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Objective!
!
!
!
!

!
!
When! sound! waves! propagate! in! turbulent! pipe! flow,! turbulent!
stress! can! result! in! extra! acoustic! attenuation,! and! becomes! more!
dominant! at! sufficient! low! frequencies.! ! If! we! decompose! the! flow!
field!into!mean,!turbulent!and!acoustic!quantities,!we!can!define!the!
turbulent!stress!acting!on!sound!waves!as!the!difference!between!the!
phase! and! time! averages! of! Reynolds! stress! of! the! background!
turbulence,!i.e.,!!

 
 
Our! aim! is! to! derive! an! analytical! model! for! this! perturbation!
Reynolds! stress! so! to! calculate! the! attenuation! of! sound! due! to!
turbulent!absorption. 
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The tensor �r̃ij acts as Reynolds stress. This term is unknown, closures are therefore required to solve the equations.

It will be shown in section 2.3 that the time averaged Reynolds stress �u0
iu

0
j is not affected by acoustic waves,

indicating that this quantity can be interpreted as the background Reynolds stress without sound, hence Eq. (2.8)
could be solved by existing RANS-based turbulence models; the phase averaged term �
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is produced and advected by both the mean flow and the acoustic waves. Thus one can regard �r̃ij as deviation
from the background Reynolds stress caused by acoustic oscillations, and its frequency components must be the
same as the acoustic waves if this interaction procedure is simplified and described by a linear system. Some
possible closures for r̃ij, as well as other different attempts for modelling the interaction phenomenon, are given in
section 2.2.

Applying the preceding assumptions to the heat equation (pp.127-128 in Kundu and Cohen [14]), we can derive the
wave equation for T̃,
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is wave induced deviation from the background turbulent heat flux, which raises another closure problem. In most
RANS models, however, the turbulent heat flux is related to the Reynolds stress by, for example, the gradient-
diffusion hypotheses (Pope [8], pp. 92-95) or the generalised gradient diffusion model (Daly and Harlow [15]). We
herein focus on the modelling of the stress terms and assume the wave induced turbulent heat flux q̃j can be treated
in the same way as in the above mentioned RANS models.

2.2 Previous models for the sound-turbulent interaction in wall bounded flow

2.2.1 Quasi-laminar model

2.2.2 Quasi-static model

2.2.3 Rigid plate model

2.2.4 Howe’s model

Hussain and Reynolds [16]

Davis [17]

Ingard and Singhal [3]

Howe [5]

Howe [9]

Shemer et al. [18]

Mao and Hanratty [6]

Mankbadi and Liu [19]

Peters et al. [2]

Scotti and Piomelli [20] compare with our result

Comte et al. [21] compare with our result

Knutsson and Abom [22]
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Results!
The!sound!attenuation! is!calculated!numerically! in!Matlab!by!solving! the!wave!equations! in! frequency!domain,!where! the! new!model! for! the!
Reynolds!stress!is!used.!The!calculated!damping!α!(imaginary!part!of!the!complex!wavenumber),!normalized!by!the!damping!in!a!quiescent!fluid,!
is!plotted!against!the!Strouhal!number.!
The!plus/minus!sign!denotes!down/upIstream!propagating!waves.!The!results!are!compared!with!the!experimental!data!by!Peters!et!al.! (1993)!
and!Allam!and!Åbom!(2006),!as!well!as!the!semiIempirical!model!proposed!by!Howe!(1995).!
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Relation)between)damping)and)Strouhal)number)for)Helmholtz)number)a))0.024,)and)b))0.08. 
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Abstract!

We!developed!a!frequency!dependent!eddyIviscosity!model!for!sound!waves!propagation!in!fully!developed!turbulent!pipe!flow!with!
low!Mach!number.!The!model!is!applied!to!predict!the!wave!damping!caused!by!turbulent!absorption.!Unlike!other!quasiIstatic!eddy!
viscosity!models,!this!new!formulation! takes! into!account!the!nonequilibrium!effects! in!soundIturbulence!interaction.!The!new!model!
shows!that!the!turbulent!flow!in!such!interaction!process!acts!as!viscoelastic!fluid!to!the!acoustic!waves,!namely!the!stress!does!not!only!
depend!on!the!present!straining!by!the!sound!waves,!but!also!has!the!“memory”!of!the!past!of!it.!The!predicted!acoustic!damping!shows!
good!agreement!with!experimental!data. !
 

Turbulent flow 
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In frequency domain,
and
A quasi-linear model for the Reynolds stress anisotropy is used, i.e.,
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where the time averaged dimensional Reynolds stress anisotropy is
defined by
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C1 and C2 are constants, # and k are turbulent dissipation and kinetic
energy respectively, and S

ij

is shear strain rate of the mean flow.
Applying this quasi-linear model to the phase average of Reynolds
stress anisotropy, and some further assumptions, we derived an model
for r̃

ij

in the frequency domain:
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where t

⇤ is turbulent relaxation time scale, n
T

is an eddy viscos-
ity model in equilibrium state, and S̃

ij

is shear strain rate of sound
wave.
Allam and Abom [2006]

• The new model shows that the turbulent stress acting on sound
waves can be related to the wave shear rate through complex
eddy viscosity 2n

T

/ (1 + iwt

⇤).

• The frequency character of 1/ (1 + iwt

⇤) indicates that the mag-
nitude of et

ij

decreases continuously from 4n
T

ˆ̃
S
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the value given

by the quasi-static model, i.e. 4n
T

ˆ̃
S

ij

, as frequency increases; in
addition, a phase difference exists between the stress and the
shear rate.
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New model, upstream
New model, downstream
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