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Abstract
Entropy noise induced by hot spots (entropy waves) is the least explored mechanism of combustion

generated sound. Emission of entropy noise is subject to convection of entropy wave throughout the
combustor exit nozzle. Nonetheless, the highly diffusive flows in combustors can dissipate entropy waves
partially and even totally and hence, suppress the noise generation. Yet, the annihilation of entropy waves
in this process is still poorly understood. In particular, no investigation exists on the evolution of entropy
waves in nozzle flows. To address this issue, two low-speed, nozzle configurations supplied with fully
developed flows at the inlet are examined experimentally. Entropy waves are generated by a controllable
electric heater embedded inside the flow. A set of fast-response thermocouples are arranged at the entrance
and exit sections of the nozzle to record the spatio-temporal evolution of the entropy wave during its passage
thought the nozzle. The acoustic wave, generated by the conversion of entropy waves to sound, is further
measured by differential pressure sensors. The results show that hydrodynamic characteristics of the flow
such as Reynolds number and turbulence intensity as well as nozzle geometry dominate the survival of
entropy wave. Analysis of the spatio-temporal coherence of the wave reveals that there is a predictable
frequency threshold above that the wave is spatially distorted. This frequency limit determines the validity
range of the commonly used, one-dimensional theoretical models of entropy wave that are currently applied
to the whole spectral domain.

Keywords: Entropy wave; Entropy noise; Convective-diffusive waves; Gas turbine combustor; Indirect
combustion noise; Spatial coherence.

1. Introduction

Over a century has now passed from the first days of gas turbines. After numerous developments and

modifications, gas turbines are currently the key elements of thermal power plants and aero-engines.
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Although the modern gas turbines are generally reliable, some defects persist. One of these is the generation
of combustion noise with a history longer than that of gas turbines [1]. The unsteady interactions of the
flame and flow turbulence cause heat release fluctuations, which then lead to production of the so-called
direct noise [2,3]. In addition to this, acceleration of hot spots with distinctive temperature and density,
often called entropy wave, results in the generation of indirect or entropy noise [4].

The entropy waves are generated within the flame and travel downstream with the mean flow. They,
subsequently, accelerate in the combustor exit nozzle or the first stage of turbine and are converted into
sound waves generating noise [4,5,6]. This indirect noise can reflect back into the combustor and intensify
the flame unsteadiness and also couple with the combustor acoustics, triggering the low frequency
thermoacoustic combustion instability [7-9]. This phenomenon causes a wide range of undesirable effects,
from light vibrations and power defect to combustor failure [10]. The fraction of noise entering the
surroundings contributes to the environmental noise emission, as one of the main sources of the engine
generated sound [11,12]. In recent years, there has been a significant emphasis on the reduction of noise
and air pollutant emissions by the civil aviation and power generation sectors [13]. The clean, quiet and
stable combustion in both land-based gas turbines and aero-engines has therefore received increasing
attention [9,14,15]. This highlights the importance of understanding the mechanisms of noise production in
gas turbines. Despite all the research efforts on the noise generation in gas turbines, the indirect (entropy)
noise has remained largely unexplored. In the followings, the existing literature on entropy noise is briefly

reviewed.

The seminal work of Marble and Candel [5] on the conversion of entropy waves to acoustic perturbations
commenced the research activities around indirect noise and, remained as a key reference for more than
forty years. Following a few decades of gap, many efforts was made to release the simplifying assumptions
of the model of Marble and Candel [5] such as linear wave and compact nozzle [16-21]. Yet, the assumption
of one-dimensionality of entropy wave remained as an essential element of these analyses. This was, in
part, due to the lack of experimental data on the spatial coherence of entropy waves. The early experimental
attempts to detect entropy waves and noise were rather limited in accuracy. For example, Zukoski-Auerbach
[22] used an electrical heater with 1K temperature magnitude and recorded a barely detectable resultant
acoustics. More recently, Hield et al. [23] showed experimentally that the entropy noise could significantly
contribute to the thermoacoustic stability of a premixed combustor with chocked nozzle. In a recent study,
Li et al. [24] conducted the portion of the entropic energy in the total energy growth in a triggering unstable
system. It was found that entropic energy conversion to acoustics may intensify the total energy by a factor
of two. The work of Li et al. [24] also reconfirmed that neglecting entropic modes could severely affect the

prediction of combustor stability margins.



Bake et al. invented the “entropy wave generator” (EWG) [25-27] and used the apparatus in a series
experimental works. They employed an electrical heater to generate entropy wave and evaluated the
resultant acoustic waves emitted by accelerating the entropy waves through a convergent-divergent nozzle.
Bake et al. [27] found that the indirect noise is highly depended on the nozzle Mach number [25,26].
Considering the transmitted noise emissions, the experimentally measured data were in fair agreement with
the theoretical predictions of Marble and Candel. Importantly, however, Bake et al. made no attempt to
study the spatial evolution of the entropy wave. Most recently, Hosseinalipour et al. [28] evaluated
experimentally the spatial coherence of the convective entropy waves in a low-speed channel flow. These
authors used a network of fast-response thermocouples located at different axial locations along the channel
and explored the temporal and spatial decay of the wave [28]. This study was constrained to simple

channels, and thus constant mean flow velocities, and did not consider variable cross-sectional areas.

Separating the direct and indirect noise emissions is an important difficulty in interpreting experimental
data on indirect noise [29]. Historically, this has led to underestimation of indirect noise, especially in the
real-scale combustors [23,30]. The classical two-microphone technique [25-27] and elongating convecting
time of the entropy wave [29,32] were employed to separate two types of direct and indirect sound. The
recent experimental works of Domenico et al. [29,33,34] were performed in somewhat the same test rig of
Bake et al. [24,25]. They stated that despite the weaker amplitude of indirect noise in comparison to the
direct one in some nozzle conditions, contribution of each type of noise to the combustor acoustics is
difficult to identify when they are merged. Domenico et al. [29,32] used a long convective time of the
entropy wave to separate the noises. They also derived an analytical model using the experimental data and

embedded a pressure loss coefficient in the entropy to acoustic wave transfer function [34].

The entropy waves, being essentially convected hot pockets, are naturally subject to some levels of
annihilation imposed by the convecting flow [35]. The early studies ignored the spatial evolution of the
waves by assuming one-dimensional entropy waves, which arose controversial results [23,36,37,38].
Although some limited experimental [35,29] and numerical works [39] confirmed that decay mechanisms
could affect the wave, the extent of these effects have not been fully determined. This is an important
shortcoming, as the spatial evolution of an entropy wave can potentially influence the acoustical response
of the combustion system [9]. The entropy wave is expected to be annihilated by thermal and hydrodynamic
processes, as the recent work of Fattahi et al. [39] revealed. Through conduction of a large eddy simulation,
Fattahi et al. [39] found that hydrodynamic and thermal boundary conditions of the combustor can have a
pronounced effect on the decay of entropy wave. This investigation was performed on a flow between two
parallel plates and thus did not consider acceleration of the mean flow that occurs in nozzles. Most recently,

Weilenmann et al. [40] experimentally investigated the dynamics of entropy waves using acoustically



forced flames in a duct with uniform cross section. It was shown that entropy waves decayed as the
excitation frequency and length of the duct increased. The importance of mixing process in decaying
entropy waves, particularly for swirled flames, was highlighted. Weilenmann et al. [41] shown that due to
the existence of coherent turbulent structures, entropy waves were found to deteriorate faster than the rate
predicted by the analytical models. Similar experiments have been carried out by Wang et al. [42], showing
that high amplitude and low- frequency acoustic excitation could produce strong entropy waves. The
periodic vortex rollup and inner circulation zone fluctuation were introduced as the main reasons for the
generation of entropy waves. The vortex shedding was also identified as the reason for dissipation of

entropy waves.

The entropy wave can travel through conduits with non-uniform cross sections (e.g. nozzles). This is
especially the case when entropy waves reach the first stage of turbine blades that are essentially nozzle-
like passages. The existing studies indicate that the state of flow has a pronounced effect upon the entropy
wave [19,20,28,39]. Although fluid flow in a nozzle is significantly different to that in a straight duct, so
far all studies on the dynamics of entropy waves have been focused on straight channels [9,14, ,36,40,41].
Therefore, there is a clear gap in the literature about the evolution of entropy waves as they pass through
nozzles. To resolve this issue, the present experimental work investigates the spatial decay of an entropy
wave during its passage through a converging nozzle. Further, the reflected and transmitted noise, emitted

by entropy wave accelerating through the nozzle, are detected.

2.Experimental methods
2.1. The test rig

The core of the experimental setup consists of a long smooth pipe with a converging nozzle installed at its
exit point. The length and the inner diameter of the pipe are 400mm and 113mm, respectively. Two different
nozzle shapes, with the convergent angle of 5 and 18 degree and the length of 200mm, (see Fig. 1), were
manufactured and installed at the exit point of the pipe (see Fig. 4). NZ1 and NZ2 denote nozzles (a) and
(b) shown in Fig. 1.

The airflow was supplied by a centrifugal compressor and measured by a rotameter. The flow was calmed
in the settling chamber and then was made uniform by passing through the flow straightener. The turbulence
intensity was controlled by inserting several metal mesh in the flow. To make the longitudinal velocity
constant, the flow was passed through hydrodynamic entrance length to reach the fully developed
conditions. This was verified by a hotwire anemometer in a set of points on the pipe cross-section. The
turbulence intensity of the flow was also measured by the hotwire anemometer at the center of the pipe.

Fig. 2a provides a schematic view of the experimental setup.



The entropy wave was generated by an unsteady electrical heater as discussed later. By using flanges, the
heater was placed at the cross-section of the pipe, upstream of the nozzle entrance. The produced hot
pockets of air were then convected through the duct by the air inertia and formed the entropy wave. This
was then detected with the fast-response thermocouples at the exit cross-section of the nozzle. Further, the
resultant transmitted and reflected acoustic wave were measured using pressure sensors, depicted in the

next section.

2.2 The pressure measurement

The low-pressure differential pressure sensors with the repeatability of 0.25% were flush mounted on three
different locations, which are just after the heater (P1), on the nozzle entrance (P2) and at the nozzle outlet
(P3), as Fig. 2b depicts. These sensors translate pressure fluctuations into a voltage via a diaphragm or a
cantilever beam exposed to the incident sound pressure, using cavities and vents as pressure equalization
channels. Two sensors were located opposite each other to calculate the pressure using the arithmetic
average. The long pipe with the length of 1200mm and the inner diameter of 113mm, installed at the nozzle
upstream, aided to separate the direct and indirect noise by increasing the convective time of the entropy
wave (see Refs. [25,26,29,32]). The sensor signals were amplified using a Flyde FE-379-TA amplifier and
acquired and sampled using a homemade data acquisition board with frequency of 10 KHz and resolution
of 16-bit. The raw pressure signal was phase-averaged for 25 heater pulses, and then filtered to eliminate
oscillations at the power frequency signal. The hydrodynamic noises were also filtered using the data

obtained under cold flow condition.
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Fig. 1. Two different nozzle configurations used in the experiments with the convergent angle of (a)
5°and (b) 18°.
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Fig. 2. The schematic view of (a) the test rig and (b) locations of the pressure sensors (the lengths are in
millimeter).

2.3 Entropy wave generation

It is inferred from the thermodynamic relations that in a flow with no acoustic waves, the entropy wave

reduces to a temperature fluctuation (:—' = %) [26,27]. Therefore, in such flows, temperature perturbations
p

can represent entropy waves. As stated earlier, a controllable electrical heater was used in this study to
generate entropy waves. This is similar to the method of entropy wave generation in the works of Bake et
al. [26]. Fig. 3 shows the electrical heater used to generate entropy waves in the current study. Further,

details about the specifications and manufacturing of the heater can be found in Ref [28].



(b)
Fig. 3. (a) A single ring with the wire stretched across, (b) the

heater module manufactured using five single rings.

2.4. Fast-response thermocouples

Given the difficulty of measuring a convective thermal wave, fast response probes should be applied to
detect the temperature precisely. For the reasons of cost-effectiveness comparing with systems like LIGTS
[29] and keeping with the previous measurement techniques [17,23,30], K-type thermocouple probes were

manufactured and employed in the current experimental setup. The time constant of the thermocouple
. D . .
response, T, which equals % [17], can be calculated using the lumped approach under assumptions of

first order linear system for the thermocouple wire as a simple cylinder. Considering maximum frequency
that can be detected in the electrical devices due to technical limitation, the thermocouple wire diameter of
80um, indicating maximum frequency of 42Hz, was applied. The thermocouple wires were joined together
without using any external material by TIG (Tungsten Inert Gas) welding technique.

The thermocouple probes were set in the experimental setup to measure the temperature rising. This holds
the calibration procedure non-mandatory. Nonetheless, the calibration was performed by comparing the
data of the current and miniature thermocouple made by OMEGA under steady and transient thermal

conditions.

The wave was detected using five-joint thermocouple distribution, in which the probes were arranged on
two different radii (0.1 and 0.4 of the inner radius) with a 90° angle shift with respect to each other. This
arrangement, demonstrated in Fig.4a, was used on just downstream of the heater and last surface of the
nozzle. Fig.4b shows the whole parts of the long current experimental setup, which was schematically
depicted earlier in Fig. 1. The last part of the experimental setup is the convergent nozzle, attached at the

end.



Figure 4b shows the voltage amplifier and the recording data system installed on a board. This involves
five ICs with model of AD595AQ and two boards of Arduino MEGA2560, equipped with 16 analogue
channels and a 10bit microprocessor with the sampling frequency of 10 kHz.

Nozzle and
detection section

Laptop as a part of
data acquisition
system

(b)

Fig. 4. (a) Arrangement of the thermocouples in the detection section. Orange and green lines show

respectively the inner and outer radius (or orbit), (b) the overall view of the test setup with the detection

section installed on the nozzle.

2.5. Test cases
Previous studies confirmed the effects of flow hydrodynamics on entropy waves [33,34,39]. Hence,

turbulence intensity and Reynolds number [39] were varied in the current experiments as depicted in Table

1. However, the wave amplitude and width were set constant at the maximum (288W of heater power) and



minimum (0.15s for the duration of heater running) values that the experimental setup could hold. The
reasons for the selection of the Reynolds numbers listed in Table 1 have already been in discussed in Ref.
[39]. In short, this is to provide an experimental dataset that is comparable to the outcomes of the previous
numerical studies. The experiments were performed in the laboratory situated 1200m above the sea level.
The temperature of the laboratory varied between 18-23°C, during the experiments.

Table 1- The investigated test cases.

Case No. Reynolds number Turbulence intensity (%)

1 13600 2

2 13600 2.8
3 8500 11
4 8500 14

2.6. Uncertainty analysis

Bias and random uncertainty are commonly found in experimental investigations. The measurement
equipment cause bias error, while random error is due to the randomness in the tests [43]. These sources of

uncertainty are calculated for the temperature and pressure sensors, separately.
2.6.1. Thermocouples

The resolution of the data acquisition, parasitic voltage and uncertainty in calibration equipment are the
origins of the bias error in the current experiments. Considering the measured values for the resolution of
the Arduino microcontroller (b; = 0.025°C), voltage disturbance due to connectors and solders (b, =

0.185°C), and uncertainty of calibration thermocouples (b; = 0.123°C), the thermocouple systematic error,

b= |b?+ b2+ b2, (1)

is 0.22°C. Assuming the weight factor of t = 2 [44], the applied systematic uncertainty will be
+0.44°C (95%).

expressed by

The random error was calculated for all the cases and it was found that case 4 contains the highest random
error, discussed here. Having five repetitions (N =5) and five thermocouples (M = 5) on the data

gathering section, the uncertainty due to non-uniform temperature distribution is calculated by [44]

m=1(8Tn — (AT;,))?



In Eq. (2), AT,,, and (AT,,) are respectively the arithmetic average related to the repetition and probe

number. Further, uncertainty due to time variations in probe output is given by

o _ | Zm=1 2= (AT — (AT,))?
(Saz, )t = MN(M(N — 1) . (3)

Therefore, the total random error is given by

ST, = J (saz, )% + (Saz, )P, 4)
which becomes 0.29°C, by considering (sa7, )s = 0.25°C and (sz7, )¢ = 0.15°C.

Finally, the total uncertainty is expressed as

u=tx ’Sﬁmz + b2, (5)

Using Eq. (5), the net uncertainty for the thermocouples is +0.72°C .
2.6.2. Pressure transducers

According to the manufacturer of the pressure box, the systematic error including repeatability and
hysteresis error is +0.25% of the measured pressure signal. The random error by three repetitions and three

replications is achieved 0.64 Pa, using Egs. (2) to (5).

3. Theoretical Methods

3.1. Coherence analysis

In the course of the experiments, temperature-time series were recorded at each thermocouple junction. The
aim is to present the evolution of the wave. In current study, this is done by considering the relation amongst
the points on the wave by using the spectral coherence function. This function shows to which extent two
sets of data are linearly co-related. Coherence function specifies a value in the range of zero and unity; zero
denotes that the two datasets are totally unrelated, while unity indicates a perfect linear relation [45]. For

the two signals of x(t) and y(t), spectral coherence is defined as

Gy (D)?
Gyx (f) ny (f) '

where Gy (f) and Gy, (f) are the auto-spectral density of x and y, respectively, and Gy, (f) is the cross-

ny = (6)

spectral density. The auto-spectral density functions are computed through applying the mathematical

expectation operator, expressed by [45]
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E[x()] = f x(Op(Ddt, @)

where p(t) is the probability density function. For a discrete variable, the expectation operator equals the
sum of multiplication of probability and absolute values of each outcome [38]. The spectral densities are
then calculated aiding Fourier transformation, denoted by the capital letters in the following relations.
Gxx () = E[X(w)X(w)],
Gy (1) = E[X(0)Y(w)].

The coherence function was conducted for the convected entropy wave between two cross-sections located

(8)

at different longitudinal locations. It was also calculated for the temperature-time series captured on two
points of the wave front at a given cross-section. The results of coherence function are demonstrated against
Strouhal numbers variations, defined as follows.

in which f is frequency (Hz), Uy, is the bulk flow velocity (m/s) and Deq is the equivalent diameter,

(9)

calculated as Dgq = %, where D; and D, are the nozzle diameter at the inlet and outlet, correspondingly.

3.2. Wave front characterization

During convection of the entropy wave throughout the duct, heat transfer and fluid flow make the wave
weaker and wider. The wave’s front and rear confront the mixing with the base flow, due to turbulent and
molecular diffusion, making them undetectable. In the current study, the wave’s rear was identified by using

the following criterion,
= 0.02, (10)

where T; is the temperature recorded at any thermocouple with the detection cross-section and Ty, iS the
temperature of the base flow in the absence of any entropy wave. The wave’s front was similarly found by
setting the left-hand side of the Eq. (10) to 0.001. In the rest of this paper, the abbreviation of “TC” denotes

thermocouple.

4. Results and Discussion

4.1. Temperature-time trace signals of the wave

The entropy wave, as a hot spot, convects through the duct and experiences annihilation induced by
turbulent mixing, heat transfer and hydrodynamic non-uniformities in the flow field. The amplitude change
and deformation of the wave is investigated in this section. Figs. 5 and 6 show the non-dimensional

temperature rise, i.e. AT/ Tyase flow: VErsus time for the duration of wave convection through the heater to

11



the nozzle outlet. Here, AT is the temperature rising caused by the wave and Tyase flow 1S the base flow
temperature prior to the addition of the wave. For conciseness reasons and due to similar behavior, the
results of NZ2 are not presented here. Time zero corresponds to the beginning of the recording by the data
acquisition system. The data are presented for two inner (TC 1-3) and outer (TC 4 and 5) radii, as Fig. 4a
shows. Figs. 5a and 6a present the entropy wave, just at the heater downstream (3 cm of the heater
downstream, called hereafter the inlet), which is less affected by the flow hydrodynamic, while Figs. 5b
and 6b demonstrate the wave at the last nozzle surface. The constant heat flux generated by the heater and
larger bulk velocity of the maximum Reynolds number (cases no. 1 and 2) cause lower wave amplitude in

comparison with that in the case of minimum Reynolds number (cases no. 3 and 4).

The non-dimensional time presented in this figure is defined as time/(U—Lb), in which L and Uy, are the duct

length and bulk flow velocity, respectively. In all cases, the temperature near the walls (outer radius, TCs 4
and 5) are higher than that on the central zone (inner radius, TCs 2 and 3), due to lower velocity and flow
mixing. Further, the wave deformation, or wave widening, is more noticeable at the central zone (inner
radius). Despite the wave deformation, the peak moment remains somewhat the same for most TCs at the
nozzle outlet. Turbulence intensity appears to be a potential efficacious parameter on wave evolution,
highlighted at lower Reynolds number. This is in keeping with the numerical results reported in Ref. [39].
The results show that the evolution of the wave can be directly influenced by the turbulence intensity of the
flow. The pointwise and asymmetrically transversal deformation of the wave at the cross section are

originated from the inherent features of randomness of turbulent flow.

Figs. 5 and 6 show that, expectedly, the peak in wave amplitude decreases and the width increases during
convection through the duct. Figs. 5a and 6a confirm that the wave can be affected by the flow, even at a
short convecting length. The turbulence structures and eddies deformation in the energy cascade are the
reasons for the decay of entropy wave through the conduit. Although not presented here, the results show
that the deformation can be intensified by increasing the nozzle angle, or flow acceleration. This could be

caused by strengthening the turbulent mixing and changing the flow residence time in the nozzle.

12
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Fig. 5. The time trace of non-dimensional temperature (AT /Tyase f1ow) fOr cases 1
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Fig. 6. The time trace of non-dimensional temperature (AT /Tpqse fiow)
for cases 3 and 4; at (a) the inlet (heater downstream) and (b) the outlet
of the NZ1.

4.2. The wave coherence
The coherence function for the arithmetic average of temperature signals between the inlet and outlet of the
nozzle is depicted in Fig. 7. To present the same range of Strouhal number in all sub-figures, the Strouhal
number is chosen twice for the cases of low Reynolds number compared to those of high Reynolds number.
For low frequencies, or low Strouhal numbers, the coherence becomes near unity, reflecting the undamaged
wave through the convection. This has been also confirmed in the previous works [31-33,39]. Having higher
coherence value, the wave remains more coherent at the cases of high Reynolds number or low turbulence
intensity. Low coherence values with variations and several peaks and troughs make the wave uncorrelated
at low Reynolds number, especially at high turbulence intensity. This is because of the longer residence
time of the wave at low Reynolds number, resulting in stronger flow influences upon the wave. Further,
increasing the turbulence level intensifies the flow randomness and unsteadiness and adversely affects the
wave spatial correlation. This figure implies that the wave evolution becomes less significant as flow
acceleration increases. Yet, it is intensified at low Reynolds numbers and high turbulence intensities,
reflected by the sever variations and zero coherence values specially found in case 4.
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J
{
{

=
a
T

Coherence
i
L ]
LI

=
=

T
T

o

e

Lol 1 L L ! ! L L | L L L 1 I L I L L sl b ben b b b by
o 1 2 3 4 5 6 7 8 9 0 1 2 3 4 5 6 7T 8 9 0 2 4 6 SSIO 12 14 16 18 2 4 6 SStIO 12 14 16 18
t

14



1 7 . n. .
| T Y

lI i ;‘! x‘i :l' (; “’ é 9 IJ””{” ‘2””3‘ ”4” IE IGH ‘TI ISH ‘ 0- 9‘. 4 é 8 llﬂ 1‘2 1I4 1‘6 18 ﬂl I2 4 6 ”ﬂ Hl‘olmlllmldmlzl IlB
St St St St

. . ® _ _

Fig. 7. Coherence functions for the average temperature signals during convection of the entropy wave

between the inlet and the nozzle outlet for (a) NZ1 and (b) NZ2.

Figs. 8 and 9 illustrate the coherence of the wave front for various TCs related to the center. For brevity,
only two TCs (TC of 2 and 4) and two cases (no. 1 and 4) are presented here. These figures imply that
although the temperature peaks are smaller at the inner radius (see Figs. 5 and 6), the wave remains more
preserved in comparison with that at the outer radius. The difference in the wave between two detection
radii renders a non-uniform wave due to hydrodynamic effects. As reported previously [41,42], high
frequency components, characterized by short time and length scales, can be readily annihilated in all cases
by the turbulent flow. Yet, the fully coherent components are found at low Strouhal numbers. Figs. 8 and 9
show a drastic change in the wave amplitude through Strouhal number range by convecting the wave in an
unsteady turbulent flow. This represents a frequency-dependent behavior of the wave evolution. The non-
uniformity of the wave surface can be explained by noting the anisotropic behavior of the turbulent flow.
The heavily location-dependent behavior may diffusively separate the wave to distributed hot spots. Thus,
the entropy wave can be hardly described as one-dimensional, except for a narrow frequency range. The
peaks and troughs found in the second half of the figure show intensified irregularities, which make the

wave’s behavior unpredictable at high frequencies. Increasing the flow acceleration results in more damage
to the wave coherence.
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Fig. 8. Coherence function for the temperature signals between TC 1&2 and TC 1&4 for NZ1; (a) case
1 and (b) case 4.
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Fig. 9. Coherence function for the temperature signals between TC 1&2 and TC 1&4 for NZ2; (a) case
1 and (b) case 4.

The current results show that the one-dimensional assumption made in most theoretical and numerical
studies of entropy wave can be highly questionable. The average coherence over the cross-section and the
standard deviation of the temperature signals are the measures that show whether the wave is uniform on
the cross section or not.

The average coherence is defined by an arithmetic average of the coherences calculated from the time traces
produced by TC1 (located at the center point) and those located on the cross section, given by the following
relation.

_ Y.i Coherence[Thc, (t), The; ()]
COhD =

) (11)
n

in which, Thc; (t) is the time trace obtained from the thermocouple i on the cross section and n is the number
of coherence operation between thermocouple 1 and the other thermocouples. Subscript D indicates that
the calculation of coherence is carried out over the cross-section of the flow conduit. Standard deviation,
as a quantity for data spreading around the mean, is used to infer the wave uniformity in the frequency

domain. This is calculated by

i — CAh_12
Sp2 — [Coherence(Thcl(tI)l, Thc;(t)) — Cohp] . (12)

SDp, indicates how much variation in the wave coherence occurs over the cross-section of the nozzle as the
wave convects from the heater to the nozzle outlet. Fig. 10 depicts Cohp and SDp, for the wave at the inlet
and outlet of the nozzle. According to this figure, the wave uniformity can be highly influenced shortly
after leaving the heater. An exception to this is the case with high Reynolds number and low turbulence
intensity. As an important result, Fig. 10 indicates that the assumption of one-dimensional wave may hold
at low Strouhal numbers, with wavelength threshold about the same for all cases (corresponds to St = 4 for
cases 1 and 2 and St = 8 for cases 3 and 4). The Cohp, value is greater than 0.5 for the NZ1, demonstrating

that despite losing the spatial coherence, the wave is not fully annihilated by the flow and remains somewhat
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correlated. This is similar to the findings about the survival of entropy wave through adiabatic duct flow
with zero acceleration [36,46]. However, higher flow acceleration in the steeper slope nozzle (NZ2)
intensifies the wave non-uniformity and eliminates the chance of wave survival, except at low Strouhal
numbers. A more drastic variation could be found in a real combustor, not only due to diffusion and
turbulent mixing, but also owing to large heat losses from the combustor walls [39]. Considering the high
value of SDp at high frequencies, the wave becomes annihilated through a non-uniform diffusion as also
shown in Fig. 9. Although the values of SDy, for cases 3 and 4 of NZ1 and cases 1 and 2 of NZ2 largely

grow with frequency increment, the average coherence is mostly above 0.5, noting a semi-correlated wave.
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Fig. 10. Average coherence function, Cohp, (squares) and standard deviation, SDy), (error bars) of the
temperature signals obtained between TC1 and the other TCs for at (a) the inlet, (b) NZ1 outlet and (c)
NZ2 outlet.
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4.3. Detecting direct and indirect acoustic noise

This section aims to show the strength of direct and indirect noises and compare the two. The heat released

from the heater expands the air passed over it. A pocket of expanded air can be a source of noise, called
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direct noise, similar to any flame, which releases unsteady heat [2,47,48]. The hot pocket of air can further
reach end of the pipe and enter the nozzle. The pocket accelerates through the nozzle and can be an extra
source of noise, called indirect noise [4,5,6,49], as stated earlier in the Introduction. Although the indirect
noise includes entropy, vortical and compositional division [33], only entropy noise is considered in the
current study.

To measure the noises produced, three sensors were used, as Fig. 2b shows. A long pipe was also used to
extend the distance between the heater and the nozzle. This elongates the convection length of the entropy
wave and results in a time difference between the moments of two noises generation. The direct noise is
generated just after heater turned on and propagates toward the sensors with the sound velocity, while the
indirect noise exists only when the hot pocket of air reaches the nozzle. Therefore, longer convection
distance of the entropy wave between the heater and the end nozzle aids to separately detect the direct and
indirect noises. The flow velocity is further kept low, due to increasing the convection time of the entropy
wave and making higher temporal lag between direct and indirect noise generation.

Fig. 11 depicts the acoustic variations detected at P1. This figure introduces the typical direct and indirect
noise. It is noted that a very similar graph to Fig. 11 was reported in Ref. [33], in which the direct and
indirect noise of a hot spot produced by an electrical heater were detected. The last part of the setup of Ref.
[33] was an orifice plate and the pressure fluctuations were measured by two transducers located at the
upstream and downstream of the orifice. Fig. 11 illustrates that a positive strong acoustic pulse is produced
just after releasing the heating pulse (t = 0.15s), demonstrating a direct noise. After a while, the next peak
in the pressure disturbance is detected at the time of arrival of the wave at the nozzle, providing an indirect
noise with the negative amplitude. The temporal diversity between two noises generation can be calculated
by the convection time of the entropy wave from the heater to the nozzle. The pressure increase may arise
from the lower density of the base flow after passage of entropy wave [33]. This denotes that, as a sign of
wave decay, some of the thermal energy of entropy wave is transmitted to the base flow and reduces the
flow density. Fig. 12 presents the effect of increasing flow velocity (or Reynolds number) on the noise
reflected into the test rig at P1. It should be noted that the acoustic tests were performed only using the
nozzle with higher flow acceleration (NZ2) as it generated a stronger noise. Since the thermal power of the
heater is constant, increasing the mass flow rate results in a decrement in the entropy wave amplitude.
Nonetheless, both direct (positive pressure amplitude) and indirect noise (the negative pressure amplitude)
increase by rising the flow velocity. This could be explained by noting the less annihilation of entropy wave

as Reynolds number increases, which consequently leads to stronger entropy noise.
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Fig. 12. Ensemble-averaged pressure signal detected by the differential sensors for various inlet bulk
flow velocities of the test rig at location P1.

Fig. 13 shows the maximum noise amplitude for the four investigated cases. According to the uncertainty
analysis presented in section 2.6, the error bars were added to Fig. 13, which is the only figure showing
pressure discrete data. The decrement of the entropy noise from P2 to P1 is found insignificant. This is also
valid for the direct noise, showing the acoustic wave deterioration while travelling through the gaseous
medium of the test channel. The reflected noise, which one detected by P1 and P2 sensors in Fig. 2b, is
higher than that of transmission, detected by P3 sensor in Fig. 2b, in qualitative agreement to the analytical
work of Marble and Candel [5] and those of Fattahi and co-workers [19,20] for a subsonic flow. By
considering the effects of Reynolds number and turbulence intensity on the entropy wave annihilation stated
earlier [21,39], the acoustical differences among the cases can be explained. The entropy wave evolution,
therefore, makes weaker resultant indirect noise, rendering a definitive conclusion upon the impact of

entropy wave survival on the combustor acoustics.
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The maximum amplitude of the indirect to direct noise ratio for three sensors of P1 to P3 and four cases of

1to4is presented in Fig. 14. The indirect noise contribution is clearly decreased by either Reynolds number

decrement or turbulence intensity increment, as the wave annihilation intensifies. The acoustical ratio
calculated in locations P1 and P2 is about the same for all cases. The indirect noise contribution is more
outstanding at the nozzle outlet than that at the inlet. It indicates that the transmission of the acoustic wave

detected by sensor P3 is more significant than reflected acoustics measured by sensor P2. This is raised by

the impedance of the nozzle boundary and shows the strong influences of the nozzle flow on the resultant

acoustic waves. This figure shows where the weaker entropy wave evolution exists, the higher ratio of

indirect to direct noise is found. In keeping with some previous results [25-27,31-33], Fig. 14 confirms that

the indirect noise is a significant contributor to the overall noise generation.
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Fig. 14. The maximum amplitude of indirect to direct noise ratio at three locations and four cases

Conclusions

studied.

Entropy noise is still the less-investigated source of combustion generated noise in gas turbines. To gain

further insight into the physics of entropy noise, an experimental study was conducted on the convection of
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entropy waves through subsonic nozzles. The decay of convecting temperature pulses, as entropy waves,
was measured using the temperature-time trace recorded by the fast response thermocouples over a cross-
section of the nozzle. For this purpose, the hydrodynamic parameters including Reynolds number and
turbulence intensity were varied. The acoustic waves, produced by the entropy wave, were further measured
to explore the effects of wave evolution on the conversion of entropy waves into sound. To the best of
authors’ knowledge, the present work is the first experimental analysis on the evolution of entropy waves

in accelerating flows. The key findings of this study are as follows.

In keeping with the recent numerical results on the entropy wave evolution in duct flows [21,39], it was
observed that increasing Reynolds number and decreasing turbulence intensity aid the wave survival. Also,
the low frequency components of the entropy wave were less affected by the flow field. Calculating the
spatial coherence function between the central and other thermocouples located at different radial and
angular locations, the wave displayed a deviation from one-dimensionality. This indicates that the
assumption of wave one-dimensionality, as commonly made in literature, can be readily violated in practice.
It was further shown that the frequency threshold for the violation of this assumption is nearly constant for
all cases. Increasing the flow acceleration made the wave more influenced by the hydrodynamics, rendering
stronger spatio-temporal evolution of the entropy wave.

The measured pressure fluctuations presented an increasing trend versus velocity rising for both direct and
indirect components of the noise. The indirect noises demonstrated the effects of hydrodynamics on the
combustor acoustics, through making the entropy wave annihilated. It was shown that the indirect noise,
caused by the passage of entropy wave through the nozzle, can generate pressure pulses that are

guantitatively comparable to that of direct noise.
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