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a b s t r a c t

This theoretically supplemented experimental research effort is devoted towards
demonstrating the feasibility of using heat flux driven transducers, in order to annihilate
undesirable acoustic fields directly at the source boundary. Using commonly available
materials, a thermophone is produced and deposited on a conventional vibro-acoustic
loudspeaker. Unifying the sound energy input from heat and work related processes, a
holistic model is derived from first law of thermodynamics - simulating pressure fields at
different locations. In the case of thermo-acoustic sound production, the formulation is
complemented by an efficiency model based on Fourier heat conduction in a slab with
internal unsteady generation. The ensuing sound pressure level emanating from the two
sources is predicted for a broad range of measurement locations and relative excitation
phase angles. The theoretical estimates are corroborated by experimental results under
different conditions. For the prescribed experimental parameters, a heat-flux transducer is
shown to successfully diminish the pressure wave generated by a conventional loud-
speaker to ambient noise levels.

© 2018 Published by Elsevier Ltd.
1. Introduction

Noise reduction via active sound cancellation is a trendingmechanism for diminishing acoustic pollution in a multitude of
sectors (aviation, energy, transportation, military etc.) [1]. The basic concept relies on local annihilation of an unwanted
pressure field through the creation of an out-of-phase sound wave at the same amplitude and frequency, actively modulated
by sensing elements in a control circuit. This typically involves an array of loudspeakers, which convert electric power into
acoustic energy through vibro-mechanics. The geometric limitations of conventional loudspeakers prevent the effective use
of these anti-phase pressure emitters from being used in a distributed manner. Therefore, the common implementation of
noise cancellation is localized to the observer, rather than holistic elimination at the source.

Recently, the first theoretical studies, that predict tonal noise cancellation of a vibrational source by a heat flux emitter
sharing a common emanating infinite planar boundary have been conducted [2,3]. In this model, the Navier-Stokes-Fourier
equations are linearized to produce a set of unsteady one-dimensional relations of mass, momentum, and energy for
calculation of density, velocity, and temperature perturbations. For far-field boundary conditions, with a sinusoidal forcing
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Nomenclature
ai ½ � � Constant parameter
cf ½m s�1� Speed of sound in a medium
cth ½m s�1� Thermal speed in a medium
Cp ½J kg�1 K�1 � Specific heat capacity at constant pressure
d ½m� Distance between monopoles
ef ½Jm�2 K�1 s�0:5 � Thermal effusivity of the fluid
es ½J m�2 K�1 s�0:5 � Thermal effusivity of the solid
f ½Hz� Input frequency
g ½Wm�3� Internal generation
h ½Wm�2 K�1� Heat transfer coefficient
Kn ½ � � Knudsen number
L ½m� Thermophone thickness
p ½Pa� Pressure
Pin ½W� Input power
r ½m� Pressure wave radius
r0 ½m� Pressure wave radius for a single forcing period
rk ½m� Distance from the kth point source
Rg ½J kg�1 K�1 � Gas constant
S ½m2� Total sound source area
T ½K� Temperature
Vf ½m3� Volume of the sound wave
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distribution for both the vibrating boundary and the oscillating heat flux, the optimal sound reduction is obtained when the
sound amplitude and the frequencies of the two signals are identical, however out of phase. In addition, the ratio between
thermal and kinetic energies is suggested to depend on the particular wavelength and fluid properties.

Although only described theoretically in the absence of practical considerations, the concept of heat flux driven active
noise cancellation can be considered a disruptive technology. With a static and surface-distributed sound emitter, the un-
desirable acoustic fields can be annihilated directly at the source boundaries, holding promise for truly silent bodies. Building
upon the existing knowledge in analytical predictions on the interaction of surface heat with sound emanating from a
boundary, and heat driven acoustic field generation in solid media, this effort is devoted to modeling and experimental
demonstration of using a static secondary heat-flux driven transducer to achieve noise cancellation from a vibrating source.
Thereby, the work is intended to bridge the gap in scientific and engineering knowledge towards feasible thermoacoustic
noise cancelation in solid-gas interfaces.

In order to achieve this goal, one of the critical considerations involves the mechanism of periodic heat generation at the
boundary. Pressure field stimulation and sound production via Joule heating has been studied since the late 19th century [4].
The term “thermophone” is coined two decades later [5], to define an acoustic transmitter capable of producing sound
through high frequency thermal oscillations. Thermophones behave as electrical resistors, where an alternating electrical
current is converted to produce surface heat flux fluctuations and, consequently, pressure waves in the surrounding fluid,
absent of mechanical motion [6]. However, there is no clear consensus in the literature as to the correct approach tomodelling
thermophone sound production [7e14]. At the turn of the 21st century, the thermophones regained the interest of the
scientific community and advanced designs (such as suspended arrays of aluminumwires, carbon nanotubes, and graphene)
are developed to explore the efficiency and performance envelopes of heat flux sound sources [9,15e23]. Moreover, signif-
icant efforts have been invested to characterize the impact of the deposition substrate [10,14], and thermophone behavior in
different gaseous and liquid media [8,24e26].

Along these lines, a thermophone is produced using commonly available materials and deposited on a conventional vibro-
acoustic speaker, simulating the unwanted noise source. Both the thermal transducer and the loudspeaker are experimentally
characterized by microphone measurements for various amplitudes and frequencies. The empirical results are correlated
with analytical thermo-acoustic conversion and 3-D sound propagationmodels in a novel theoretical framework, yielding the
efficiency of the thermophone. With the appropriate knowledge of the system characteristics, at an exemplary frequency, the
constructive and destructive interference of the two emitters are presented for varying phase differences in different mea-
surement locations. According to the authors' knowledge, this is the first practical demonstration of the heat flux driven noise
cancellation in scientific literature.
2. Experimental setup

A dedicated experimental facility, the layout of which is depicted in Fig. 1, is used to study the interaction between vibro-
and thermo-acoustic sources. The experiments are conducted in a soundproof boxwith dimensions of 0:5� 0:5� 1:0 m3: The
test chamber is acoustically insulated with acoustic foam tominimize scatter and promote the dampening of wall reflections.
While the box is shut, an IR camera is employed to monitor the experimental set-up.



Fig. 1. Experimental set-up schematic.
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The existing thermo-acoustic literature concurs that the transducer heat capacity per unit volumemust be low [7,15]. This
is typically achieved by using ultrathin sheets such as graphene, or carbon nanotube wires [15,27]. However, growing carbon
nanotubes on solid backing can drastically modify their properties, and the process of material selection is further compli-
cated by their complex interactions [28]. Therefore, in order to demonstrate the feasibility of noise cancellation by a heat flux
source, a more pragmatic manufacturing method is used. Aremco Pyro-Duct 597 silver paste and aluminum nitride substrate
are chosen due to their chemical stability (up to � 900 �C and � 1400 �C respectively), and relatively high thermal con-

ductivity (9 W m�1K�1 and 180 W m�1 K�1 respectively). To create the surface, 1:1 g of silver paste are first dissolved in
100 ml of cold water, and 10 ml of the resultant solution are drop-cast onto the aluminum nitride substrate with dimensions
of 5� 5� 0:07 cm:. The coated aluminum nitride is then cured for 25min at 100 �C to form a 20 mm uniform film, the
thickness of which is measured by Fischer FMP20 Dualscope. Although this coating thickness can be minimized in order to
increase the efficiency of heat-to-sound conversion, the relatively thick transducer is used in order to ensure surface uni-
formity and homogeneity at this stage of investigation. Two edges of the plate are coated with aluminum tape and covered
with conductive silver ink from MG Chemicals. These terminals are further sealed with a copper adhesive coating, on which
thin wires are soldered to create connection terminals.

A Mackie DLM8 co-axial loudspeaker amplifier, capable of applying frequencies ranging from 75 Hz to 20 kHz; is used to
power the thermophone transducer. Frequencies below 2 kHz are delivered through the DLM8 sub-woofer, while the rest are
taken from the DLM8 tweeter. In order to match the required load impedance of the amplifier, a bank of five parallel 10 U
resistors (each rated to 100 W) is attached in series to the thermal speaker. The power input to the thermo-acoustic speaker
module is evaluated by measuring the potential difference across the resistor bank and across the entire circuit using Tek-
tronix TDS2004C oscilloscope, Fig. 1. The final thermophone transducer has a nominal total resistance of 0:7 U; and is
attached to a 5 mm thick aluminum base plate using double-sided Davik DS4341 thermally resistant tape, Fig. 2.

Elevating the subassembly on four rubber-damped 10 cm bolts, a vibro-acoustic Solid Drive SD-250 transducer is screwed
onto the base underside directly below the thermophone plate, Fig. 3. During its operation, the Solid Drive applies vibrations
to the aluminum base, transforming the entire surface into a rigid diaphragm. The system's structural behavior is charac-
terized in COMSOL Multiphysics simulation using an isotropic linear elastic model with constrained bolt locations. Static 1 Pa



Fig. 2. Thermophone transducer.

Fig. 3. Thermophone, aluminum base plate and Solid Drive set-up.
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load is imposed on the boundary where the loudspeaker resides. The ensuing displacement is presented in Fig. 4, where the
maximum value is observed towards the center of the plate with high degree of angular uniformity and a platykurtic dis-
tribution. Towards the edges, large spread in the plate displacement can be observed due to the nature of the individually
bolted boundaries.

This mechanical transducer is powered through the Solid Drive amplifier circuit, which receives a signal from a MHS-
3200A signal generator. In order to synchronize the two sound sources, another channel of the signal generator delivers a
TTL signal, which drives a Tektronix AFG3021C function generator connected to the thermophone amplifier, Fig. 1. Once
triggered, the function generator outputs a signal at half the frequency provided to the mechanical speaker at a pre-set phase
angle. This frequency reduction is necessary as the power delivered into the thermophone results in a double heating cycle
per period, whereas the mechanical speaker experiences a single mechanical work cycle during same time. As a result, both
the mechanical and thermophone transducers are tuned to produce acoustic excitations at the same tone.

The sound pressure level and frequency content is quantified via a G.R.A.S. 46BD condenser microphone placed above the
aluminum base plate, in the geometric center of the plane. The relative height of the microphone can be varied by a linear
positioner. Locations are selected to be in the far field, while additional efforts were made to minimize the surrounding
interferences and resonance effects towards achieving maximal signal to noise ratio. The resulting signal is amplified with an
Endevco 133 conditioner and recorded via National Instruments DAQ9205 data acquisition module. The sound pressure
amplitude is calculated using a Fast Fourier Transform, with a Flat-Top windowing scheme, which maintains high accuracy in
the peak response magnitude (typical FFT peaks are very sharp with no evidence of harmonics).

The final experimental procedure consists of the following three steps: The vibro-acoustic source is switched on and tuned
to a specific frequency and amplitude. Switching off this mechanical transducer, the heat-flux source is turned onwith halved



Fig. 4. Structural displacement of the aluminum base due to Solid Drive mechanical oscillations (left) and base plate displacement profiles at various x-y plane
section cuts (right).

S. Julius et al. / Journal of Sound and Vibration 434 (2018) 442e455446
frequency input and brought to the same sound pressure level for the identical reference measurement location. Both vibro-
acoustic and thermo-acoustic transducers are then powered and allowed to reach a steady periodic state of operation. While
maintaining all the other parameters, the relative phase of the excitations is altered. The empirical data collected is initially
used to characterize the acoustic performance of the thermal and the mechanical transducers via semi-analytical models.

3. Thermodynamic model

In thermophone devices, the impact of pressure waves on the heat flux transduction process has been demonstrated to be
negligible [29], and therefore the sound creation and propagation can be considered independent of the heat generation. An
intuitive understanding of the phenomenon is garnered by studying the sound production mechanism as a quasi-static
process [14]. As the Navier-Stokes-Fourier model described in Refs. [2,3] inherently assumes an infinite source boundary, it
is unsuitable in practice. Therefore, this weighted point source approach fits better in the current framework.

Independent of the sound generation mechanisms involved, the thermal wave emanating from a surface can be modeled
as a closed thermodynamic system, whose volume ðVf Þ is a function of the sound wave propagation radius for a single period.
Assuming a homogeneous acoustic medium with a uniform flat boundary, the mean pressure wave radius ðr0Þ for a single
forcing period is described as [26]

r0 ¼ pcth
u

; (1)

ffiffiffiffiffiffiffiq

where the thermal velocity cth ¼ 2

=gcf ; cf is the speed of sound in the medium and u is the angular frequency. Hence, Vf is

the hemispherical volume covered by a single cycle pressure wave, spanning a radius of r0 from the source:

Vf ¼
4p4

3

0
@

ffiffiffiffiffiffiffi
2
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q
cf

u

1
A

3

: (2)
For a general quasi-static closed system, the first law of thermodynamics in Fourier space states that

DU ¼ DQ þ DW ; (3)

where DQ is the net quantity of heat supplied to the system, DU is the change in the mean internal energy of the system and
DW is the net work done on system [30].

The vibrations of a typical loudspeaker adiabatically generate sound pressure by only applying mechanical work onto the
small fluid volume Vf surrounding the transducer:

DW ¼ DU ¼ D
�
pVf

�
¼ VfDpv; (4)
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where Dpv is the pressure due to the vibroacoustic effect. In contrast, as the thermophone is a mechanically static sound
emitter [6], the genesis of a pressure wave is exclusively associated with the heat input ðDQ ¼ mCpDTÞ [30]. Assuming ideal
gas law,

DQ ¼ DU ¼ D
�
rVf CpT

�
¼ Vf CpD

�
rhf Thf

�
¼ Vf Cp

Rg
Dphf ; (5)

where Dphf is the pressure due to the heat flux, r is the density, T is the temperature and Cp is the specific heat capacity at
constant pressure. In order to have no change in internal energy, the sound created by the vibrating source must be negated
by an equal magnitude and opposite phase pressurewave of the thermophone. Accordingly, the cancellation between the two

sources will happen at a work to heat energy ratio of Rg

Cp ¼ g�1
g ; where Rg is the gas constant and g is the ratio of specific heats.

Although derived from a different set of physical equations, the observation is identical to that predicted in the low frequency
limit from the linearized Navier-Stokes-Fourier equations [2].

Then, irrespective of the energy source for sound creation, a generalized expression can be written as

DU ¼ Vf aiDpi; (6)

C
where ai is a constant parameter that corresponds to ahf ¼ p

Rg
¼ g

g�1 and av ¼ 1: Accordingly, the power input, Pin; of the

thermal source during one period ð2p=uÞ is

Pin ¼ 1
hðuÞVf

u

2p
aiDpi (7)
where h is the sound production efficiency, defined by the proportion of the Joule heating that contributes to the oscillating
component of the surface heat flux. Therefore, combining with Eq. (2), the pressure over one period is

Dpi ¼
3hðuÞPinu2

2p3ai
�
2
=g

�3 =

2
c3f ;

(8)
4. Sound propagation

Neglecting sound attenuation, a pressure wave propagates from the surface while obeying the following relationship [26]:

DpiðrÞ ¼ Dpiðr0Þ
r0
r
; (9)
where r is the pressure wave radius. Combining Eq. (1) and Eq. (8) into Eq. (9), a single source point expression can be ob-
tained as

DpiðrÞ ¼
3ughðuÞPin
4p2raic2f

: (10)
Taking into account phase and attenuation via the Kirchhoff-Helmholtz integral [26], the pressure from amonopole source
is characterized by:

DpiðrÞ ¼
3
p
$

u

4pr
$PinhðuÞ$

g

aic2f
$e

� u2 r
2rc3

f

�
4
3mdþmvþk

�
g�1
Cp

��
$
���ei
�

ur
cf

����; (11)

where, md and mv are the dynamic and volumetric fluid viscosities respectively, Cp is the heat capacity, k is the thermal
conductivity and g is the ratio of specific heats.

Illustrating the effect of attenuation at standard atmospheric conditions, Fig. 5 presents the sound pressure in air at a
distance of 1 m from a constant power source for different excitation frequencies. It is evident that the attenuation effect
cannot be neglected for excitation frequencies above 30 kHz.

Extending the formulation in Eq. (11) to planar sources, the emitting surface is modeled by a series of n monopoles with
sufficient density. To accurately capture the wave interferences, the distance d between the monopoles should be [31]



Fig. 5. Effect of frequency on sound attenuation in terms of SPL and sound pressure for air at standard atmospheric conditions.
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di �
2pcf
5u

: (12)
Assuming a square source geometry, the number of necessary points is

n � Si
d2i

� 25u2Si
4p2c2f

; (13)

where Si is the total area of the sound source. The magnitude, phase difference, and ensuing interference between the

pressure waves emanating from individual point sources is accounted for by performing a summation of their individual
contributions at the interrogation point

DpiðrÞ ¼
Xk¼n

k¼1

DpiðrkÞ; (14)

where the interrogation point rk is defined in 3D Cartesian space for the kth radiating point source as
rk ¼
�
ðx� xkÞ2 þ ðy� ykÞ2 þ ðz� zkÞ2

�1
2
: (15)
Combining together the energy balance and sound propagation models, the final expression for pressure wave propa-
gation from a square emitting surface divided into n point sources is

DpiðrÞ ¼
Xk¼n

k¼1

3
p

ughðuÞPin
4prkaic2f

e
�u2rk

2rc3
f

�
4
3mdþmvþk

�
g�1
Cp

��
,

�����ei
�

urk
cf
þf

������; (16)

where f is a pre-set phase lag term. In practice, it is conceivable that the thermo- and vibro-acoustic emission surfaces may
not be identical in size and shape, thus requiring a non-trivial phase difference for sound cancellation.

Accordingly, the ensuing pressure field resulting from the heat flux and vibro-acoustic excitations is the spatial super-
position of the two independent waves emanating from the two sources:

Dptotðr;fÞ ¼ Dphf ðrÞ þ Dpvðr;fÞ: (17)
5. Acoustic characterization of heat flux excitation source

In order to quantify the pressure field of the heat flux source, microphone measurements are conducted at a distance of
3:5 cm from the transducer. Powering only the thermophone at constant 25 W; the sound pressure level variation with
frequency is recorded, depicted in Fig. 6. The maximal sound pressure of � 70 dB is obtained at a frequency of � 7:5 kHz: No
sharp peaks are observed in the range of 0:1� 40 kHz; suggesting that the source exhibits no resonances in the experimental
range. However, there is evidence of frequency dependent weak interferences as a result of reflections within the soundproof
box.



Fig. 6. Thermophone sound pressure as a function of frequency at constant input power of 25Wat a 3.5 cm height from the aluminum base (in the far field up to
25 kHz).
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The efficacy of the thermal source is investigated by producing sound at different frequencies, while maintaining constant
SPL of� 50 dB; Fig. 7. The study is conducted by ramping the input power up from initial 5 W and determining the minimum
power required for maintaining constant 50 dB SPL at each frequency. Outside the range of 3� 15 kHz; a higher power is
required for the same SPL. Hence, the investigated frequency range is limited to values less than 25 kHz: Above the limit, the
input power required to maintain 50 dB rises beyond 60 W. As this corresponds to heat generation greater than 24 kW m�2;

excessive power input across the device may cause permanent damage. However, it is unclear whether this increased power
demand is also associated with deteriorating sound propagation or with the inefficiency of the transducer. This phenomenon
cannot be justified by thermal saturation alone [32], as it would display a decrease in power requirement trend whereas the
experiment shows otherwise. In order to resolve this ambiguity, the thermophone efficiency hðuÞ needs to be evaluated.

6. Thermophone efficiency hðuÞ

There is a plethora of available literature relating to the thermophone performance modeling of ultrathin structures with
low heat capacity per unit volume [9,11,13,14,22,23,33]. However, due to the selected material and geometry of the device
used in this paper, the available performance models are ill-suited. For example, if the transducer thickness tends to zero, it
has been shown that the heat flux amplitude is independent of frequency [33]. In contrast, for finite thickness bodies, this
assumption cannot be relied upon.

In this light, a simple classical Fourier heat conduction model of a 1D slab with generalized non-homogenous Robin
boundary conditions is used to capture the frequency dependent efficiency trends to a high degree of fidelity. Described in
Fig. 8, this thermal model can be solved analytically [34].
Fig. 7. Thermophone input power as a function of frequency at constant 50 dB SPL at a 3.5 cm height from the aluminum base (in the far field).



Fig. 8. Thermophone thermal model.
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The governing equation is

1
a

vT
vt

¼ v2T
vx2

þ 1
k
gðx; tÞ; (18)

with generalized non-homogeneous boundary conditions
±k
vTðx; tÞ

vx S x ¼ 0
x ¼ L

þ h1;2Tðx; tÞS x ¼ 0
x ¼ L

¼ f1;2ðtÞ: (19)
This partial differential equation can be readily solved by applying the separation of variables and integral transform
techniques in the spatial dimension. The general solution is found to be:

Tðx; tÞ ¼
X∞
m¼1

e�ab
2
mt$Kðbm ; xÞ$264FðbmÞ þ Zt

t0¼ 0 eab
2
mt

0
$Aðbm ; t0Þ$dt0 375; (20)

where,
Aðbm; tÞ ¼ a
k gðbm; tÞþ a
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bm are the roots of the transcendental equation

tanðbmLÞ ¼
�
h1
k bm þ h2

k bm

�
�
b2m � h2h1

k2

� : (22)

�5 2
In the scope of this work, the transducer thickness and area are L ¼ 2$10 m and Shf ¼ 0:05� 0:05 m respectively. From

the specifications sheet of Aremco Pyro-Duct 597, thermal conductivity is k ¼ 9:1 W m�1K�1: Moreover, the density and

specific heat capacity is estimated as r ¼ 1470 kg m�3 and Cp ¼ 708 J kg�1K�1 respectively. The initial transducer temper-

ature is uniformly ambient, FðxÞ ¼ 0: The heat is generated internally by the Joule effect, gðtÞ ¼
�
Pin sin2

�
ut
2

		�
Shf L; and



Fig. 9. Comparison of thermophone model with experimental results as a function of frequency in terms of efficiency hðuÞ (left) and reconstructed sound
pressure level (right) in the far field.
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distributed according to thermal product ratio ef
esþef

: In this configuration, 99.97% of the generated heat is estimated to

dissipate through the base side of the transducer. Thereby, the boundary condition of the aluminum plate side is h2 ¼ 0, and

f2ðtÞ ¼ 0:9997Pin=Shf : The heat is transferred on the air side by natural convection, where h1 ¼ 9W m�2K�1 and f1ðtÞ ¼ 0:
According to this thermal model, the thermal efficiency of the thermophone transducer is calculated from

hðuÞ ¼
8<
:
k$

�
vT
vx

��
max � vT

vx

�
x¼0�

Pinjmax
Shf

�
9=
;: (23)
Alternatively, the efficiency is given as follows in Fourier space:

hðuÞ ¼

8>>>><
>>>>:

k$dTdx

��� x ¼ 0
f ¼ u=2p�
Pin
Shf

�
9>>>>=
>>>>;
: (24)
This frequency dependent efficiency distribution is presented in Fig. 9a by the black line. In order to validate the analytical
model, experimental data is acquired for constant 25 Wpower in the 1:5� 20 kHz frequency range at a distance of 5:9 cm and
3:5 cm: The obtained sound pressure level is charted in Fig. 9b with green and blue scattered points respectively. Using these
measurements, heat flux efficiency hðuÞ is calculated by solving the acoustic model in Eq. (16). In this case, the equation is
solved iteratively, with a convergence criterion of O ð10�3 dBÞ:

The ensuing spread of experimentally estimated efficiencies are represented by the scatter points on Fig. 9a. Similarly,
using Eq. (16), the theoretical efficiency model can also be translated to a predicted sound pressure level at the experimental
conditions, black and grey lines in Fig. 9b. Overall, the thermal model shows good agreement with the experimental results,
suggesting that classical Fourier heat conduction processes alone can successfully capture the sound production behavior for
this particular thermophone device. Relating back to the thermophone power consumption measurements for a constant SPL
(Fig. 7), the increase in power demand at higher frequencies is therefore shown to stem from the overall reduction in device
efficiency.

7. Noise cancellation by a secondary heat-flux source

Having fully characterized the thermophone speaker, the investigation attempts at using the linear superposition to
achieve noise cancellation from a vibro-mechanical noise source. The baseline SPL response of the Solid Drive speaker is
characterized at 3:5 cm for constant input signal amplitude across a frequency range, Fig. 10. The pressure level varies by
several orders of magnitude around certain frequencies, namely 1:1 kHz; 2 kHz; 5:6 kHz; 10 kHz; 15:6 kHz and 21:2 kHz:
It is conceivable that this is associated with mechanical resonance behavior observed in most loudspeakers. In order to
confirm this hypothesis, an eigenmode analysis is conducted on the Aluminum plate using COMSOL Multiphysics, where the



Fig. 10. Solid Drive sound pressure as a function of frequency in the far field at constant input signal amplitude at a 3.5 cm height from the aluminum base.

Fig. 11. Base plate eigenmodes corresponding to resonance peaks of (a) 2000 Hz, (b) 5600 Hz, (c) 10000 Hz, (d) 15600 Hz, (e) 21200 Hz.
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slab is constrained at the bolt locations. The resulting eigenmodes of the simulation are depicted in Fig. 11, the frequencies of
which correlate closely with the experimental findings.

The constructive/destructive interference of the heat-flux and the mechanical sources is studied at an exemplary 8 kHz
frequency, away from the mechanical resonances. The vibro-acoustic source is excited to achieve 68 dB at a distance of
1:42 cm: In order to create an equal magnitude pressure wave by a heat flux source, the required thermophone input power
can be calculated using the acoustic propagation and sound generation efficiency models, Eq. (16) and Eq. (24) respectively.
For this particular case, the power input to the heat flux transducer is estimated to be 27:8 W: In order to confirm that the
resulting pressure amplitude is equal for both the thermophone and the Solid Drive, each transducer is excited in the absence
of the other sources. This is depicted by the overlaying blue and dashed red lines in Fig. 12. Then, according to Eq. (17), the
effect of combining these pressure sources can be predicted at different relative phase angles by individually modeled vibro-
and thermo-acoustic transducers, Eq. (16). The ensuing sound pressure level is predicted by the yellow curve in Fig. 12,
suggesting varying extent of interference for different phase angles and complete local noise cancellation at 225�, where the
measurements indicate 25 dB (within the background noise). For two 1-D transducers, the destructive interference would
have occurred at 180�. However, given that the two source areas are of different shape and size, the shift is expected. In
following, the predictions are confirmed experimentally by varying the relative phase of the signal input to the vibro-
Fig. 12. Combined sound pressure (left) and SPL (right) of thermophone and Solid Drive as a function of relative phase at a constant frequency of 8 kHz (in the far
field).



Fig. 13. Sound pressure (left) and SPL (right) along the central axis as a function of microphone distance at a constant frequency of 8 kHz and constant relative
phase (in the far field).
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acoustic source, while the thermophone transducer is kept unchanged, purple scatter points in Fig. 12. The findings clearly
demonstrate the potential of a secondary heat flux source to interfere with a co-axial, co-planar mechanical sound trans-
ducer. This is the first ever experimental demonstration of the theorized heat flux driven noise cancelation concept on a
source boundary.

Extending the results for other measurement positions is non-trivial due to different size and shapes of the excitation
sources. Therefore, it is experimentally investigated by varying the height of the microphone within 4� 10:5 cm; while the
frequency is kept constant at 8 kHz (Fig. 13). Initially, the baseline pressure level of each transducer is recorded in isolation at
a distance of 7 cm: The two excitation sources are then operated simultaneously, varying the relative phase difference.
Maximal noise cancellation is recorded in a relative phase of 152� from the base plate. The data can be compared to the
acoustic model, which takes into consideration the interference patterns stemming from different dimensions of the two
sources for a relative phase of 145� (purple curve) and 152� (green curve). It can be concluded that relative phase of 145�

could result in a more optimal noise cancellation effect, which could not be experimentally demonstrated due to the
microphone sensitivity limit.

The relative phase most conducive to noise cancelation is a function of the distance from the excitation sources. This is
experimentally validated by maintaining constant individual SPL while varying the phase at each distance. The individual
SPLs of the thermophone and the Solid Drive are matched at all heights by adjusting the thermophone power input (blue and
red lines in Fig. 14, respectively). At each height, a separate optimum phase for noise cancellation can then be determined
experimentally (red line in Fig. 15); and the ensuing locally minimized sound pressure level is charted by green line in Fig. 14.
However, using the model predictions towards establishing a theoretical optimum phase (blue line in Fig. 15), an even lower
SPL level can be achieved (yellow curve in Fig. 14).

The difference between the experimentally determined phase and theoretical optimal amounts to� 10 dBwhich is almost
undetectable by the microphone at these sound pressure levels ð� 20� 30 dBÞ: Moreover, the slight deviation is also
influenced by contributions from background noise and secondary interferences. Nevertheless, the experimental and theo-
retically determined optimal phase angles correlate within 10�; Fig. 15.
Fig. 14. Noise cancellation at optimal phase and matched power with varied height, at a frequency of 8 kHz in terms of sound pressure (left) and SPL (right) along
the central axis (in the far field).



Fig. 15. Variation of optimal noise cancellation phase as a function of microphone distance (in the far field).
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8. Summary and conclusions

The scope of this work is focused around noise cancellation concept, which is based upon introduction of a secondary heat
flux driven transducer on a vibro-acoustic source boundary. The idea is explored in an experimental setup which consists of a
periodically Joule heated substrate deposited over a mechanical speaker. In order to characterize the performance of the two
sources, sound propagation theory is coupled with first law of thermodynamics e individually relating heat (thermophone)
and work (loudspeaker) with energy. The resulting equations produce a unified acoustic model for a finite area emitter,
irrespective of energy source. In the case of thermo-acoustic sound production, the formulation is complemented by ther-
mophone efficiency model. Derived from Fourier heat conduction with internal unsteady generation, diffusive process of
energy storage is demonstrated to be the principal driver behind the frequency dependent thermal efficiency variation.

With this concise methodology for modeling the aggregate noise from the vibro- and thermo-acoustic co-planar sources,
the sound pressure level is predicted for a broad range of measurement locations. The theoretical findings are validated
experimentally, where 68 dB sound pressure generated by a conventional loudspeaker is diminished to 25 dB - well within
the background noise. Due to the different size and shapes of the two excitation sources, the noise cancellation occurred at a
relative phase angle of 225� for the reference 1:42 cm position. Moreover, the required phase for noise cancellation is
adequately predicted by the model (corroborated by experimental data) for all distances from the vibrating boundary.

Despite the advantages offered by thermophone devices, advances in production cost and efficiency must still be made in
order to improve their viability for use in common applications. However, if the necessity to be silent holds more value to the
user than the additional cost, this technology has tremendous potential. Such consumers would include military, as well as
civil applications, which show great interest in advanced noise cancellation methods. Moreover, heating properties can be
harnessed beneficially in various systems, such as in suppressing combustion instabilities, while increasing thermal efficiency
in a jet engine combustion stage. Demonstrating the feasibility of using heat driven transducers in order to eliminate un-
desirable acoustic fields directly at the source, the findings highlight the potential of thermophone devices in future active
noise cancellation applications.
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