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ABSTRACT 

This work analyses the accuracy of numerical Time-Reversal (TR) simulations implemented using two different 
Time-Reversal Mirror (TRM) configurations for localising and characterising a stationary acoustic dipole source in a 
mean flow. The forward time evolution of the acoustic fields is simulated by means of the numerical solution of the 
inhomogeneous 2-D Linearised Euler Equations (LEE) with uniform subsonic mean flow. Only the acoustic pressure 
is recorded with two line arrays (LAs) of boundary nodes in a TRM corresponding to the top and bottom boundaries. 
The time-reversed acoustic pressure history is used as input data for simulating two numerical TR experiments; (a) 
one line array (LA) in a TRM corresponding to the top boundary and (b) two LAs in a  TRM corresponding to the top 
and bottom boundaries. The Root-Mean-Square (RMS) of the time-reversed acoustic pressure field obtained by the 
first experiment indicates only one spatial maxima region (focal spot), therefore incorrectly suggests that the source is 
a monopole, whereas the second experiment correctly reveals the source to be a dipole. The local acoustic pressure 
history at two source locations is shown to be coherent with relative phase exactly equal to  radian, thereby con-
firming the dipole source nature. This demonstrates that two LAs in a TRM located on either sides of the mean flow 
are required to take into consideration, the complete phase information and thereby accurately characterise a dipole. 

INTRODUCTION  

Time-Reversal (TR) simulations implemented using a limited 
angular aperture line array (LA) in a Time-Reversal Mirror 
(TRM) has a limited reversal and focusing quality for localis-
ing a source region (Fink and Prada, 2001) because only a 
small fraction of the acoustic pressure radiated (and not com-
plete field information) may be recorded. However, a micro-
phone LA configuration in a TRM completely enclosing the 
source intercepts the acoustic wave propagating in all the 
directions (Fink and Prada, 2001, Fink et al. 2000), thereby 
revealing the most accurate prediction of source location and 
the source characteristics such as shape and strength of a 
pulse from numerical TR simulations (Deneuve et al. 2010, 
Fink et al. 2000). However, the implementation of such a LA 
configuration in an aeroacoustics experiment is difficult ex-
perimentally due to the number of microphones required 
and/or because the microphone locations may be restricted to 
regions outside the flow field.  

Padois et al. (2012) use acoustic pressure time-history meas-
ured over one LA of microphones in a TRM (located outside 
the shear flow) to localise time-harmonic aeroacoustic 
sources such as a monopole source (modelled by a speaker) 
and dipole source (modelled by two speakers out-of phase 
with each other) in wind tunnel flows using TR simulations 
based on numerical solution of the 2-D Linearised Euler 
Equations (LEE) using central Dispersion-Relation-
Preserving Finite-Difference (FD) schemes (Tam and Webb, 
1993). In the case of Padois et al. (2012), the dipole axis was 
parallel to the flow direction. The predicted location of 
source(s) was given by maxima point of the focal spot(s) in 
the spatial distribution of time-reversed square-pressure field. 
The geometrical centre of the two sources predicted by the 
time-reversed square-pressure field was taken as the pre-
dicted location of the dipole source and this was found to be 
in satisfactory agreement with the known source position. 
Furthermore, the dipole source nature was established by 
showing a   radian phase jump in the phase distribution of 

the acoustic pressure time-history across the line passing 
through the geometrical centre of the predicted dipole source 
location. It is however, noted that the practically relevant 
cases of a dipole source with axis perpendicular to the flow 
(modelled by a uniform cylinder in mean flow with axis per-
pendicular to flow direction, (Blake, 1986)) or a lateral quad-
rupole source (such as free turbulence) were not considered. 

The main limitation in the work of Padois et al. (2012) is the 
use of one LA in a TRM (located at the top boundary of the 
wind tunnel) which cannot record sufficient acoustic pressure 
time-history data to properly characterise a dipole source 
with its axis perpendicular to the flow. The out-of phase ra-
diation pattern about the mean flow direction signifies that 
one LA in a TRM can capture only half the phase informa-
tion, and therefore, would incorrectly predict a monopole 
source. Indeed, one LA in a TRM would also be unable to 
characterise higher-order sources such as a lateral and longi-
tudinal quadrupole source. Another drawback in the numeri-
cal simulations of Padois et al. (2012) is the computation of 
Fourier Transform to obtain the phase information of the 
local acoustic pressure over the entire computational domain 
which can be computationally expensive for large domains.    

Deneuve et al. (2010) examined the completeness of bound-
ary data (i.e., the use of multiple line arrays (LAs) in a TRM) 
on the accuracy of source localisation in a 2-D rectangular 
domain by means of numerical TR simulations based on the 
Pseudo-Characteristic Formulation (PCF) (Sesterhenn, 2001) 
and overall upwind biased Finite-Difference (FD) schemes 
(Li and Sagaut, 2007). However, this analysis was confined 
to the case of an idealised Gaussian pulse. Their TR simula-
tions also make use of the time-reversed velocity histories (in 
addition to time-reversed pressure history) which can be eas-
ily stored during numerical forward simulations but are typi-
cally difficult to measure experimentally. Nonetheless, it was 
noted that the location of the initial emission point of the 
pulse was satisfactorily predicted regardless of the number of 
LAs used; thereby suggesting that a reasonable estimate of 
the location of aeroacoustic sources may be obtained using a 
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single LA in a TRM. However, the shape and strength of the 
pulse obtained using one LA in a TRM are significantly dif-
ferent from the pulse at the initial time-instant during forward 
simulations which hints at use of multiple LAs for character-
ising aeroacoustic sources. Recently, Harker and Anderson 
(2013) obtained an optimised TRM layout in terms of the 
angular spacing and aperture of a LA of microphones located 
on a circular arc for localising a time-harmonic simple 
(monopole) source in a stationary medium.   

This paper investigates what effect using more than one LA 
in a TRM has on the accuracy of the localisation and charac-
terisation of higher-order aeroacoustic sources, such as a 
harmonic dipole source with its axis perpendicular to the 
flow. The objectives of this work are then to conduct numeri-
cal experiments to (1) first establish the improvement in ac-
curacy of the predicted source location using two LAs, (2) 
demonstrate that the use of two LAs is sufficient for confirm-
ing the monopole or dipole source characteristics and (3) 
suggest a simple method to find the relative phase between 
the acoustic pressure time-history at the predicted focal point 
locations to confirm the dipole source nature. The computa-
tional advantage of this method to obtain the relative phase is 
that it avoids the unnecessary computation of Fourier Trans-
form over the entire domain; rather the dipole source nature 
may be confirmed by simply computing the time-lag of the 
coherent acoustic pressure time-history at the two focal 
points. The practical importance of the simulation results is 
seen in obtaining guidelines (in terms of the objective (2)) for 
designing an experiment involving acoustic pressure meas-
urements over microphone LAs in a TRM located at the 
boundaries of an anechoic wind tunnel.  

IMPLEMENTATION OF NUMERICAL 
SIMULATIONS: METHODOLOGY  

Forward Simulations 

An algorithm for the numerical implementation of forward 
and TR simulation of the inhomogeneous 2-D LEE assuming 
homoentropic flow conditions on a rectangular computational 
domain given by xxyy LxLLyL    ,    is briefly 

described. To this end, the inhomogeneous 2-D LEE are re-
cast in the PCF (Sesterhenn, 2001) as:  
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In Eqs. (1-3), 0ρ is the ambient density,    tyxutyxp ,,~  ,,,~  

and  tyxv ,,~  are the acoustic pressure, acoustic particle 

velocities along the x and y directions, respectively, 0c  is the 

uniform sound speed (under isentropic conditions), 0M  is 

the subsonic uniform mean flow Mach number along the 

positive x direction, t represents the forward time. 
linearX de-

note fluxes propagating along the positive and negative x 

directions, respectively, whilst 
linearY denote fluxes propagat-

ing along the positive and negative y directions, respectively. 
The vector  S  modelling aeroacoustic sources such as ideal-
ised monopole and dipole sources is adopted from Bailly and 
Juve (2000). A monopole source is modelled by     

          ,001 sin δ δ 00
2
0

T
mm tyyxxQρc  S       (4)  

where Q0  and (xm, ym) represents the strength and location of 
the source, respectively, whilst f  2 is the angular 

frequency (in 1sradian  ) and f  is the frequency in Hertz. An 
idealised dipole source (located on the y axis) with axis per-
pendicular to mean flow is modelled by  

                   ,cos00 sin  0
T

dd yρt  S             (5) 

where dyy  and d  denotes amplitude of the fluctutaing 

force. Moreover, d  is chosen such that the geometrical 

centre of the dipole source is at origin. The computational 
domain is discretized into equally spaced xN  and yN  nodes 

along the x and y directions, respectively, so that the total 
number of nodes is given by .xy NN   The mesh sizes along 

x and y directions are given by  12Δ  xx NLx  and 

 , 12Δ  yy NLy respectively. The spatial derivatives in 

fluxes propagating along the positive  
linearlinear  ,YX  and 

negative  
linearlinear  ,YX  directions are computed using over-

all upwind biased FD schemes implemented as matrix-
column multiplication shown as                         
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respectively, where    T
N

 
321  ,, , ,   represents 

either the acoustic pressure or the acoustic paticle velocities. 
 1R and  2R are the overall upwind biased FD scheme 

matrices formulated using (a) 4th order, 7-point optimised 
upwind biased FD scheme of Zhuang and Chen (2002) at 
interior nodes, (b) the 5th and 3rd order standard upwind bi-
ased FD schemes (Li, 1997) near the boundary nodes, (c) the 
7-point optimised one-sided FD scheme (Zhaung and Chen, 
2002) at the penultimate nodes and (d) the 7-point optimised 
backward FD scheme of Tam (1995) at the boundary nodes. 
It is noted that    represents either the acoustic pressure or 

particle velocities, N stands for xN  or yN  and nΔ  repre-

sents xΔ  or .Δy  Since the mean flow is assumed to be along 

the positive x direction, the spatial derivative xv ~  in Eq. 

(1c) is computed using Eq. (6). The 3rd order TVD Runge-
Kutta scheme (Shu and Osher, 1988) is used for time-
integration during forward and TR simulations. The time-step 

tΔ  in forward simulations is computed in accordance with                          

                       
 
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Δ

Δ1 00 
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n

tcM
CFL                               (8) 

In this work, however, a much smaller CFL number given by 
0.05 is considered to ensure accuracy. The first-order Clay-
ton-Engquist-Majda (CEM) anechoic boundary conditions 
(BC’s) are implemented (Engquist and Majda, 1977, Clayton 
and Engquist, 1977) which is equivalent to set the incoming 
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flux to zero at boundaries xLx   and yLy   in the PCF of 

the 2-D LEE (Lu and Sagaut, 2007). In addition, the corner 
anechoic BC’s proposed by Engquist and Majda (1979) was 
implemented at the four corner nodes of the rectangular com-
putational domain. Furthermore, for the case of non-zero 
mean flow along the positive x direction, the spatial deriva-
tive xv ~  was set to zero at all the nodes on the xLx   

boundary to suppress the incoming flux and thereby prevent 
instability. The forward time simulation is implemented for a 
large time-interval  tNTt Δ ,0 maxmax   during which the 

zero-initial conditions were replaced with several periods of 
time-harmonic response over the entire domain.   

TR Simulations  

The acoustic pressure was stored at nodes of all four bounda-
ries of computational domain, i.e. at yx LyLx   , (the 

left and right boundaries, respectively) and at 

xy LxLy    , (the top and bottom boundaries, respec-

tively) during every time-step of the forward simulations. 
The stored acoustic pressure time-history were used as 
Dirichlet BC’s at the boundary nodes during every discrete 
time-step of the numerical TR simulations which back-
propagate the acoustic waves into the computational domain 
(Padois et al., 2012). The 2-D LEE for implementing the 
numerical TR simulation was obtained by setting   0S  in 
Eqs. (1a-c), reversing the mean flow direction, i.e., 

00 MM   and transforming the forward time t and state 

variables (Denuve et al., 2010, Padois et al., 2012) shown as   

       ,~
max tTt       , ~,,~,,~ tyxptyxp       

              . ~,,~,,~  , ~,,~,,~ tyxvtyxvtyxutyxu       (9a-d)               

Here, t~ represents the reversed time. The numerical TR 
simulations are implemented by enforcing the time-reversed 
acoustic pressure data at nodes (after every step of time-
integration) on either  (1) one LA in a TRM located at the top 
 yLy   boundary or on (2) two LAs in a TRM located at 

the top and bottom  yLy   boundaries. The acoustic parti-

cle velocity measurements are difficult experimentally (Pa-
dois et al., 2012). It is for this reason that during the numeri-
cal forward simulations (which substitutes experiment); the 
velocity time-histories were not recorded, thence not speci-
fied at the LA(s) during TR simulations.  Rather, the acoustic 
particle velocity fields are allowed to evolve and the accuracy 
of TR simulations is investigated using only the time-
reversed acoustic pressure history input at the LA(s), see 
Mimani et al., 2013(a). In addition, the first-order CEM an-
echoic BC’s were implemented at nodes on all the four 
boundaries and the corner BC’s were also implemented at 
four corners of the rectangular domain to eliminate the reflec-
tions due to fluxes impinging at the computational bounda-
ries. During the TR simulations, ,00 MM   therefore, 

xv ~  in the time-reversed momentum equation along the y 

direction was computed using Eq. (7) and to prevent instabil-
ity, xv ~  was set to zero at all the nodes on the xLx   

boundary. 

SIMULATION RESULTS AND DISCUSSION 

The numerical simulations are carried out on the domain of 
half-length m 5.0 yx LL  with 101 yx NN  implying 

m. 01.0ΔΔ  yx  The sound speed c0 and ambient density 

0ρ  are taken as 1sm 14.343   and ,mkg .211 3  respec-

tively. The time-harmonic aeroacoustic sources have fre-
quency  Hz3000f  and wavelength . m 1144.0   0  fc  

The 3rd order standard upwind biased FD scheme (Li, 1997) 
which has the least Dispersion-Relation-Preserving (DRP) 
characteristics  62.0about  amongst all the FD schemes 
used and decides the maximum frequency that can be accu-
rately propagated (without significant dispersion). Therefore, 
for the mesh size and c0 considered, the maximum frequency 
resolution band (Tam and Webb, 1993) is determined by  
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This warrants an accurate numerical forward and TR simula-
tions. Furthermore, 3.00 M  and 7000max N  are consid-

ered for forward simulations, hence, s 101.1209Δ 6t  and 

. s 108461.7 3
max

T  

Forward Simulations 

Figures 1a and b depict instantaneous time-snapshots of the 
 tyxp  ,,~  field due to an idealised (a) monopole source (of 

strength 123
0 sm 10  1  Q ) simulated by a point source at 

0 yx  and (b) dipole source with axis perpendicular to 
flow or along the y direction simulated by a fluctuating force 

term8 of amplitude ,mN  1 3d  located on the y axis 

with m, 02.0dy  and   25d  (so that   0 cos dd y ), 

respectively, (Bailly and Juve, 2000) at maxTt   in uniform 

mean flow 3.00 M  along the positive x direction. The 

geometrical centre of excitation domain is taken as the 
known location of these idealised monopole and dipole 
sources   , , ss yx  therefore, 0 ss yx and is indicated by a 

circle O in Figs. 1a and b, and also in the subsequent figures. 
(The colourbar shows the acoustic pressure in Pa.) The con-
vective mean flow effect in Figs. 1a and b is observed by 
noting that the apparent wavelength of acoustic waves propa-
gating towards the positive and negative x directions is 

  ,1 0  Mc   respectively, (Bailly and Juve, 2000) as a 

result, acoustic pressure contours of the monopole source are 
elliptical, rather than circular. Moreover, the acoustic pres-
sure contours of the dipole source are also not symmetric 
about the y axis. Nonetheless, the contours in acoustic pres-
sure field of the dipole source have exactly opposite phases 
about the x axis; hence, the nodal line in Fig. 1b is oriented 
along the x axis. The directivity in acoustic pressure field of 
the dipole source is attributed to two simple sources of equal 
magnitude but exactly opposite phase located at 

   m 02.0  ,0,
11
ss yx  and    m 02.0 ,0,

22
ss yx  as may 

be observed from Fig. 1b. Given the location of sources at 
origin and diminished speed  00 1 Mc   of waves propagat-

ing along the negative x direction, the time-harmonic re-
sponse is developed when the wave fronts intercept the 

m 5.0x  boundary at the very first instance, which evalu-
ates to .Δ 1858 tt   Hence, the time corresponding to devel-
opment of a time-harmonic response is taken as 

tTt Δ 2000steady   for implementing the TR simulations. 
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Figure 1 Forward simulation of the acoustic pressure field at 
tt Δ7000  due to an idealised (a) Monopole source and (b) 

Dipole source (axis oriented along the y direction) located at 
origin in uniform subsonic mean flow M0 = 0.3 along the 
positive x direction. 

TR Simulations using one LA and two LAs in a TRM  

Figures 2a and b shows time-snapshots of acoustic pressure 
field at  Δ 1200~ tt  and ,Δ 3645~ tt   respectively, illustrat-
ing the back-propagation of acoustic waves into the computa-
tional domain from one LA located at m 5.0y boundary 
during TR simulations of a dipole source.  

 

 

Figure 2 Time-snapshots of  tyxp ~,,~  field obtained during 
TR simulations for localising a dipole source using a TRM 
comprising of one LA located at m 5.0y boundary for (a) 

tt Δ 1200~   and (b) . Δ 3645~ tt    

 

 

Figure 3 Time-snapshots of  tyxp ~,,~  field obtained during 
TR simulations for localising a dipole source using a TRM 
comprising of two LAs located at m 5.0 y boundaries for 

(a) tt Δ 1200~   and (b) . Δ 3645~ tt      
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The corresponding acoustic pressure field obtained using two 
LAs located at m 5.0 y  boundaries are shown in Figs. 3a 
and b, respectively. It is observed in Fig. 2a that the acoustic 
waves emanating from the LA at top boundary are about to 
pass through the known dipole source region (i.e., at the ori-
gin). The width of the wave front has decreased whilst their 
amplitudes increased significantly near the source region 
(Padois et al., 2012). In Fig. 2b, the acoustic waves have 
passed through and diverged from the source region (due to 
absence of a sink, Bavu et al., 2007) with their width in-
creased and amplitudes decreased substantially. These wave 
fronts gradually leave the computational boundaries without 
suffering reflections due to enforcement of anechoic BC’s. 
On the other hand, Fig. 3a shows the acoustic waves emanat-
ing from two LAs at m 5.0 y boundaries are about to 
simultaneously arrive at the dipole source region wherein 
similar changes in width and amplitude of the two antagonis-
tic wave fronts are observed. Fig. 3b illustrates the construc-
tive interference between these two wave fronts to form two 
instantaneous local maxima regions of equal amplitude and 
apparently out of phase. The waves diverge from the source 
region, but two local maxima regions continues to be formed 
at the source regions, thereafter. It may however, be noted 
that the flux propagating out of the domain towards the LA 
(say, at the bottom boundary) interferes with the flux that 
emanates from this LA and propagates into the domain lead-
ing to formation of spurious local maxima regions near the 
computational boundary. This interference pattern may be 
observed in Fig. 3b at regions near the m 5.0 y bounda-
ries. Hence, some further work has been carried out (Mimani 
et al., 2013(b)) to eliminate this undesirable interference and 
spurious maxima regions which may affect the final result of 
TR simulation which is quantified by the following metric.  

         
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           (11)                                                                  

where,       yjLyxiLxpjip yx Δ1  ,Δ1~,~
RMS   

is the spatial distribution of Root-Mean-Square (RMS) of 

acoustic pressure field over the interval  steadymax ,0~ TTt   

and as shown by Padois et al. (2012), the location of time-
harmonic aeroacoustic sources can be estimated by determin-
ing the region(s) of maximum in the RMS

~p  field. These re-

gions of maximum RMS magnitude are called the focal spots. 
This method is based on the application of Sommerfeld radia-
tion condition for 2-D free space, which states that the acous-
tic field consists of only the waves that propagate away from 

source towards infinity and their amplitudes decay as , 1 r  

whilst the acoustic intensity falls as ,1r  (Blake, 1986) 
where r is the distance from source.  

Figures 4a and b depict the RMS
~p  field computed using the 

time-reversed acoustic pressure history of the idealised 
monopole source (simulated in Fig. 1a) from (a) one LA 
located at m 5.0y  boundary and (b) two LAs located 

at m 5.0 y  boundaries, respectively, wherein the known 
and predicted source locations are indicated by a circle O and 
a cross X, respectively.  (The same sign conventions are fol-
lowed for representing the known and predicted locations of 
the dipole sources in Figs. 5a and b, respectively.) 

 

 

Figure 4 The  jip ,~
RMS  field due to an idealised monopole 

source (3000 Hz) obtained by numerical TR simulations us-
ing (a) one LA located at y = 0.5 m boundary and (b) two 
LAs located at m 5.0 y boundaries. 

The RMS
~p  field obtained using one LA shows an elongated 

focal spot located on the y axis between 
m 09.0m 01.0  y which is m. 0.1 87.0   As discussed 

in Rosny and Fink (2002), for a point monopole source, the 
focal spot size should be about m 0.06 5.0  using a LA 
configuration fully surrounding the source. The reason for 
focal spot size obtained in Fig. 4a being larger than 0.06 m is 
that only one LA is used. The monopole source location is 
nevertheless, estimated from the maxima of this focal spot 
(Padois et al., 2012) which is found at m, 04.0,0  mm yx  

whereas the actual location of the source is at the origin. This 
discrepancy between the predicted and known source loca-
tions (clearly observed in Fig. 4a) is therefore, about . 35.0   
The RMS

~p  field obtained using two LAs located 

at m 5.0 y  exhibits a central focal spot flanked by focal 
spots on the top and bottom of significantly lesser magni-
tudes as shown in Fig. 4b. This central focal spot is located at 
the x axis from m, 03.0m 03.0  y  therefore the decrease 
in its width (in comparison with the single LA) clearly indi-
cates an improved resolution due to the use of two LAs. The 
monopole source location is predicted from the maximum of 
focal spot which is at ,0 mm yx  indicating that predicted 
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and known source locations are co-incident. The TR simula-
tions were also implemented using two LAs located at 

m 5.0 x  boundaries, wherein the RMS
~p  field was found 

to be similar to that shown in Fig. 4b, except that flanking 
focal spots were located along the x axis. It may therefore, be 
concluded that prediction of monopole source location im-
proves significantly with use of 2 LAs in a TRM. Indeed, the 
use of two LAs is necessary to confirm the monopole source 
nature. Also, the use of two LAs is able to recreate a larger 
fraction of the acoustic power (as back-propagating waves) to 
be refocused in the domain. Hence, predicted acoustic pres-
sure amplitude of the monopole source (and also the focal 
energy spot) is greater in Fig. 4b in comparison to Fig. 4a.  

Figures 5a and b depict the RMS
~p  field of idealised dipole 

source with axis along the y direction (simulated in Fig. 1b) 
obtained using (a) one LA located at m 5.0y  boundary 

and (b) two LAs located at m 5.0 y boundaries, respec-

tively. The RMS
~p  field obtained in Fig. 5a exhibits an elon-

gated focal spot (identical to that obtained in Fig. 4a), there-
fore, incorrectly suggesting the presence of a monopole in the 
domain. The one LA located along the direction perpendicu-
lar to the axis of dipole source records only half the phase 
information. Therefore, owing to the small aperture size, the 
maximum resolution of one LA is limited, indeed, inadequate 
to properly resolve the dipole source characteristics. Never-
theless, the source location is found at 

m 04.0   , 0 
11
 ss yx indicating a discrepancy of 35.0  in 

the known location. The use of two LAs in Fig. 5b, however, 
indicates the presence of two focal spots (in proximity) of 
equal magnitude and offset on the y axis by a small distance 
at m, 03.0  0, 

11
 ss yx  and m. 03.0 ,0 

22
 ss yx Therefore, 

the use of two LAs in a TRM accurately predicts the presence 
of a dipole source. The geometrical centre of the two focal 
spots (termed as the focal points) at the origin is taken as the 
predicted dipole source location (Padois et al., 2012). Hence, 
the predicted and known source locations are co-incident. It 
is noted that the aperture size doubles with use of two LAs, in 
fact, two LAs facing each other can record the minimum 
phase information to characterise a dipole source with axis 
perpendicular to the microphone LA comprising the TRM. 
Indeed, this increased resolution is crucial for resolving the 
difference between a monopole and a dipole source.  

In order to confirm the dipole source nature, it must also be 
established that the two focal points (separated by a distance 

d ) in Fig. 5b are exactly out of phase with each other 
(Padois et al., 2012). In other words, the relative phase   

between  tyxp ss
~,,~

11
 and  tyxp ss

~,,~
22

 at the two focal 

points s1 and s2 (during time-harmonic response) should be 
exactly . radian    To this end, two signals 

                       sin  ,  sin 2211   tAttAt     (12, 13) 

are considered, where A1 and A2 are the amplitudes and rela-

tive phase   is related to the time-lag lagΔt  between the two 

coherent signals as 

                              ,  Δ 21lag ttt                     (14) 

where     , 12211  tt  thereby signifying the same phase 

corresponding to nearest crests of the two signals. For the 
special case of ,      ,  12 tκt   ( 12 AAκ  being the 

scaling factor), therefore, the second signal may be simply 
obtained by reversing the sign and scaling the first signal. 
Figure 6 shows the variation of acoustic pressure histories 
 tyxp ss

~,m 03.0,0~
11
  and  tyxp ss

~,m 03.0,0~
22

  

at the two focal points s1 and s2 over the reverse time-interval 

 steadymax,0~ TTt  obtained using TR simulation using 

two LAs for the dipole source.  

 

 

Figure 5 The  jip ,~
RMS  field due to an idealised dipole 

source (3000 Hz) with axis oriented along the y direction 
obtained by numerical TR simulations involving (a) one LA 
located at y = 0.5 m and (b) two LAs located at . m 5.0 y  

It is observed that tt Δ149Δ lag   or . radian   Indeed, the 

acoustic pressure histories,  tyxp ss
~,m 03.0,0~

11
  and 

 tyxp ss
~,m 03.0,0~

22
  are co-incident throughout the 

duration of TR simulations, thereby indicating that the two 
focal points are coherent and have exactly opposite phase, 
thereby constituting a dipole source. Moreover, the time-
snapshots of the TR simulations shown in Fig. 3b also dem-
onstrate that acoustic pressure at regions near the two focal 

points at  
11

, ss yx  and  
22

, ss yx  are in opposite phase. 

Therefore, the dipole source nature may also be confirmed on 
basis of these observations.  
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Figure 6 Comparsion of local  tyxp ~,,~  time-history at the 
two predicted focal points s1 and s2 consituting the dipole 
source obtained by numerical TR simulations using two LAs 
located at m 5.0 y boundaries. 

Equation (14) is used to compute the relative phase distribu-
tion  yx,  (shown in Fig. 7) over the region 

m 05.0  m, 05.0  yx enclosing the two predicted focal 

points s1 and s2 computed with respect to 
 , ~,m 03.0,0~

11
tyxp ss   i.e., the acoustic pressure time-

history at the focal point s1. (Hence, the relative phase 
0 at the focal point s1.)   

 

Figure 7 The phase distribution  yx,  (in radian) of local 

 tyxp ~,,~  over the region m 05.0  m, 05.0  yx enclosing 

the two predicted focal points s1 and s2 (shown by a cross X) 
with respect to  tyxp ~ ,m 03.0,0~   at focal point s1. 

The objective is to analyse the variation in   in vicinity of 
the focal points s1 and s2. The colour bar on right shows the 
 yx,  in radian. The most prominent feature of Fig. 7 is the 

near  phase jump in  about the x axis (Padois et al., 2012), 
signifying that two halves about x axis are basically out of 
phase. In particular, radian   at the focal point region s2, 
whilst the deviation from   phase gradually increases with 
an increase in distance from the focal point s2 on either sides 
of the lower half region . 05.0  ,0  xy  The  yx,  over 

the upper half region  05.0  ,0  xy gradually deviates 

from  0  (i.e., in phase oscillations) at the focal point s1 
with an increase in distance on either sides of this focal point. 

CONCLUSIONS 

The localisation and characterisation of idealised harmonic 
monopole and dipole aeroacoustic sources by means of nu-
merical TR simulations using one LA and two LAs in a TRM 
has been examined. The use of one LA yields typically an 
error in predicted source location which is approximately of 
the order of .   Furthermore, one LA cannot reveal the 
source characteristics. These limitations are attributed to the 
interception of acoustic waves on only one-quarter of the 
computational boundary, i.e. due to small aperture size of one 
LA. Regardless of the source characteristics, the use of two 
LAs in a TRM significantly reduces the error in predicted 
source location due to increased resolution characteristics. In 
fact, use of two LAs in a TRM is essential to obtain the mini-
mum information (in terms of acoustic pressure time-history) 
to determine the nature of acoustic source. It has been shown 
that two LAs are sufficient to localise the two sources (in 
proximity) constituting a dipole source. Indeed, using two 
LAs, a monopole source nature is revealed if the RMS

~p  field 

resembles Fig. 4b, whilst the RMS
~p  field resembling Fig. 5b, 

suggests that the source is most likely a dipole source. The 
dipole source nature is confirmed by determining the relative 
phase  between the two focal points (in proximity) indi-

cated in the RMS
~p  field. To this end, a simple method is 

used which is based on estimating the time-lag lagΔt  be-

tween two sinusoidal signals (of same frequency) when these 
signals are at same phase. Using this method, the coherent 
acoustic pressure time-histories at the two focal points in 
Figs. 5b are shown to have  phase difference, hence are 
exactly out of phase, thereby confirming the dipole source 
nature. Therefore, computation of Fast Fourier Transform 
(FFT) to obtain the phase distribution of acoustic pressure 
field over the entire domain (for estimating the relative phase 
between the two focal points) is avoided, resulting in a sub-
stantial reduction of computational effort. Nevertheless, in 
order to analyse the variation of relative phase in the vicinity 
of two predicted focal points, the phase distribution  yx,  
has been computed over a small rectangular region enclosing 
the two predicted focal points. A near   phase jump ob-
served about the geometrical location of dipole source indi-
cates that two halves are basically out-of-phase.   

The physical significance of the results of numerical simula-
tions is to gain a-priori knowledge of the minimum number 
of microphone LAs in a TRM that would be required for 
localising and resolving a dipole source experimentally. For 
instance, the acoustic field generated by uniform cylinder 
located in a mean flow (with the cylinder axis being perpen-
dicular to flow direction) in an aeroacoustic wind tunnel re-
sembles that of a dipole source (Blake, 1986) with axis per-
pendicular to the flow direction (see Fig. 1b). Therefore, as 
shown here, acoustic pressure recorded over two LAs in a 
TRM at top and bottom boundaries is essential and indeed 
sufficient to accurately localise the sound source, (i.e., the 
cylinder) and also resolve the dipole source nature using 
numerical TR simulations. Indeed, the reason for using two 
LAs located along (and not perpendicular) to the mean flow 
direction is that the LA(s) should not be located within the 
flow region; hence, for flow in an anechoic wind tunnel, the 
two LAs may be positioned at the top and bottom boundaries.  
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The interference between the flux propagating out of the 
computational domain towards a LA and that propagating in 
the domain emanating from the same LA may result in for-
mation of spurious local maxima at regions near the LA. 
Although, the numerical TR simulations involving two LAs 
in a TRM yield an accurate source location (and can also 
characterise a monopole and a dipole source), this interfer-
ence of opposing fluxes near the LA(s) is likely to induce 
errors when multiple sources (of different characteristics) are 
present in the domain. Therefore, a numerical sponge layer 
technique has been developed in a further work (Mimani et 
al., 2013(b)) that damps the flux propagating towards a LA 
(at the first few nodes adjacent to the LA) whilst leaving the 
flux propagating away from the LA into the computational 
domain unaffected. This technique termed as the Time-
Reversal Sponge Layer (TRSL) minimizes the interfence, 
thereby enhancing the RMS

~p  field used to estimate the loca-

tion and nature of sources.     
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