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- Results of measurements  

o   Results of DELTAE-C calculation 

Linear regime 
1-D model 
Valid for steady state 



« Thermoacoustic engines and refrigerators with practical levels of 

power per unit volume and per unit mass must operate at high 

amplitudes such as these, where actual behavior deviates significantly 

from Rott’s acoustic approximation. 

In the early days of thermoacoustics research, we were impressed 

that Rott’s acoustic approximation came so close to the truth at high 

amplitudes, but our standards are more demanding now: We hope to 

understand such deviations quantitatively. Those of us who come 

from an acoustics background must go well beyond our acoustic-

based knowledge and intuition;  

for example, we must learn about the High-Reynolds-number 

phenomena encountered in other branches of hydrodynamics, such as 

aerodynamics and pipeline hydraulics. » 
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There exist some 

Academic studies  

There exist some  

Empirical solutions  

Tapered pulse tube 

Jet pump 

Flow straightener 

But still far away from 
practical devices  

and still lot to understand 

But work only under certain 
conditions, not transposable 

and still lot to understand 

Backhaus and Swift, Nature, 1999 
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Animation courtesy of Dr. Dan Russell, Grad. Prog. Acoustics, Penn State 





n  kinematic viscosity  
w  acoustic pulsation 

Non linear effects induced by shear phenomena inside a viscous boundary layer 

                associated with high amplitudes 



Relevant dimensionless numbers 
Consider acoustic propagation along the z-axis of an axisymmetric wave guide for a perfect gaz. 
Consider that acoustic oscillation corresponds to a M order variation of acoustic quantities 
around 0-state: 

O-order: These are constant compared to acoustic time scale 

Dimensional quantities 

Dimensionless quantities 

We can write 

Note:        r becomes               for v and               
 
         for other quantities 

𝜕/𝜕 



z –projection of Navier-Stokes 

Instationarity Convective effects Viscosity effects 

Shear number Acoustic Reynolds number 

That gives  

Mach number 



Weakly non linear acoustics 

Low viscosity  

Wide guide. Viscosity only in 
a thin layer of fluid 

Bulk viscosity negligible 

Writing other fundamental equations  
only adds the Prandtl number  
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(other non linear effects) 



(other non linear effects) 

Non linear propagation 

Taking into account non linear 
propagation allows to account for 10 to 

20% of non linear losses only 

Ilinski et al JASA 2001 



Oscillating temperature in the end of 
stack region (Marx & B-Benon JASA 2005) 

M=U/co=0.005 M=0.01 

M=0.04 

M=0.08 

The end of stack region is associated with a strong singularity 
in terms of heat transfer. 
There exist higher harmonics for the oscillating temperature 
even for sinusoïdal acoustic pressure (Gusev JASA 2001) 

 
 

(other non linear effects) 

The linear 1D models cannot describe sound 
propagation in complex shaped stack 

or regenerators 

Methods have been developped to access the 
thermal and viscous functions of such « stack » 
i.e. Petculescu JASA 2001, Guédra JASA 2011 
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Back to fluid mechanics :  
Osborne Reynolds demonstrated the transition to 
turbulent flow in a classic experiment in which he 
examined an outlet from a large water tank through a 
small tube. Reynolds identified the governing 
parameter, the dimensionless Reynolds number.  

For incompressible fluid Navier-Stokes equations  reduce to 

That is 

Transition to turbulence far more studied for cases where  instationarity can be neglected : 

                                    with                so                          and                        than in acoustic wave guides 



Stability diagram St=f(Re) 
St

 =
 w

D
/U

 

Re= UD/n 

Quasi-steady regime 

Unsteady regime 

Transition                   determined by several authors can be suspected to be valid for 
quasi-steady regimes only.  

Redn=500 
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Re= UD/n 









Back to real devices and their modelling 

Ilinskii JASA2001:   For high amplitude wave excitation in a resonator with a shape that 
suppresses harmonic generation, significant excess losses are mostly not associated with 
harmonic generation but with increasing effective viscosity due to turbulence 

Y is determined by matching 
calculated and measured dissipation 

Swift2001 : A time dependent friction factor is estimated  based on steady flow theory and a 
Taylor-series expansion around the peak Reynolds number 

Eddy viscosity 

Approach considered as unsatisfactory by 
the authors themselves 
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This is part of a video from 





Kout =1           Kin [0.04-0.5] 

Minor losses 

In an oscillating flow, a net pressure difference is 
established with the pressure in the smaller channel 
being greater than that in the larger one  

Minor losses in oscillating flow with quasi-steady 
hypothesis:  
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Mean pressure drop 

Mean energy loss 



 εmoy ≈ Pend
3 ≈ Uac

3   (as expected) 

Mean dissipation 

Marx Acta Acustica 2008 

Time-Space averaged turbulent dissipation 

Morris Acta Acustica 2004 found that the 
calculated level of the pressure difference is 
greater by a factor of three than that estimated 
using a quasi-steady hypothesis 

Abem  Exp Fluids 2009 



Abem  Exp Fluids 2009 

Backhaus 2004 
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« Rayleigh » streaming « Gedeon » streaming 



Toroïdal vortices with l/2 periodicity 
Here R/dn = 10 









Fundamental equations for acoustic streaming (Menguy & Gilbert 2000) 

f(z) includes the second order pressure gradient + quadratic terms 

Acoustic streaming well described for ReNL <<1 (slow streaming) only 

ReNL =16 

ReNL =13 





Centerline axial streaming velocity  
A : acoustic velocity amplitude 



Reyt JASA 2014 



LDV 
PIV 



Colormap -> axial 
streaming velocity 



ReNL =15 



ReNL =30 



Navier-Stokes simulation 
ReNL=1 
ReNL=6 
ReNL=14 
ReNL=30 

ReNL =120 

Reyt JASA 2013 



Bailliet JASA 2001 

Hamilton JASA 2003 

Without stack 

Moreau JASA 2009 
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There exist some  

Empirical solutions  

Tapered pulse tube 

Jet pump 

Flow straightener 

But work only under certain 
conditions, not transposable 

and still lot to understand 

Backhaus and Swift, Nature, 1999 

Backhaus and Swift 2003 
Tijani Appl. Therm. En. 2013 

Olson and Swift 1997 



Turbulence 

Edge effects 

Streaming 
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