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Re: LANL Subcontract 4444L0014-3A 
Advanced Projects Research Incorporated has completed tasks niimber 3, 4 

and 5 of the specified tasks in the LANL subcontract. Task 3 required measure- 
ment of the acoustic attenuation for various thermoacoustic conditioiis and Task 
4 involved the analysis of the energy transfer mechanisms for the geometries of 
Task 3. Finally, Task 5 specified that simulations of thermoacoustic engine con- 
figurations used at LANL were to be performed. The detailed task statements 
follow: 

Task 3: Measurement of the acoustic attenuation associated with fixed heat- 
exchanger geometry will be perfonned for different ratios of the heat eschanger 
plate thickness, spacing, length, displacement amplitude and viscous penetr a t' ion 
length. 

Task 4: Energy transfer mechanisms associated with the driving stack will be 
investigated for the same geometrical configurations used in Task 3. Particular 
attention will be paid to the nonlinearities associated with large displacement 
amplitudes. 

Task 5: Simulations of geometrical configurations used at LANL will be per- 
formed to assess nonlinearities associated with large-amplitude oscillations in o p  
erational thermoacoustic engines. 

Discussion of Task 3 Results 
The geometries simulated during this task were specified during the PI'S De- 

cember visit to LANL. A test matrix was developed for the complete thermoacous- 
bics siinulation effort at LANL. This matrix was designed to include variations of 
the important thermoacoustic dimensionless parameters. Some of the conditions 
considered for the test program were used in this Task 3 effort. The numerical 
simulations were all performed on the Connection Machine 5 of the Advanced 
Computing Laboratory of LANL. The 2-d thermohydrodynamic Lattice Boltz- 
maim (LB) CFD method developed by Alexander, Chen, and Sterling (1993) was 
implemented in Fortran for application to thermoacoustic phenomena. Valida- 
tion of the method itself was discussed in the above reference, denot,ed ACS. As 
discussed in the Task 1 and 2 Progress report, additional code validation was 
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performed for this program by simulating a propagating sound wave t.hat decays 
due to internal viscous and thermal conduction effects. 

One of the most important dimensionless parameters for thermoacoustics in 
the ratio of specific heats. Since the LB method previously included only trans- 
lational particle energy, the ratio of specific heats was fixed at a value of 2. Thus, 
during this Task 3 work, the LB code was modified to allow the simulation of 
arbitrary values of the ratio of specific heats. This was accomplished by the 
addition of some internal energy at each lattice site that is associated with non- 
traillslational degrees of freedom of each particle. Thus, the LB gas properties are 
inodified from those previously reported: the specific heats may still be written 

and 
k D  

where k is Boltzmann's constant, m is the atomic mass and D is interpreted as 
the number of degrees of freedom of the particles. For computational simplicity, 
the ratio k/m is often set to unity for LB computations. In addition, a Lattice 
Boltzmann method that makes use of a two-relaxation-time collision operator 
characterized by r ,  and rrc has the following expressions for viscosity and thermal 
conductivity : 

p = 2  D ( r , - ; ) p  

K. = (1 + $) (rrc - f )  p .  

where p is the pressure given by the ideal gas law: 

20E p = -  
D 

and E is the total internal energy associated with both translation and "vibration". 
The isentropic speed of sound then becomes 

Simulations were performed for various values of the speed of sound that result 
for different D and 7 values. The results verified that arbitrary y is achieved with 
the new method. 
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Variations in the ratio of the thermal penetration thickness to the half plate 
spacing &/yo were performed. Attenuation rates were determined. For values of 
the above ratio below 1/8, if the pressure fluctuation was above 0.01 of the mean 
pressure then numerical instability ensued. Thus, for the resolution of 2048x32 
lattice sites that was used, the viscosity was too low for the simulation velocities to 
provide stable simulation. If t-hese lower viscosity simulations are to be performed 
in the future, the resolution will need to be increased to maintain stability. 

Simulations for several displacement amplitudes were performed. Since errors 
in the LB numerical method are proportional to the Mach number squared, the 
fluctuating pressure amplitude was kept below 0.025 of the mean pressure. The 
displacement amplitude was therefore significantly less that the plate spacing for 
these simulat.ions. Work is imdeivay to determine if the simulations fall into a 
different physical regime than the other LANL thermoacousbic simiib tions. 

Discussion of Task 4 Results 
This task involved the analysis of enthalpy fluxes during operation of a ther- 

nioacoustic device. The most important numerical issue is the isothermal plate 
boundary condition. This was found to be a difficult condition to achieve while 
simultan$ously maintaining smooth temperature profiles near the plat,e. “Extrap- 
olation” methods that guaranteed smooth prof2es were used by Dr. G. McNa- 
mara in an LB code. This approach is similar to those used in finite-difference 
CFD methods. Extrapolation methods were not used here because exact mass 
conselvation and “physical” particle reflection boundary conditions were desired. 

The LB isothermal boundary conditions used in the past specified that the 
ratio of speed two particles to speed one particles leaving a boundary site was 
determined by the temperature alone. With the coarse resolution of t,hese simu- 
lations, this approach yielded a numerical instability. Since the wall is 2 lattice 
sites deep, simple averaging of the speed 2 populations emanating from the wall 
yielded smooth temperature profiles and eliminated the instability. 

With adequate boundary conditions, enthalpy flux vectors were plotted at 
varioiis times during a decaying cycle of oscillation. The individual frames were 
written in a Raster Metafile format that could be viewed as an aniination with 
Framer software. The resulting movies provided clear resolution of the flow in 
the theirnoacoustic device. However, the decaying amplitude is not. relevant to 
the periodic behavior of steady-state thermoacoustic operation. 

As an important baseline case, Dr. N. Cao performed simulations during 
periodic operation by specifying off-resonant boundary conditions that provided 
enthalpy flux at the computational boundaries that was attenuated predominantly 
by an isothermal plate. In the center of the plate his simulations showed enthalpy 
flux streamlines that were nearly parallel to the plate. However, one end of the 
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plate was observed to be an enthalpy “source” and the other was similarly an 
enthalpy “sink” (with enthalpy streamlines nearly perpendicular to the plate near 
these ends). In contrast to Cao’s approach, the LB simulations are now performed 
using a full half-wavelength resonator with adiabatic end walls. Thiis, no energy 
source exists unless the plate has a temperature gradient exceeding the critical 
value for prime-mover operation. Periodic behavior can be obtained by using a 
driver plate at one end of the resonator and an isothermal plate at the other end. 

Various temperature gradients have been simulated with the result that vari- 
oils rates of acoustic attenuation have been observed. Typical results are shown 
in Figires 1, 2, and 3 that follow the discussion of the results in the T a 4 ~  6 section 
below. 

Discussion of Task 5 Results 
At, LANL, Dr. Cao performed simulations of an isothermal plate that de- 

veloped mean temperature gradients near the ends of the plate. This effect was 
predicted at LANL and APRI now initializes the LB simulations with mean tem- 
perature discontinuities at the ends of the plate. Additionally, Dr. G. Swift has 
postulated that significant velocity amplitude and phase difference profiles will 
occur near the ends of the plates. These effects will be quantified by LANL re- 
searchers and consultants as they complete the test matrix simulations this year. 
However, some early results obtained by APFU during Task 5 of this contract are 
presented here. 

We describe here the first 3.0 cycles of oscillation of a 2048x32 simulation of 
a gas with y = 5/3, Pr = 0.682 where the initial amplitude was p‘/po = 0.02, 
6,/g,, = 0.5 and the mean temperature gradient on the plate was 2/3 of that 
required for prime-mover operation. The plate was located between lattice sites 
512 and 640 and the pressure at the centerline between plates was plotted as a 
function of location at 8 times during the last of the 3 cycles of operation. 

Although there are some “stai%-up transients” , a rather smoot 11 sinusoidal 
wave with attenuation can be seen in the figures. The simulation \vas initialized 
with a cosine pressure distribution with the aforementioned temperati Ire disconti- 
nuities at the plate ends. In Figure 1, we observe a nearly sinusoidal decay of the 
pressure at the left end of the plates at the centerline between plat,es. In Figure 
2, the square of the velocity at the velocity antinode (pressure node) at the center 
of the resonator is presented. The velocity is initialized at zero and returns to 
zero when the pressure over the plate is either a minimum or a maximum. 

In Figure 3, we observe the pressure profile in the resonator at the centerline 
between the plates at eight different times during the last cycle of oscillation. The 
profiles for each of the eight times are labelled on the figure. Focussing on the 
plate region between 512 and G40 , we observe that as the surrounding pressure 
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falls, the initially steep negative gradient of pressure in the plate is maintained 
such that it lags the pressure in the rest of the resonator. Indeed as profile number 
3, the pressure gradient in the plate region still has a nearly zero slope after the 
pressure has dropped below the mean value. Subsequently, as the pressure rises, 
the steep positive pressure gradient is maintained as the surrounding gradient 
falls. Profile number 7 shows a nearly zero gradient between the plates after 
the mean pressure has given a negative pressure gradient in the surrounding gas. 
These results are consistent with Rott-based analysis involving matching of wave- 
equation solutions for the acoustic field but here there is a continiious variation 
of phases and amplitudes. 
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