled mixture fraction
a Speed of sound
cp Isobaric specific heat
cv Isochoric specific heat
g Specific Gibbs free energy
ṁ Mass flow rate
p Pressure
s Entropy
u Velocity
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Greek
Ψ Normalized chemical potential
γ Ratio of specific heats, cp/cv
µ Chemical potential
ξ Composition wave
π Pressure wave
σ Entropy wave
τ Timescale
χ Scalar dissipation rate

Subscripts
+ Downstream propagating wave
- Upstream propagating wave
a Gas state at nozzle inlet
b Gas state at nozzle exit
st Stoichiometric

INTRODUCTION
As engineering efforts have successfully reduced the inten-

sity of fan noise and jet noise emitted by aviation engines, core
noise, the noise attributed to acoustic sources inside the engine
core, has emerged as a growing concern for engine designers.
Traditionally, core noise is divided into two categories: direct
noise, or acoustic waves emitted by unsteady combustion, and
indirect noise, the noise generated by the convection and distor-
tion of turbulent and thermal structures passing from the com-
bustor to the engine exhaust. At operating conditions relevant to
gas turbines, it has been shown that indirect noise is likely the
dominant contributor to engine core noise [1], and much work
has been performed to study this effect. Marble and Candel [2]
were the first to identify entropy fluctuations as a source of in-
direct core noise, and formulated a theory that predicts acoustic
emissions associated with fluctuations in entropy. Howe [3] and
others have shown that variations in vorticity can also produce
indirect noise. Experimentally, there have been considerable ef-
forts to study these indirect noise mechanisms, including dedi-
cated rigs such as the entropy and vorticity wave generators [4,5],
as well as more realistic yet complex geometries, such as model
gas-turbine burners [4, 6–9]. However, by extending the linear
theory of [2], it was demonstrated in [10] that there is a third
source of indirect noise, that arises from variations in mixture
composition, that, at appropriate operating conditions, can pro-
duce an acoustic response of similar order or larger than those
described in the traditional core noise literature.

This paper seeks to expand on the analysis of the compo-
sitional noise mechanism by more thoroughly investigating the
link between chemical composition and indirect noise. The pre-
vious work [11] relied on the mixture fraction to parameterize
chemical composition and established a link between variations
in the mixture fraction and indirect noise. However, these studies

were limited to a single fuel (n-dodecane) and did not examine in
detail the underlying impact of individual species on the amount
of noise produced. This paper provides a detailed analysis of
how variations of combustion-product gas composition affect the
amount of indirect noise produced.

The next section reviews the theory of how indirect com-
position noise arises based on a general parameterization of the
mixture composition. The following section considers simple in-
ert mixtures of common laboratory gases to identify parameter
regimes where the composition noise mechanism can be exper-
imentally verified. The fourth section examines more complex
reacting mixtures, comparing the compositional noise generated
by the combustion of several common fuels to determine the sen-
sitivity of the compositional noise mechanism to fuel type. The
penultimate section provides a detailed examination of the fac-
tors that enhance a mixture’s acoustic sensitivity, examining the
effect of concentrations of individual species on the noise pro-
duced to identify the most acoustically efficient species in com-
mon combustion products.

THEORY AND TRANSFER FUNCTIONS
We begin by restating some key results from composition

noise theory [10, 11]. The formulation describes an idealized,
quasi one-dimensional flow of a mixture of Ns ideal gases pass-
ing through a converging-diverging nozzle. For convenience, the
conserved convected scalar Z, or mixture fraction, is introduced
to parameterize the chemical composition of the gas such that
Yi = f (Z) for all i = 1, ...,Ns species. The theory that follows,
however, is not dependent on this choice, and Z could be re-
placed with any other conserved scalar or vector quantity that
describes the mixture composition, including the species mass
fractions themselves. It is assumed that the mixture composi-
tion is chemically frozen (Da = τcon/τchem � 1). The discus-
sion here is limited to low frequency disturbances such that the
acoustic wavelength is much greater than the nozzle length (i.e.
He = ωL/a� 1), although this assumption is relaxed in [12].

With these assumptions in hand, a theory governing the
growth of disturbances passing through the nozzle can be ob-
tained through the linearization of conservation equations across
the nozzle. Specifically, the conservation of mass, enthalpy, en-
tropy, and the conserved scalar Z, evaluated at the nozzle en-
trance state a and exit state b, combined with linearizations of
the definitions of enthalpy and entropy and the equation of state
are sufficient to predict the disturbance growth in the case of a
subsonic flow through a nozzle. For the case of sonic flow at the
nozzle throat, setting the system mass flow rate ṁ equal to the
maximum attainable mass flow rate ṁ∗ (the choked condition)
and linearizing closes the system.

The predicted disturbance growth or decay is presented in
the form of transfer functions comparing the magnitude of an im-
posed disturbance at the nozzle inlet to the resulting disturbance
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at the nozzle outlet. Depending on the Mach number achieved
inside the nozzle, not all disturbances at the nozzle inlet can be
freely imposed, and typical causality conditions must still be ob-
served. For tractability, these transfer functions are presented in
terms of the normalized characteristic decomposition of the gas:

{σ ,π+,π−,ξ}= {s′/cp, p′/γ p+u′/u, p′/γ p−u′/u,Z′} (1)

rather than the transported primitive variables {s′,u′, p′,Z′}. Ad-
ditionally, the chemistry effects are encapsulated in a single term
Ψ, a normalized chemical potential, which is written as:

Ψ =
1

cpT

Ns

∑
i=1

µi

Wi
Yi. (2)

The meaning and implications of Ψ will be described in detail
in the sections that follow, but it should be noted here that Ψ

is a function of both mean mixture composition (Z) and mean
thermodynamic state (T , p). In the following, we consider sub-
sonic and supersonic flows. Key results from the transfer func-
tion derivation are summarized below:

1) Subsonic Case
For subsonic nozzles, the transfer function relating the acoustic
pressure wave emerging from the nozzle exit to a unit composi-
tional fluctuation introduced at the nozzle inlet to the resulting is
given by:

π
+
b

ξa
=

(Ψb−Ψa)
[
2+(γ−1)M2

b

]
MaMb

(1+Mb)(Ma +Mb) [2+(γ−1)MaMb]

+
Mb
[
2(Ψa−Ψb)+(γ−1)

(
ΨaM2

b −ΨbM2
a
)]

(γ−1)(1+Mb)(Ma +Mb) [2+(γ−1)MaMb]

(3)

where the subscript a refers to the nozzle entry condition and b
the nozzle exit state.

2) Choked Case
For transonic nozzles, the transfer function relating the down-
stream (u+a) acoustic pressure wave emerging from the nozzle
exit to a unit compositional fluctuation imposed at the nozzle en-
trance is given by:

π
+
b

ξa
=

1
2(γ−1)

[
2+(γ−1)Mb

2+(γ−1)Ma
Ψa−Ψb

]
(4)

INERT MIXTURES
While the above expressions suggest that compositional

fluctuations of sufficient amplitude can give rise to sound in an

expansion process, to date, there has been no experimental evi-
dence confirming this effect. With this in mind, the goal of this
section is to identify an experimentally realizable test configu-
ration with high sensitivity to compositional indirect noise that
can be used to validate the theory. Previous work has focused
exclusively on hot combustion products, often at elevated pres-
sures, as these conditions most closely resembles the theory’s
likely application to noise produced by a gas turbine. However,
from an experimentalist’s perspective, the operating environment
associated with aviation engines and hot combustion products is
quite hostile to measurement, with high temperatures and ele-
vated pressures rendering it challenging and costly to measure
sound accurately and to carefully control the level of inflow per-
turbations imposed on the flow. Accordingly, the theory is ap-
plied here to inert mixtures of noble gases and air at conditions
more amenable to experimental probing. Specifically, candidate
mixtures of helium-air, argon-air, and krypton-air are studied to
identify the mixture and operating conditions with the greatest
sensitivity to the compositional noise mechanism. For these cal-
culations, the mixture composition is parameterized by the mass
fraction of the noble gas (Z = YHe = YAr = YKr) with air consti-
tuting the remainder of the mixture (Yair = 1− Z). Thermody-
namic properties for the inert gases are taken from the Argonne
thermodynamic database [13]. The compositional noise transfer
functions from the previous section are evaluated, with the con-
straint that state a corresponds to a stagnation condition (Ma = 0,
Ta = 300 K, and pa = 1 bar). The results are plotted in Fig-
ure 1, along with the chemistry-independent transfer functions
for entropy-induced noise and direct noise amplification for com-
parison. Expressions for the transfer functions for pressure and
entropy can be found in [2].

It can be seen that the helium-air and krypton-air mixtures
produce comparable acoustic responses, while the argon-air mix-
ture generates noise with approximately 50% less efficiency.
Given the substantial difference in cost between the two noble
gases, this suggests that a helium-air mixture would be an ideal
candidate for testing this mechanism. Additionally, it is observed
that, regardless of the noble gas used, the noise produced in-
creases monotonically with exit Mach number, indicating that
high-speed experiments will exhibit the greatest sensitivity, and
transonic configurations will outperform subsonic ones.

Since all three gases are noble gases, their molar specific
heats at constant pressure are well approximated by ĉp = 5/2R̂,
and, within the model framework, the only difference between
these gases is their molecular weight, W . From this it can be
inferred that the acoustic efficiency of the composition wave
mechanism is related to differences in molecular weight be-
tween a species and the background mixture. The ratio of
molecular weights for helium-air, argon-air, and krypton-air are,
respectively, {0.137,1.37,2.89}, which suggests that, in two-
component mixtures, the farther this ratio is from unity, the larger
the amount of sound produced. This relationship will be explored
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FIGURE 1. ACOUSTIC RESPONSE TO COMPOSITIONAL
FORCING π

+
b /ξa AS A FUNCTION OF EXIT MACH NUMBER

Mb FOR MIXTURES OF EQUAL MASS OF AIR AND NOBLE
TEST GASES (Z = 0.5). THE ACOUSTIC RESPONSE TO DIRECT
(ACOUSTIC) AND ENTROPIC FORCING (π+

b /π+
a , AND π

+
b /σa,

RESPECTIVELY) ARE INCLUDED FOR REFERENCE.

in more detail in the Species Sensitivity section.
In comparing the composition transfer function to the en-

tropy and acoustic transfer functions in Figure 1, it should be
noted that the relative position of one curve above or below
another does not imply that the higher-sitting mechanism pro-
duces more noise than the lower one. Rather, the curves rep-
resent the acoustic response to a fluctuation of non-dimensional
unit value. For compositional waves, fluctuations of this am-
plitude are physically unrealizable, as Z must at all times lie
in the domain [0,1], and a unit-amplitude fluctuation would ex-
ceed these bounds. While the intensity of compositional fluc-
tuations will depend on the mechanism by which they are in-
troduced into the flow, bounds for fluctuation intensity can be
derived from the constraints on the domain of Z. Specifically,
it can be shown that the characteristic composition fluctuation
ξ must lie on 0 ≤ ξ ≤

√
Z(1−Z) where Z is the mean mix-

ture fraction. While the observed value of ξ can be substantially
lower than its upper bound depending on the device and appli-
cation considered, scaling the transfer function by ξ provides
an estimate of the magnitude of the acoustic response that can
be achieved. Therefore, when comparing the noise produced by
different mechanisms, the transfer functions must be scaled by
the characteristic non-dimensional magnitudes of each fluctua-
tion source. Generally, the effect of scaling the composition re-
sponses by ξmax is to push the region of maximum response away
from highly responsive regions near the bounds of the domain,
which may exhibit high sensitivity to forcing but do not allow
large fluctuation magnitudes and instead, the maximum response
shifts toward the center of the Z-domain where the sensitivity

to forcing may be somewhat lower, but larger forcing values are
permitted.

Figure 2 shows the acoustic response to compositional forc-
ing across a range of mixture fractions, scaled by the maximum
realizable ξ to provide an estimate of the magnitude of the di-
mensionless pressure fluctuations that can be generated. For the
noble gas-air mixtures, it can be seen that the region of strongest
response lies somewhere between the Z bound corresponding to
the lighter gas and the Z = 0.5 line indicating an 1:1 mass ratio
of noble gas to air. This has implications for experimental de-
sign, suggesting that, for the helium-air case, a relatively large
quantity of helium is required to obtain the optimal mean back-
gound mixture in addition to the helium needed for fluctuations,
whereas for the heavier than air gases, only a small amount of
background gas is required.

Next, the thermodynamic sensitivity of the helium-air mix-
ture is explored, with Figure 3 demonstrating the sensitivity of
the noise produced to the inflow temperature Ta while pressure
is held constant at 1 bar. Similarly, Figure 4 demonstrates the
sensitivity to the background pressure pa with the inflow temper-
ature held constant at 300 K. While Eqns. 3-4 do not contain an
explicit dependence on the stagnation state, the chemical poten-
tial term Ψ is implicitly dependent on Ta and pa, resulting in the
sensitivities shown. Collectively, these results reveal a moder-
ate sensitivity to inflow temperature and a weak dependence on
background pressure. This can be explained thermodynamically,
as Ψ has a strong dependence, both explicit and implicit, on tem-
perature (Ψ∼ 1/T and µ = f (T, p)) and a relatively weak depen-
dence on the pressure. The strong increase in response with tem-
perature occurs because, for a constant Mach number expansion,
as Ta increases, the effective temperature change ∆T = Tb− Ta
across the nozzle also increases (since the temperature ratio Tb/
Ta is constant). This in turn impacts the Ψ-term first through
its explicit 1/T dependence, and also through the strong implicit
dependence of the chemical potential µ on T . The flow exhibits
much less sensitivity to changes in pa, most likely because the
mixture chemical potential µ , is a relatively weak function of
pressure over the range of plausible pa values. In fact, Figure 4
indicates that the acoustic response decreases as pa is increased,
indicating that there is actually a disadvantage to using a pressur-
ized rig to detect composition noise.

Taken together, the inert mixture data suggest that the sim-
plest experimental facility needed to demonstrate the composi-
tion noise mechanism most likely consists of a mixture with ap-
proximately 1 : 5 ratio by mass of helium to air that is accelerated
to a supersonic state. Depending on the level of controlled com-
position fluctuations that can be attained, pre-heating the mix-
ture may be desirable to increase the degree of acoustic response.
There is no appreciable benefit to using a pressurized rig for test-
ing.
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(a) HELIUM-AIR (b) ARGON-AIR (c) KRYPTON-AIR

FIGURE 2. ACOUSTIC RESPONSE TO COMPOSITION FORCING IN NOBLE GAS-AIR MIXTURES π
+
b /ξa AS A FUNCTION OF MEAN

NOBLE GAS MASS FRACTION Z AND NOZZLE EXIT MACH NUMBER Mb, SCALED BY THE MAXIMUM REALIZABLE MASS FRACTION
FLUCTUATION ξ (Z) AT THE GIVEN MASS FRACTION.

FIGURE 3. SENSITIVITY OF COMPOSITIONAL FORCING IN-
DUCED ACOUSTIC RESPONSE π+/ξ TO INFLOW GAS TEMPER-
ATURE Ta IN A HELIUM-AIR MIXTURE.

FUEL EFFECTS
Turning from the laboratory environment to more practical

gas turbine applications, we now consider the indirect noise gen-
erated by combustion products in order to assess the impact of the
fuel type on noise levels. The theory is used to compare the noise
generated by three different fuels - hydrogen, methane, and do-
decane - which together are employed over a broad range of com-
bustion applications: hydrogen is commonly used in numerical
experiments due to the relative simplicity of its chemical mech-
anism as well as in rocketry applications and as a component of
syngas; methane is a common choice of fuel for laboratory scale
combustion studies as well as in stationary power generation; and
dodecane is commonly used as a surrogate for kerosene, which
is itself representative of common aviation fuels such as Jet-A.

FIGURE 4. SENSITIVITY OF COMPOSITIONAL FORCING IN-
DUCED ACOUSTIC RESPONSE π+/ξ TO INFLOW GAS PRES-
SURE pa IN A HELIUM-AIR MIXTURE.

In order to appropriately compare different fuels and intro-
duce a convenient parameterization of the reaction chemistry, a
series of one-dimensional flamelets were computed for each fuel
using the Flamemaster code [14]. The 11-species Burke mech-
anism was used to compute the hydrogen flamelets [15], the
53-species GRI-mechanism was used to compute the methane
flamelets [16], and a reduced 22-species mechanism [17] was
used for the dodecane flamelets. Each flamelet was computed
with constant thermal boundary conditions of Tf uel = Tox =
300 K and at ambient pressure of 1 bar; the impacts of preheating
and elevated pressures were considered in the previous section.
The set of flamelets generated for each fuel can be compared
in Figure 5, which shows the “S-shaped” curve for each set of
flamelets.
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FIGURE 5. “S-SHAPED CURVES” FOR HYDROGEN,
METHANE, AND DODECANE-AIR FLAMELETS SHOWING
MAXIMUM TEMPERATURE VS. SCALAR DISSIPATION
RATE AT STOICHIOMETRIC LOCATION AT p = 1 BAR AND
Tox = Tf uel = 300K. MARKERS INDICATE POINTS OF COMPARI-
SON.

It can be seen that, along the upper, burnt branch, the ther-
modynamic stoichiometric state of each burnt gas is roughly sim-
ilar, with maximum temperatures within a few hundred degrees
of each other, though the fuels begin to differ more markedly
as the strain rate is increased and the flames begin to approach
extinction. While it is difficult to completely isolate chemistry
effects from the thermodynamic state, the condition correspond-
ing to a strain rate χst = 1 s−1 was chosen for comparing the fu-
els, as the stoichiometric temperatures near this point are quite
similar and the strain rate is still sufficiently low that strain-
induced extinction does not significantly alter the flame. The
impact of strain on compositional noise production was studied
in detail in [11]. Figure 6 shows the structure of these mildly-
strained flamelets as a function of their rescaled mixture fraction
Z∗, where Z∗ = Z/(Z+Zst) and Zst is the stoichiometric mixture
fraction. The value of Zst for hydrogen-air mixtures is 0.0285, for
methane-air mixtures is 0.0552, and for dodecane-air mixtures
is 0.0628 s−1. The normalized mixture fraction Z∗ was chosen
as the ordinate because it divides the realizable domain approx-
imately equally between lean and rich sides with the stoichio-
metric mixture occurring at Z∗ = 0.5 for all fuels. The flamelet
structures are all relatively similar when compared against the
rescaled mixture fraction, suggesting that major differences be-
tween the flamelets’ acoustic response will likely be due to chem-
ical effects rather than minor differences in the thermodynamic
state.

The transfer functions given by Eqns. 3-4 of the previous
section were then evaluated for each fuel over the full range of
mixture fraction and a broad range of outflow Mach numbers,
using the composition data and stagnation conditions from the

flamelet solution. Results are shown in Figure 7. Since the Mach
number in most industrial combustion chambers is typically quite
low, the transfer functions throughout this work are evaluated at
Ma = 0 to reduce the dimensionality of the parameter space to be
tested. The impact of this constraint was investigated, and it was
found that there was little sensitivity in acoustic predictions.

Comparing the acoustic response of the three fuels, it can
be seen that the hydrogen-air mixture is predicted to produce
substantially more noise than the hydrocarbon fuels, often by as
much as an order of magnitude. Between the methane and dode-
cane mixtures, there is relatively little difference in the amount
of predicted noise. However, the response surfaces of all three
fuels contain substantial similarities in their structure.

First, it is observed that, consistent with previous results, the
noise generally peaks at higher exit Mach numbers. This trend
is common not only across fuels, but also to the entropy noise
and direct noise mechanisms as well, and can be explained by
the Mach number dependence and the T−1 scaling of Ψ. In fact,
freezing the value of the chemical potential, which effectively
removes the role of chemistry from the problem, the increase in
acoustic response with exit Mach number is still observed. This
does not indicate that chemical effects are independent of Mb,
rather, the dependence of the chemical potential on Mb, which
occurs through changes in the thermodynamic state (Tb, pb), also
contributes to the observed Mach number dependence, but in a
less systematic way than the explicit Mb and T dependence in the
transfer functions and Ψ.

The second noteworthy feature is the presence of three
“silent” zones on the response surface: one on the lean side at
subsonic conditions, a second near the rich boundary where py-
rolysis occurs for subsonic flows, and a third that begins near the
lean edge at Mb = 1 and bends toward the stoichiometric con-
dition as Mb is further increased. Similarly, the third common
feature is the trend that stoichiometric mixtures are generally
loudest at subsonic conditions while lean mixtures produce the
most noise once the flow becomes supersonic. Unlike the first
shared feature, these two trends are driven largely by combus-
tion chemistry-specific effects as opposed to general features of
expanding flows. Evidence of this can be seen by comparing
the response surfaces of Figure 7 to the surfaces of noble gas-
air mixtures in Figure 1, which do not contain these features.
Further support that these features are driven by the chemical
composition of the reacting flows and not thermodynamic effects
can be seen in Figure 8 which shows the response surface for
a methane-air flame with stagnation temperature kept constant
at Ta = 2100K for all values of Z, rather than letting T = T (Z)
as in Figure 7. In spite of the large change in thermodynamic
state occurring on the lean and rich borders of the flame, the re-
sponse surface is still qualitatively similar to that in Figure 7,
with both the “silent” and “loud” regions occurring in the same
part of the response surface. Results for the hydrogen and dode-
cane flamelets were similar to those shown for methane.
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(a) HYDROGEN-AIR (b) METHANE-AIR (c) DODECANE-AIR

FIGURE 6. STRUCTURE OF WEAKLY STRAINED (χst = 1.0 s−1) FLAMELETS. SOLID BLACK LINES INDICTATE TEMPERATURE,
DASHED BLUE LINES INDICATE OXYGEN MASS FRACTION YO2 , DOT-DASHED RED LINES INDICATE FUEL MASS FRACTION, AND
DOTTED MAGENTA LINES INDICATE WATER MASS FRACTION YH2O. THE HORIZONTAL ORDINATE IN ALL PLOTS IS THE RESCALED
MIXTURE FRACTION, WITH THE VERTICAL DASHED LINE INDICATING THE STOICHIOMETRIC MIXTURE.

(a) HYDROGEN-AIR (b) METHANE-AIR (c) DODECANE-AIR

FIGURE 7. LOG10 OF THE RATIO OF COMPOSITION NOISE TRANSFER FUNCTION TO ENTROPY NOISE TRANFER FUNCTION
log10|(π+/ξ )/(π+/σ)| FOR WEAKLY STRAINED (χst = 1.0 s−1) FLAMELETS AS A FUNCTION OF NORMALIZED MIXTURE FRACTION
Z∗ AND NOZZLE EXIT MACH NUMBER Mb.

The link between these features and combustion chemistry
can be more thoroughly explained by exploring the surface of
the chemical potential term Ψ. The Ψ term is the link between
species chemistry and the hydrodynamic equations which gov-
ern acoustic behavior; Ψ is what drives the compositional noise
mechanism as seen in Eqns. 3- 4. Figure 9 shows the chemi-
cal potential term Ψ as a function of Mach number and com-
position for methane-air flames; the corresponding diagrams for
hydrogen-air and dodecane-air mixtures are qualitatively very
similar. Taking the limit of Eqns. 3 and 4 as Ma→ 0 (and in the
subsonic case, linearizing in Mb) the transfer functions simplify
to the following expressions:

1) Subsonic Case
The transfer function relating compositional fluctuations to

the pressure disturbance produced in subsonic flows for Ma = 0,
linearized about small Mb, is given by:

π
+
b

ξa
≈− (Ψb−Ψa)

γ−1
Mb +

(Ψb−Ψa)

γ−1
M2

b +O
(
M3

b
)
+ ... (5)

2) Choked Case
The transfer function relating compositional fluctuations to

the pressure disturbance produced in transonic flows for Ma = 0
is given by:

π
+
b

ξa
=− (Ψb−Ψa)

2γ−1
+

(γ−1)Ψa

2(2γ−1)
Mb (6)
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FIGURE 8. LOG10 OF THE RATIO OF COMPOSITION NOISE
TRANSFER FUNCTION TO ENTROPY NOISE TRANSFER FUNC-
TION log10|(π+/ξ )/(π+/σ)| FOR A METHANE-AIR FLAME, AS
IN FIGURE 7a, BUT WITH TA = 2100K FOR ALL VALUES OF
MEAN MIXTURE FRACTION.

FIGURE 9. DIMENSIONLESS CHEMICAL POTENTIAL Ψb AS
A FUNCTION OF EXHAUST MACH NUMBER Mb AND NOR-
MALIZED MIXTURE FRACTION Z∗ FOR A METHANE-AIR
FLAMELET.

For subsonic conditions, to lowest nonzero order in Mb, the
acoustic response is proportional to ∆Ψ = Ψb−Ψa, so regions
in which ∂∆Ψ/∂Mb (or more practically, ∂Ψb/∂Tb) is negligi-
ble are likely to produce “silent” regions of response and regions
where this term is large will produce intense responses. Examin-
ing the Ψ-surface of Figure 9, it can be seen that the near-silent
regions at Z∗ = 0.15 and Z∗ = 0.8 correspond to nearly vertical
isocontours of Ψ, while the high subsonic acoustic responses at
Z∗ = 0 and Z∗ = 0.45 correspond to portions of the Ψ surface
where the isocontours exhibit relatively strong curvature. Simi-
larly, the acoustically efficient region at subsonic conditions near

stoichiometry is caused by a subtle but sharp increase in ∂Ψ/∂T
near Zst . Additional features and complexity in the subcritical
domain are caused by the presence of higher order terms.

At supersonic conditions, the acoustic response to zeroth or-
der scales as ∆Ψ, and to first order, as ΨaMb. As in the sub-
sonic case, the high response region for supersonic regions cor-
responds to Ψ regions with non-vertical isocontours or large val-
ues of ∂Ψ/∂Mb, which in this case occur near the lean boundary
of the flow. The “silent” low-response region that curves from
the lean boundary near Mb = 1 to Zst as Mb increases is caused
by an approximate balancing of the zeroth and first order terms
in the transfer function. As the scaled value of ∆Ψ becomes of
the same order as the scaled Ψa term, the response is minimized.

The complexity of combustion makes it difficult to make
general statements about the composition noise produced by all
reacting flows. However, the data presented in this section sug-
gest that, over a range of fuels and common operating parame-
ters, there appear to some general trends to the acoustic response.
Furthermore, outside this regime, it is shown that analysis of the
normalized chemical potential term Ψ can be used to identify
trends in acoustic response for a given system.

SPECIES SENSITIVITY
While Eqns. 3-4 concisely present predictions for the magni-

tude of compositional noise generated, they offer little overt ex-
planation as to how differences between species concentrations
and properties give rise to indirect noise. This section explores
the relationship between the chemical properties of individual
species and the amount of indirect noise produced.

The impact of species chemistry is introduced through the
term Ψ, defined in Eqn. 1 in the transfer functions, which ef-
fectively represents the mixture’s normalized chemical potential
on a mass basis. The chemical potential µ can be replaced by
the Gibbs free energy of the mixture, resulting in an alternative
expression for Ψ, given by:

Ψ =
1

cpT
∂g
∂Z

∣∣∣∣
T,p

=
1

cpT

Ns

∑
i=1

gi
∂Yi

∂Z
(7)

The previous section showed that it was differences in the chem-
ical potential term ∆Ψ that generated pressure fluctuations, so
Eqn. 7 indicates that it is largely differences in Gibbs free en-
ergy ∆gi and strong species gradients ∂Yi/∂Z, that generate large
changes in Ψ and compositional indirect noise.

To probe the mechanism’s sensitivity to individual species,
the case of a single methane-air flamelet is examined in detail.
Specifically, three points along the flame solution were chosen
for additional analysis, Z∗ = {0.3,0.5,0.7}, corresponding to
lean, stoichiometric, and rich conditions, respectively. Figure 10
shows the variation of the chemical potential term Ψ as well
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FIGURE 10. VARIATION OF CHEMICAL POTENTIAL TERM Ψ

(SOLID LINES) AND MASS-SPECIFIC MIXTURE GIBBS FREE
ENERGY g (DASHED LINES) ALONG THE ISENTROPE CORRE-
SPONDING TO ACCELERATION FROM A STAGNATION CONDI-
TION TAKEN FROM THE METHANE-AIR FLAME. THE BLUE,
RED, AND MAGENTA LINES CORRESPOND TO NORMALIZED
MIXTURE FRACTIONS OF Z∗ = 0.3, 0.5, AND 0.7, RESPEC-
TIVELY.
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FIGURE 11. VARIATION IN SPECIES SPECIFIC GIBBS FREE
ENERGY gi FOR COMMON COMBUSTION SPECIES AND RAD-
ICALS IN A METHANE-AIR FLAME VS TEMPERATURE AT
p = 1 BAR.

as the mixture Gibbs free energy for each operating condition.
For the lean case, taken from a high response region, it can be
seen that there are strong variations in g (≈ 40% from Ma = 0 to
Mb = 2) which contribute to the ∆Ψ that drives the composition
noise. For the stoichiometric and rich cases, the Gibbs free en-
ergy changes less drastically and, correspondingly, both ∆Ψ and
the acoustic response are much lower.

To relate these changes to individual species, Figure 11
shows the variation of species-specific Gibbs free energy versus

temperature for common species. The figure indicates that the
major components of air, O2 and N2, are relatively acoustically
inefficient since their Gibbs free energies are much less sensitive
than other common species. Among combustion products, it can
be seen that water is substantially more efficient than CO2 while
the fuel is also an efficient species. Radicals such as OH and H
are also potentially strong sources of acoustic noise; the variation
of gH was so large that it could not be shown on the same scale
as the other species.

However, strong gradients in a species’ gi alone are not suf-
ficient to produce indirect noise; the relative abundance of these
components must also be taken into account. Equation 7 indi-
cates that large values of both ∂gi/∂Mb and strong composition
gradients ∂Yi/∂Z must both be present to generate noise. For
example, the radical H has much stronger variation in its mass-
specific Gibbs free energy than other molecules, but, due to the
chemical instability of the species, it is unlikely to be found at
meaningful concentrations regardless of mixture fraction, and
therefore cannot generate much indirect noise. Conversely, the
Gibbs free energies of O2 and N2 vary quite weakly with temper-
ature, but since oxygen is consumed and nitrogen does not dif-
fuse appreciably to the rich side of the flame, the mass fraction
gradients of these species, ∂Yi/∂Z are large enough that even
their small differences in gi over the expansion produce appre-
ciable noise. Thus, to more quantitatively identify each species’
contribution to the indirect noise, Figure 12 shows the weighted
contribution of each major species to the chemical potential term
Ψ or ∂Yi/∂Z ·gi.

One major feature of Figure 12 is that, in reacting flows,
there does not appear to be a single species which dominates the
production of indirect noise. Instead, the most acoustically ef-
ficient species is a strong function of the mixture stoichiometry
just as overall noise production varies strongly with Z. For lean
mixtures, both O2 (which is being rapidly consumed) and H2O
(which is being rapidly produced) are the strongest components
of composition noise, while at rich conditions neither of these
molecules produce appreciable noise. Likewise, methane is the
dominant noise producer for rich mixtures, but because it is con-
sumed on the lean side of the flame, it has effectively no impact
on noise generation near or below stoichiometric values of Z.
From this, it can be concluded that the analysis of the composi-
tion noise mechanism must account for both a device’s intended
fuel and stoichiometry; predictions that only account for fuel will
not be accurate over a range of operating conditions.

CONCLUSIONS
In summary, chemical effects leading to composition-

induced indirect core noise were examined in detail. After de-
scribing the underlying theory of the mechanism, several features
were investigated in detail. As this core noise mechanism has to
date only been studied numerically, the theory was first applied
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(a) LEAN MIXTURE, Z∗ = 0.4 (b) STOICHIOMETRIC MIXTURE, Z∗ = 0.5 (c) RICH MIXTURE, Z∗ = 0.6

FIGURE 12. CONTRIBUTION OF THE 10 MOST DOMINANT SPECIES TO Ψ, I.E. ∂Yi/∂Z · gi AT DIFFERENT MEAN MIXTURE FRAC-
TIONS. BLUE BARS CORRESPOND TO THE STAGNATION CONDITION, RED TO AN ISENTROPIC ACCELRATION FROM STAGNATION
TO Mb = 1, AND MAGENTA BARS TO Mb = 2.0. NON-MONOTONICITY IN BAR HEIGHT VS. Mb GENERALLY INDICATES A CHANGE IN
SIGN FOR THAT SPECIES’ CONTRIBUTION.

to a series of inert candidate gas mixtures to guide experimental
design for confirmation of the theory. It was found that a helium-
air mixture entering a supercritical nozzle at ambient pressure
will produce the highest noise levels, and that preheating would
be an effective means to increase the sound amplitude if neces-
sary, depending on the intensity of compositional fluctuation that
can be achieved.

Next, the sensitivity of this indirect noise phenomena to
fuel selection is examined. It is found that hydrogen-air mix-
tures were generally more acoustically efficient than hydrocar-
bon fuels, and there appeared to be no strong sensitivity be-
tween different types of hydrocarbon fuels. Comparison of dif-
ferent fuels also revealed that there was a general structure to the
composition-induced acoustic response, and reasons for this be-
havior were explained through linearization of the transfer func-
tions and a detailed examination of the chemical potential. A
methane-air flame was examined in detail to identify the indi-
vidual combustion products that contribute most strongly to the
acoustic response. It was found that no single species was re-
sponsible for this effect, but, rather the most acoustically efficient
compound varied with mixture stoichiometry. Independent of
stoichiometry, however, it was seen that species which have high
mass fractions, high mass fraction gradients, and whose molec-
ular weight deviates most strongly from that of the background
mixture were most acoustically efficient. More generally, it was
observed that increasing the nozzle inlet temperature, decreasing
the inlet pressure, and increasing the exhaust gas Mach number
all generally increased the amount of composition-induced indi-
rect noise produced.
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