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ABSTRACT

The therm oacoustic  theory  is s tu d ied  in  d e ta il an d  its 

application to refrigeration is analyzed. This new refrigerator which 

uses resonan t high am plitude sound in inert gases to pum p h ea t will 

be described. It will be seen th a t w ithout any moving parts , except 

the  driver (speaker diaphragm ), th is refrigerator is as efficient as 

o ther refrigeration system s. An experim ent is designed w ith all the 

m ajor parts  m anufactured and fabricated in the lab. The resu lts of the 

experim ents are seriously  effected due to the  leakage of helium . 

Detailed recom m endations are made which will help prevent sim ilar 

design problem s. In addition, num erical sim ulation was perform ed 

u sin g  a  FORTRAN program  to exam ine the varia tion  of various 

param eters with frequency and acoustic pressure.

lU
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CHAPTER 1

INTRODUCTION

INTRODUCTION

The credit for the  insigh t into the  topic of therm oacoustics 

goes to Kirchoff, w hose work h a s  been  considered  by Rott as  

m en tioned  by Hofler {1986). K irchoff dea lt w ith  th e  th e rm al 

diffusion in sound waves in a  tube. This topic h as  been d iscussed  in 

m any  basic  acoustic  textbooks. Merkli and  T hom ann (1975) had  

successfully  understood and  described the  therm oacoustic process. 

W hen there is an  acoustic standing  wave in a  duc t w ith walls a t a  

uniform  tem perature , there  occurs a  ne t h e a t tran sp o rt along the 

d u c t walls. H eat is actually  transported  from a  region n e a r  the  

velocity an tinode  of the  stand ing  wave to the  region n e a r  the  

a d ja c e n t p re s s u re  an tin o d e . T h is p h en o m en o n  w as called  

'therm oacoustic stream ing' by Rott.

There are two classes of heat engines: prime movers and  heat 

pum ps. In a  prime mover, heat flows through the engine from high 

to low tem perature. In heat pum ps, the reverse of the above occurs, 

i.e., work is absorbed by the engine, resulting in  the pum ping of heat
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from  low tem p era tu re  to high tem pera tu re . Since the  C arn o t's  

efficiency is the  highest efficiency th a t a  prime mover or heat pum p 

can  achieve, it is the desire to achieve th is  efficiency th a t a  h ea t 

engine is designed. But a  practical heat engine is designed against 

needs of low cost, high reliability, safety, com pactness, easily m ass 

producible.

In the  light of above m entioned criteria, the therm oacoustic  

h e a t engine h a s  been of m oderate priority. Since the  principle  

qualities of a  therm oacoustic heat engine, which is the  subject of th is 

th e s is  (therm oacoustic  re frig e ra to r/h e a t pum p), a re  reasonab le  

e ffic iency  a n d  ex trem e sim plic ity , i t  is  p o ss ib le  th a t  th e  

therm oacoustic would be pu t to practical use  shortly.

The therm oacoustic engines achieve their sim plicity by using  

no moving p a rts  (except for the  driver), no exotic m aterials, and  no 

close to lerances. In the  dem onstra tion  experim ent conducted  by 

Swift (1987), he generated loud sound using the h ea t from a  propane 

flame. The construction and working of th is in teresting prime mover 

will be covered later in the chapter.

HISTORY

Shortly  a fte r their in troduction , chlorofluorocarbons (CFCs) 

used  as working fluids in a  vapor compression (Rankine) refrigeration 

cycle becam e dom inant in alm ost all sm all and  m edium  scale food 

refrigerators and  building a ir conditioning applications. CFCs were 

recen tly  d iscovered to be destroying  the  E a rth 's  s tra to sp h e ric  

protective ozone layer and their production will be halted by the year

2
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2000. Though th is seem s to be a  difficult proposition, one possible 

a lterna tive  to  the  CFCs is called "Thermoacoustic Refrigeration". 

S u b s titu te  com pounds HCFCs and HFCs have problem s associated 

w ith the ir pollution potential, their toxicity, and their incompatibility 

w ith lubricants.

In 1777 Byron Higgins conducted  experim en ts in which 

aco u stic  osc illa tions in  a  large pipe were excited by su itab le  

p lacem ent of a  hydrogen flame, inside (Swift. 1987). His research  

evolved in to  pu lse  com bustion, which w as applied in  G erm an V-1 

rockets used  in  World W ar 11 and the residential pu lse com bustion 

furnace introduced by Lennox, Inc. in 1982.

About a  century ago glassblowers noticed th a t w hen a  hot glass 

bu lb  w as a ttached  to a  cool glass tubu lar stem, the  stem  tip emitted 

sound, which w as quantitatively investigated by Sondhauss (Wheatley, 

e t oL, 1986). An investigation w as conducted as to the  relation of the 

p itch  of the  sound to the dimension of the apparatus.

T aconis oscillation is ano ther varien t of the  therm oacoustic  

p rim e  m over(Sw ift, 1987). T hese o sc illa tio n s, o ften  of high 

am p litude , can  occur w hen a  gas filled tube  reach es cryogenic 

tem p era tu re s  from room tem peratu re . According to Swift (1987), 

Gifford an d  Longsworth produced refrigeration u sing  a  pulse tube 

refrigerator by applying very low frequency, high am plitude pressure 

oscillations to a  gas-filled tube. Later Merkli and T hom ann observed 

slight cooling around the  velocity antinode of the gas resonating in a  

sim ple cylindrical resonator, and  presented an  accurate  theory of the 

effect.
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The w orking of the  Rijke tu b e  h a s  been  know n and  the 

in teraction  betw een acoustics and therm odynam ics w as recognized 

long ago. Also the fact th a t speed of sound was determ ined either by 

ad iaba tic  or iso therm al com pressibility  of a ir  w as the  po in t of 

d iscussion  between Newton and Laplace. B ut it h as  been understood 

th a t the  therm al gradients can lead to the  production of sound. The 

reverse process of therm oacoustic heat pum ping h as been the focal 

point only in the last decade. The new approach  to therm oacoustic 

refrigeration, discovered in  the  early  1980s, u ses  high in tensity  

sound waves to pum p heat in an inert gas medium.

Practically  all the  know n h e a t and  m ass tran sfe r processes 

develop m ore rapidly  in  an  acoustic  field th a n  w hen trad itiona l 

technology is employed [e.g., com bustion in  the  car engine). This 

m eans th a t the  acoustic waves can highly exaggerate h ea t transfer 

phenom ena, e.g., vibratory com bustion appliances are characterized 

by g rea te r  com bustion  in ten sity  in  th e  com bustion  cham b er, 

im proved h ea t tran sfe r to the  cham ber w alls, and  hence g rea ter 

overall efficiency and power. This can be seen in the rocket engine in 

which th e  high frequency self oscillations can  lead to the  destruction 

of the  engine itself.

The known fundam ental heat engine cycles, such  as the C am ot 

cycle, a ssu m es th a t  the  step s in  the  cycle are  reversible. S uch  

analysis using the first and second laws of therm odynam ics, lead to 

the  lim iting (highest practical values) of the  efficiencies of prim e 

movers and the COP of refrigerators. B ut these limiting values and  the 

reversibilities are  never achieved in the  real system s due to the 

irreversib ilities, therm al diffusion and  viscous d issipation , which
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always reduce the perform ance. These also require the m echanical 

devices to  execu te  the  p roper p h asin g  of v a rio u s cycles. In 

therm oacoustic  engines, the irreversibility  due to the  im perfect 

(diffusive) th e rm al con tac t betw een the  acoustica lly  oscilla ting  

w orking flu id  and  a  sta tio n ary  second therm odynam ic m edium  

provides the  required phasing. This n a tu ra l phasing  h as produced 

h e a t engine w hich requires no moving p a rts  o ther th a n  the  self 

m aintained oscillations of the working fluid.
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CHAPTER 2

LITERATURE REVIEW

INTRODUCTION

The b road  category of s tu d ies  in  therm o aco u stics  can  be 

divided into two m ajor sections, therm oacoustics and  h ea t transfer 

effects. Therefore the  litera tu re  review here is dealt-w ith separately  

in two sections.

THERMOACOUSTICS

The detailed  therm oacoustic  study  can  be credited  to Rott 

(1969) whose theory seem s to be the basis for m ost investigations in 

th is  a rea  of physics and  engineering. M uch of h is  work was in the 

physics of the  therm oacoustic heating. His pioneering work w as the 

basis of the investigation done by Hofler.

Rott (1969) investigated Kirchoffs theory. This theory s ta te s  

th a t  a  tu b e  closed a t one end and open a t the  other, filled with 

helium , can oscillate spontaneously when the open end is a t the cold 

tem pera tu re  (liquid helium  tem perature, 4 K) and hot a t the closed
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end  (room tem pera tu re). In the  sam e p ap er R ott m ade som e 

in teresting  assum ptions,

a) The rad ial gradient of the  acoustic p ressu re  is neglected through 

out the tube.

b) The rad ia l varia tions of the  average tem p era tu re  an d  of the  

viscosity are neglected.

c) Axial h ea t conduction in the acoustic wave and friction due to axial 

g radients a re  ignored.

A considera tion  of the  stab ility  theory  w as u sed  to define 

optim um  effectiveness of the driving mechainism (Rott, 1973).

An a ttem p t to calculate the  effects of therm oacoustic  stream ing led 

to a  situation  where no closed form solution existed (Rott, 1975).

C alculations m ade on the effect of an  oscillating gas colum n on 

th e  closed end  of an  isotherm al tube showed th a t  the  closed end is 

always heated , i.e., h ea t flows from the gas to the  wall (Rott, 1984). 

The axial h e a t flux per un it tube length is proportional to the  product 

of th e  acoustic  p ressu re  and  velocity (Rott. 1975). If no h e a t is 

rem oved from the  end of the  tube, the tem pera tu re  of th e  gas and  

the  wall will increase to yield a  zero gradient condition (adiabatic). 

T hen th e  a tte n d a n t h ea t flux into the  gas is p roportional to the 

tem pera tu re  gradient in the gas and to the  square  of the  acoustic 

velocity (Rott, 1975). Though the acoustic velocity and  total h ea t flux 

van ish  a t  th e  closed end, the  second kind of heat flux van ishes only 

w ith the  square  of the velocity. Thus the h ea t flux of the  second kind 

canno t com pensate for the heat flux of the  first kind in  the vicinity of 

the  closed end un less the tem perature gradient becom es very large. 

According to Rott the ultim ate steady sta te  singularity is obtained by
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setting  the  total resu ltan t heat flux equal to zero. From the above 

cond itions and  theory. Rott carried over th e  ca lcu la tions w ith 

different procedure to determ ine singularity, based  on a  heuristic  

argum ent se t forth by Gifford and Longsworth (1984) in  connection 

with the explanation of their pulse tube.

Merkli and  Thom ann (1975) conducted experim ents w ith the 

gas filled resonance tube to prove th a t not only heating, b u t also 

cooling of the  tube , is possible and  these  phenom ena  are not 

res tric ted  to oscillation am plitudes th a t  generate  shocks. These 

re su lts  show  cooling in the section of the  tube  w ith m axim um  

velocity am plitudes and m arked heating in the region of the  velocity 

nodes. A strong dependence on the Prandtl num ber is also noted. 

The experim ental setup is essentially a  tube of constant diam eter and 

length. At one end of the tube, the oscillations are driven by a  piston, 

w hich perform s a  simple harm onic motion. The other end of the tube 

is closed by a  shiftable end piece so th a t different lengths may be set. 

T h is end  piece con ta ins a  p ressu re  tra n sd u c e r  w hich  gives a 

reference signal, w hich allows a n  exact d e te rm in a tio n  of the  

oscillation frequency. The frequency of the  piston  w as ad justed  to 

work between 0-130 Hz and the eimplitude 2.85-13.8 mm.

The experim ents were conducted w ith different am plitudes 

and different frequencies and  their therm al effects noted. The resu lts 

showed th a t cooling occurs in the region of the velocity antinode if 

no shocks or, a t the shock region boundaiy. only weak shocks appear. 

Towards th e  shock region slight departu res of the m easurem ents 

from the theory appear. According to the au tho r th is is not only due 

to the nonlinearities bu t also to the appearance of tu rbu len t bu rsts.
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Also the  therm al effects are strongest in the  shock region. When 

shocks are absent, the new theory allows an  accurate calculation of 

th e s e  effects. D iscrepancies a rise  n e a r  re so n an c e  owing to 

nonlinearities and  for strong oscillations also owing to turbulence. 

The occurrence of the turbulence is treated  in a  separate  paper by 

Merkli and  T hom ann (1975b). In th is paper the heat flux penetrating 

the  tube wall is calculated. The paper clearly indicates th a t resonance 

tube  can be used  as a  heat pump.

W heatley et al. (1983) have studied , experim entally and  by 

calculation, some therm oacoustic effects in struc tu res (a stack  of th in  

p la tes p laced inside the  cylinder which is closed on one side and  

open a t the other) placed in an  acoustically resonant tube containing 

helium  gas (see fig. 1). When the  acoustic power is tu rned  on, the 

p a rt  of the  s tack  a t the  open end is cooled and  the  closed end is 

heated  w ith the  interm ediate positions showing sm all heating. After 

som e time the tem perature difference between the open end and  the 

closed end  exceeds 100 ^C, w ith one end below am bient and  the  

o ther end above am bient. These experim ents and their analysis show 

th a t  the  cooling and  heating occur because application of acoustic 

power by the driver causes an  average flow of entropy out of the end 

of th e  s tack  closer to the closed end of the tube. The heating effects 

were stud ied  using  an  "adiabatic calorim eter " m ethod, in w hich a 

s tack  of three plates is placed with one end very near to closed end 

of a  tube. The plates were made of fibre glass and the  tube w as made 

of th ick  Inconel. Therm ocouples were soldered on to the  p lates to 

record the  tem perature , A therm ocouple was also fastened to the 

outside wall of confining tube. The tube was filled with helium  gas to
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Closed end-

Hot end

Cold end

Driver end

Fig. 1. A profile of the  therm oacoustic system  used  by W heatley e t cd.
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11

desired  p ressure . The m aterial of the plates was changed to copper 

and  sta in less steel for comparison. The effect of the plate separation  

w as a s  critical a  param eter as was the positioning of the stack  in the 

tu b e . The h ea tin g  ra te  is sensitive  to  flow configu ra tion  euid 

qualitative changes from simple boundary layer theory begin to show 

up  for p late  separa tion  d  < 5y , where Si, = (2v/co)^''^ is  the  viscous 

penetra tion  depth.

All the variables were broken down into first order and  second 

order (the detailed discussion of the order of the variables is given in 

the  analysis chapter). The first order quantities are solved by taking 

the  fundam ental equations and linearising them  and substitu ting  the 

expanded physical variables. The second order solutions (subscript 2) 

are obtained using  the exact fundam ental equations, substitu ting  the  

expanded variables and eliminating all term s with indices th a t sum  to 

th ree  or more.

The second order acoustic heating ra te  of the  p lates per u n it 

a rea  a t  any point is calculated using a  boundary layer approxim ation 

and  is found to be

w here c d  is angular frequency, y is the ratio of specific heats, Pr is the 

P randtl num ber - v/x. Here v is the kinem atic viscosity and  x is the 

therm al diffusivity, equal to the ratio of therm al conductivity (k) to 

specific h e a t per u n it volume pcp, Sk = (2 x/w )i/ 2  jg the  therm al 

penetration  depth. Pm is the m ean pressure, Pq is the am plitude of
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Hot end

Cold end

Fig 2. Schem atic of a  three plate therm oacoustic couple with support 
s t ru c tu re  an d  w ith  one therm oelectric  couple m o un ted  w ith  
ju n c tio n s  a t  C and  H to sense the tem perature difference across the  
couple. (Wheatley e t oL, 1983).
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th e  dynam ic p ressu re  a t the  closed end, x  is the  longitudinal 

d istance m easured from zero a t H' (see fig. 2). the end closest to the 

closed end of the  tube, and  1 is the  wave length. The au th o r 

d e sc rib e s  th e  phen o m en a  by  u sin g  a  single p la te  called  a  

"therm oacoustic  couple". A schem atic  draw ing of a  th ree  p late  

therm oacoustic couple is shown in fig. 2. When the acoustic power is 

tu rn ed  on, the heat diffuses through the therm al boundary  layer of 

the  gas. As known, the heat moves from the side which supplies the  

h ea t energy to the side which absorbs it. More appropriate discussion 

could be in  term s of entropy which flows out of one end of the plates, 

down along the  therm al boundary layer in  the gas, and  into the other 

end of the  plates. As the  ends of the couple are not connected to the  

external therm al reservoirs the h ea t flows a t the  ends are  supplied 

from the plates themselves, which th u s  gets cooled a t the end which 

supplies the  heat flow and heated a t the end which absorbs it. In the 

steady  s ta te  the  re tu rn  h ea t flow is diffusive and  is driven by the  

tem pera tu re  difference. Experim ents on the  tem perature using  a  U- 

tube  configuration were also conducted by the authors.

G arrett and Hofler (1991) used these resu lts to describe a  new 

refrigerator which uses resonant high am plitude sound in inert gases 

to pum p heat. The therm al contact (phasing) of the various processes 

of the  therm oacoustic cycle is provided by conduction. This n a tu ra l 

con tact (phasing) allows the entire refrigerator to operate w ith only 

one moving part. The experim ental se tup  (fig. 3) is a  tube  closed a t 

one end and  open a t the other with a  loud speaker fixed a t  th a t end. 

The length of the tube is one quarter wavelength. The loudspeaker a t 

the  end se ts  up an  stand ing  wave in the  helium  filled tube. The
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frequency is chosen so th a t the loudspeaker excites the  fundam ental 

resonance of the tube. At the closed end the velocity of the  particle is 

zero an d  the acoustical p ressu re  variations are m axim um . At the 

loudspeaker end there is a n  acoustic p ressu re  node and  a  velocity 

an tinode. The s tack  of p lates is placed near the  closed end. The 

d istance between the closed end and the stack is veiy critical as well 

a s  is th e  distance between the plates of the stack  which is called the 

therm al penetration depth.

The therm al penetration  depth  represen ts the  d istance  over 

w hich h ea t will diffuse during a  time period which is on the order of 

an  acoustic period. The diffusive heat transport between the gas and 

the  s tack  is significant w ithin this region. As the fluid oscillates back 

and  forth along the  plate it undergoes changes in tem perature due to 

the  adiabatic compression and expansion resulting  from the pressure  

v a ria tio n s  w hich  accom pany  th e  s ta n d in g  so u n d  wave. The 

com pressions and  expansions of the gas constitu te the  sound  wave 

an d  are  ad iabatic  if they are  far from the surface of the  plate. The 

relation between the change in gas pressure due to the  sound  wave, 

Pj , relative to th e  m ean (ambient) p ressure  P m . and  the adiabatic 

tem pera tu re  change of the gas due to T i, to the  acoustic p ressu re  

change, relative to the m ean absolute tem perature, Tm is given as.

Y is the  ratio  of the specific heats  of the gas (5 /3  for He). Hofler 

considered a  therm odynam ic process as consisting of two reversible
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Heat-

Driver

-4

Fig 3. Schem atic diagram  of one quarter wavelength, therm oacoustic 
refrigera to r u sed  by G arre tt (1991). The dotted line deno tes the  
p ressu re  profile inside the tube.
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adiabatic  steps and  two irreversible isobaric steps (described in the 

nex t chapter).

If th e re  are  no ex ternal h ea t loads, th en  even tually  the  

tem pera tu re  gradient in  the plate approaches the gradient caused  by 

the  adiabatic processes in the gas. In the  absence of gas viscosity, the 

c ritic a l te m p e ra tu re  g rad ie n t is a  fu n c tio n  only of th e  gas 

th e rm o p h y sica l p roperties , th e  w avelength  (A ), and  the  m ean  

position  of the  s ta ck  (x ), w ith in  the  s ta n d in g  wave field. T his 

tem pera tu re  gradient is given by (Garrett, 1991),

V T c r =  2 % i l ^ t a n  j  (3 )

th e  ratio  betw een the  tem perature  gradient in the  stack  (VTm) and 

the  critical gradient,

V = (4)cr

A ssum ing the  stack is m uch shorter th an  the wavelength of the 

sound, the rate  of heat transport or heat pum ping power, Q2  is given 

by  (Garrett. 1991),

02 = — ■ 1) (5)

Here fl is the  s tack  surface a rea  per u n it length  and  u i  is the 

(subscrip t 1 is the  time varying function) particle  velocity in  the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

Stack. The work absorbed by the stack  of length Ax, in the absence of 

viscosity is given as (Garrett, 1992), (assum ing the  h ea t capacity  of 

the  stack  is m uch greater than  th a t of the gas)

n  (v-l) o
W2 = —5|̂ Ax 2jc_f(pd (y-1) '6)

^ yPm

In th is  paper the  au th o rs  also briefly describe the  space 

therm oacoustic  refrigerator, w hich w as first dem onstra ted  in  the  

space shu ttle . The description includes the acoustical sub-system s, 

electrical sub  system s, and refrigerator performance.

Hofler (1988) d iscusses in detail the  design, construction, and  

calibration of a  high intensity acoustic driver apparatus in  an  acoustic 

refrigera to r w ith in s tru m en ta tio n  for accu ra te  m easu rem en ts  of 

dynam ic p ressu re , volume velocity, and  relative phase. Therefore 

acoustic power supplied by the driver can be determ ined from these 

m easurem ents. These acoustic power m easurem ents will determ ine 

the in trinsic acoustic-to-therm al efficiency of the refrigerator.

HEAT TRANSFER IN OSCILLATING FLUIDS

Repin (1985) analytically solves the problem of the effect of a  

transverse  resonan t acoustic field on the heat transfer process in a 

lam inar two dimensional channel flow. Repin considers the situation  

of a  tube of infinite length and  width 2d. The cross section of the 

ch an n e l is divided into two regions: an  inner region, w ith  the
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transverse dimension of the order of 5i (acoustic boundaiy  layer), and 

an  ou ter region with characteristic dimension 1.

It h as  been described th a t the outer and inner vortex flows play 

different roles in  the  heat transfer process. W hen the  th ickness of 

the  therm al boundary  layer is m uch less than  th a t of the  acoustic 

layer, then  the inner flows play the decisive p a rt in  the h ea t transfer 

p rocess . At low acoustic  field in tensities there  is only a  slight 

decrease in  the integral heat transfer, however a t high in tensities the 

acoustic field h as  a  positive effect. Also the so called "critical acoustic 

p re ssu re  level" is described, i.e., the  p ressu re  below w hich the  

acoustic field has no effect on the heat transfer process.

It h as  been em phasized in  the  paper th a t the  h ea t tran sfe r 

p ro cess  is d ifferent for cases of sm all and  large acoustic  field 

am plitudes. Also if a  num ber of conditions are  satisfied  (e.g., for 

lam inar flow regime when Pr » 1 ) ,  a  situation  m ay arise where the  

h e a t tran sfe r regim e changes w ith d istance dow nstream . In th is  

situation , the  heat transfer maximum is displaced from the pressure  

antinode of the  standing wave to the velocity antinode.

Kurzweg h a s  analytically and experim entally dealt, in  detail, 

w ith  the  h e a t tran sfer betw een two fluid reservoirs m ain tained  a t 

different tem pera tu res and connected to each o ther via a  capillary 

bundle  w hen the fluid within the capillaries is oscillated (sinusoidal) 

axially. Very large effective axial heat conduction ra tes, exceeding 

those possible with heat pipes by several orders of m agnitude, are 

found to be achievable (Kurzweg and Zao, 1984). The frequency used 

w as betw een 2 to 8 Hz and  the tidal d isp lacem ent w ith in  the  

capillaries ranged from 2 to 12.5 cm. The tidal displacem ents were
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determ ined  from the  m axim um  m ovem ent of the  w ater from the 

lower reservoir. The observations made in th is regard were th a t the 

effective therm al diffusivity is proportional to the square of the  tidal 

displacem ent and the square root of the oscillation frequency.

The corresponding h ea t flow betw een the  fluid reservoirs is 

given by,

Q = p Cp j  (7)

p is the  fluid density, Cp its specific heat, and k  is therm al diffusivity. 

T'h'Tc is the  in stan taneous tem perature difference, L is tube length 

and  Ao is total fluid cross sectional area.

The resu lts  of the experiments supported the  assum ption  m ade 

by th e  au th o r th a t in a  lam inar axial conduction process, form ation of 

very th in  boundary  layers leads to large rad ial h ea t flows which 

eventually m anifest them selves by producing a  very large axial heat 

flux. This m eans th a t the radial variation of tem perature produce an 

effective axial tra n sp o rt of heat. Kurzweg (1988) exam ined the  

problem  of therm al pum ping existing in the  classical Stokes problem 

of a  sinusoidally oscillating flat plate imm ersed w ithin a  viscous fluid 

of infinite extent. A constan t tem perature gradient is superim posed 

on the  fluid parallel to the plate surface and in the  direction of plate 

m otion. It is shown th a t th is leads to a large longitudinal h ea t flux 

w ithin a  relatively narrow  boundary layer region next to the  plate.

E n h an c ed  co n d u c tio n  h e a t tra n s fe r  be tw een  two flu id  

reservo irs  m ain ta ined  a t different tem p era tu re s  w as exam ined
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analy tically  by Kurzweg (1985). He suggested  th a t a  therm ally  

conducting  fluid confined to an  open ended tube  w ith therm ally  

insu lating  walls and  connected to different reservoirs a t its ends can 

be m ade to conduct heat a t rates orders of m agnitude greater th an  by 

pu re  conduction, provided the fluid is oscillated sinusoidally  in the 

tube.

Having d e te rm ined  th e  value of the  en h an ced  th e rm a l 

diffusivity, he th en  calculated  the  h ea t flow expected betw een the 

fluid reservoirs connecting the tubes. The effective axial h ea t flow per 

tube was

9  = K>ra2
16a2

( J h ^ T ç ) ;g,

where K is the  fluid therm al conductivity. The conclusion he reached 

in  h is paper is, during m ost of the sinusoidal cycle, the fluid near the 

wall will have a  tem perature different from the core. Therefore large 

quan tities of h ea t will be transferred radially and  hence transported  

axially. The au thor suggests th a t th is theory m ay find applications in 

areas where na tu ra l convection is not present or undesirable and also 

in  a reas  where heat transfer is required w ithout accom panying m ass 

transfer. This shows th a t the heat transfer in the  boundary  layer of 

th e  therm oacoustic  refrigerator p la tes m oves axially b u t varies 

radially along the tube. The details of the transport of heat are carried 

in  the next chapter.

Kurzweg (1986) exam ined the  heat flux w ithin an  oscillating 

fluid, in which a  constan t axial tem perature gradient was m aintained.
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He found th a t the  resu ltan t axial heat flux pulsates a t twice the base 

oscillation frequency and th a t the time averaged axial h ea t flux under 

tu n ed  conditions is orders of m agnitude larger th an  th a t p resen t in 

th e  absence  of oscillations. Unlike other convective h e a t tran sfe r 

m ethods, his therm al pum ping technique involved no ne t convective 

m a ss  tra n s fe r  a n d  therefo re  accord ing  to him  sh o u ld  find 

considerable application in areas where h ea t has to be removed at 

high ra tes w ithout the accompanying exchange of m ass (i.e. cooling of 

radioactive liquids). This conclusion of the au thor supports the theory 

of therm oacoustics in which the  heat will be transported  from one 

poin t to another only by conduction of the fluid particles, w ithout the 

transfer of m ass.

The geom etry Kurzweg s tud ied  w as a  tube  w ith  co u n te r 

oscillating slug flows bounded by ou ter non-conducting walls. The 

h e a t tran sfe r process here  consists of tim e dependent transverse  

conduction  coupled to a  periodic axial convective tran sp o rt. The 

overall effect of th is  cyclic interactive process is to tran sp o rt large 

quan tities of h ea t from the hot to the cold ends of the oscillating fluid 

slugs. This heat flow increased both with frequency and am plitude.

The enhanced longitudinal heat transfer through an  oscillating 

v iscous fluid in an  array of parallel plate channels w ith conducting 

sidew alls is exam ined w ithout any  restric tion  on the  oscillatory 

frequency or the  side wall conductivity (Kurzweg, 1985). The axial 

th e rm al diffusivity was found to be a function of the  W omersely 

n u m b e r (Wo), th e  fluid P rand tl num ber and the  fluid to wall 

conductivity.
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Wo = (9)

where co is angu lar velocity, v  is kinem atic viscosity, and  2c is the 

w idth of fluid layer. The therm al diffusivity reaches m axim um  (for a 

fixed frequency) w hen Wo^ Pr = tc.

An analytical study of forced convection in slow lam inar flow in 

a  channel w ith uniform  h ea t addition and flow oscillations h as been 

perform ed (Siegel, 1987). The effect of th e  forced convection 

(throughflow of fluid) and uniform heat addition is th a t it will reduce 

th e  ch an n e l h e a t  tra n s fe r  coefficient. T his conflicting  re s u lt  

com pared  to o th er s tu d ies  (w ithout any throughflow  of fluid) is 

b ecau se  the  h e a t add ition  along the  channel wall p roduces an  

increas ing  fluid tem pera tu re  along the  channel length . The flow 

oscillations in teracting  w ith th is  positive tem perature  gradient will 

induce a  h ea t flow back towards the channel inlet. This will tend  to 

inhib it the  h ea t transfer process and will raise the wall tem perature 

required to transfer away a  given am ount of heat a t the  channel wall. 

The h ea t transfer behavior is influenced by m any param eters such  as 

w hether the  flow is lam inar or tu rbulent, fully developed or not, the 

oscillation frequency and the Prandtl num ber.

Galillin and  Khalimov (1985) studied the heat tran sfe r u n d e r 

conditions w hen the  resonance am plitude of the velocity pu lsations 

reaches 160 m sec and the shock waves radiate from the open end of 

the  tube in which they created the resonant longitudinal oscillations 

of an  air column. The therm al m easurem ents were m ade by using two 

sensors which they called the "hot" sensor and  the  "cold" sensor. In 

the  work with the hot sensor the therm al flux from the inner wall of
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the  sen so r housing  was transm itted  to the oscillating a ir stream , 

heated  to a  tem perature Too less than  the sensor wall tem perature  T^ 

b u t g reater th an  the  wall tem perature of the adjacent tube  sections. 

The cold senso r was also a  tube section w ith flanges a t  the working 

segm ent. A tube  segm ent of large diam eter w as installed  coaxially 

w ith the  first segm ent. The therm al flux was determ ined from the 

change of the  hea t content of w ater passed through the  an n u la r gap. 

T he tu b e  sec tio n s  ad jacen t to th e  se n so r w ere h e a ted . The 

re s e a rc h e rs  m ade som e p rov isions in  th e  s e n so rs  for th e  

in troduc tion  of velocity and  p ressu re  senso rs an d  the  res istance  

therm om eter. The tem perature a t the sensor wall w as m easured  with 

the  help of therm ocouples.

The h ea t transfer coefficient was calculated as.

a  = ----------- S£----------- (10)
Tc - Toc(l+v^G 2)

w here qf is the  therm al flux density: Tc. T« a re  th e  therm odynam ic 

tem pera tu res of the sensor wall and the air; Y = 0.85; ü = u / a  is the 

dim ensionless half amplitude of the velocity pulsations (a is the  speed 

of sound  in  th e  und istu rbed  medium). The readings they  h ad  taken  

from the oscillogram s of the  velocity and p ressu re  pu lsa tions a t the 

linear resonance  f% = a / 4L and second linear resonance f2 = 3 a /4L 

show  th a t the  shock waves radiate  from the open end of the  tube, 

where L is the length of the tube and fi is the fundam ental frequency. 

At the  open end w ith a  tube  length  of L = 3 .5  m, th e  velocity 

pulsation was maximum. The velocity pulsation was 155 m sec.
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A ccording to the  resea rch e rs  the  dependence  of th e  Nu 

n u m b er on th e  frequency w as not uniform . There were two heat 

tran sfe r in tensity  m axim a, one corresponds to the  case fi and  the 

o ther to fz- The resonance frequencies of the  num bers Nu and Ü 

coincide. An increase  in the  tube length  w as accom panied by a 

reduction  cf Nu num ber. The resu lts varied w ith the position of the 

sensors. Again the reduction of the tube length leads to an  increase of 

th e  velocity h a lf am plitude and consequently to an  increase of the 

h ea t tran sfe r coefficient. The frequency of the  large am plitude (30- 

150 m  sec) oscillations had  no direct influence on the heat transfer.

T hey co n d u cted  several experim en ts w ith  d ifferen t tu b e  

lengths and  frequencies which they related to the  quasisteady theoiy. 

The resu lts  were in good agreem ent with the theory.

Jo sh i e t al. (1983) conducted experim ents to determ ine the 

effective d iffusiv ity  for axial tra n s p o r t  th ro u g h  a  tu b e  of a 

con tam inated  gas in oscillatoiy flow. The resu lts  dem onstrated  the 

rap id  fall in  the  ra te  of axial dispersion as frequency increases a t 

co n stan t velocity am plitude.

Nonlinear coupling between two oscillating m odes can generate 

ab u n d a n t nonlinear phenom ena, quasiperiodicity, frequency locking, 

and  quenching phenom ena (Yazaki et aL, 1990) w hen a spontaneous 

acoustic oscillation of a  gas column induced by tem perature gradient 

is periodically perturbed by an  external force.

N um erical sim ulation  w as conducted  on the  h e a t tran sfe r 

m echanism  involved in the sinusoidal m otion of a  fluid by Ozawa 

(1991). The effective therm al diffusivity in the  axial direction was 

form ulated based  on the lumped param eter h ea t transfer model. The
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en h an ced  h e a t tran sfe r is due to th e  la tera l diffusion of heat, 

accum ula ted  capacity  of h ea t in a  region of dep th  of penetra tion  

formed n ear the wall, and convective m otion forced by the  oscillation.

N um erical com p u ta tio n s of h e a t and  m ass  tra n s fe r  were 

perform ed on the  effect of an  oscillatory flow (acoustic field) w ith 

steady and  time varying velocity com ponent (Ha, 1993, a  and  b). The 

increase  in  the  N usselt num ber is found to be more significant for 

larger acoustic  velocities. Enhanced m ass transfer in  a  hydraulically 

fully developed flow within a  tube for steady, pulsating and oscillating 

flow w as investigated by G rassm an (1978).

An experim ental investigation w as done on the h e a t tran sfe r 

betw een th e  gas and  the  cylinder wall w hen p ressu re  is very non- 

s in u so id a l (Yagaya, 1991). An advanced complex N usselt num ber 

m odel is in troduced  in th is  paper w hich helps describe th e  actual 

h ea t tran sfe r ra te  in  a  gas where pressure and  tem perature variations 

of the  gas are non-sinusoidal.
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CHAPTER 3

ANALYSIS

INTRODUCTION

For a  b e tte r  u n d e rs tan d in g  of th e  w orking  of aco u stic  

refrigerators, it is im portant to understand  the effects of a  sinusoidal 

wave in  a  tube with an  ideal gas (ideal gas is taken to assum e th a t the 

perfect conditions exist in the tube). W hat happens inside w hen the 

gas is driven h as  been studied in detail by Merkli and  T hom ann 

(1975). Therefore a tube like th is is called a  "Merkli an d  Thom ann 

tube". The heating of the closed end and the  cooling in  the  region of 

m axim um  velocity is reported.

THEORY

To analyze how th is tem perature gradient is created, first an 

analysis of the boundary layer of the tube wall w ithout the  stack  will 

be done and  the analysis with the stack  will be considered later. Most 

of the  concepts of the tube wall boundaiy  layer will suffice to the 

boundary layer of the stack plates.

26
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It is essential to understand  th a t the velocity is zero near the 

end of the tube (closed end) and is equal to the velocity am plitude a t 

th e  d river end. The velocity th roughou t the  length  of the  tube  

changes parabolically with the maxim um  velocity (velocity antinode) 

a lm ost a t the  center of the tube. The p ressu re  variation across the 

tube  is uniform  and along the length varies w ith m axim um  values 

(pressure antinode) a t the closed and the driver ends. At the  center 

of the tube, the pressure is zero (pressure node). In the ideal acoustic 

case where viscosity and therm al conductivity are assum ed negligible 

(|j.=0. K=0), no n e t energy flux exists in  th e  tu b e  as the  phase  

betw een  velocity and  p ressu re  equals %/2. This m eans th a t the  

correction  arising  from the non-vanishing viscosity and the  h e a t 

conductivity  are the  real and  only sources of therm al effects from 

acoustic oscillations.

Since velocity and pressure are in  phase (therefore velocity and 

tem pera tu re  are in phase), a  flow directed from the  velocity m axim a 

tow ards th e  end of the tube has a  tem pera tu re  above equilibrium  

tem pera tu re  (atmospheric) while a  flow away from the  ends (nodes) 

is below atm ospheric tem perature, which leads to a  ne t enthalpy flux 

tow ards the  ends. According to the calculations done by Merkli and  

T hom ann an  enthalpy flux exists in the tube, even though the sound 

wave is adiabatic in nature. But due to the p ressu re  oscillations an  

am oun t of heat will be carried in the boundaiy  layer due to the high 

viscous dissipation. In the frequency range where pressure  is uniform 

across the tube cross section and for high Reynolds num bers, a  th in  

b oundaiy  layer forms at the wall where penetration depths (discussed 

later) a re  formed. The en thalpy  flux w hich varies w ith  leng th
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corresponds to the heat exchanged with the tube wall. Since the heat 

flows from the point of m axim um  velocity tow ards the point of lower 

velocity, there  is cooling a t the center and heating a t  the  ends. Most 

of th is  phenom ena  occurs in the  boundary  layer, if th e  Prandtl 

num ber of the  fluid is low (Pr «  1).

In su ch  a  case where the gas is driven sinusoidally, the  heat 

tra n s fe r  betw een the  gas and  th e  solid b o u n d a ry  is  th e  m ost 

im p o rtan t effect. Two im portan t quan tities, "therm al penetra tion  

depth" (8k) and  "viscous penetration depth" (Sy) are to be defined, as 

in th is  sm all distance from the wall, the heat transfer phenom ena are 

active. 8k h a s  been defined as the  distance from the wall in which 

h e a t can  diffuse through the fluid during the  tim e l/co. 8k for air a t 

1000 Hz is 0.01 (Swift, 1988). 8y is defined as the d istance from the 

wall in  which m om entum  diffuses through the fluid in  tim e l/co. Both 

8k and  8y are assum ed to be veiy small compared to wavelength and 

the  diam eter of the tube (X, »  d »  8). Since the  diam eter of the  tube 

is m u ch  sm aller th an  the  wavelength, the  p ressu re  d istribu tion  

across the w idth a t a  given in s tan t in  time is approxim ately uniform. 

Therefore p ressu re  is independent of direction 'y' (direction 'x' taken 

a long th e  tu b e  axis and  y' is transverse). The two d im ensional 

c a rte s ia n  coordinate system  in the  complete refrigeration  system  

w ith p lates (stack) which will be used  through ou t th is analysis is as 

show n in fig. 4.
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ANALYSIS

To explain how the tem perature is related to the p ressure, we 

will assum e th a t an  expansion to the first order pressure  am plitude

Helium k

Plate 1

Helium
>

>

k
2h

f

Plate

2

T

Helium

Fig. 4. An expanded view of co-ordinate system  used  for the  analysis 
w ith plate and  spacing thicknesses.

suffices for all therm odynam ic and acoustic variables (tem perature, 

d ensity , p re ssu re , velocity, entropy) and  will also include  the  

com plex no tation  for time oscillatory quan tities (as show n below). 

This notation  for pressure, density, velocity, tem perature in the fluid, 

tem pera tu re  in  the solid (Tf), and entropy of the wave can be w ritten 

as,

P= Pm+Pi

P = Pm + Pie^“  ̂
u = uje^®^
T = Tm + Tiei“ f (11)

^ f= ^ m  + ^fie*“  ̂
s = Sm + s^e^^^
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with Pi a  function of position, showing the time dependence. 

The m ean values (subscript m in this case) will be real, b u t the small 

am plitudes (subscript 1) will be complex, reflecting tim e phasing  of 

the  oscillating quan tities. The real p a rt of the  com plex so lu tion  

rep resen ts an actual, physical solution. The subscrip t f represents the 

film or plate of the  stack.

Since the sound wave without the stack plates is adiabatic, the 

oscillating tem perature Tj is related to the pressure Pi by.

w here s is the entropy per un it m ass and P = -O p /3 T )/p m  is the 

ordinary  therm al expansion coefficient. Since Tm P/PmCp is positive 

and real, T% and Pi are in phase in  an  ordinary sound wave.

To explain the h ea t transfer from the wall, consider a  sm all 

parcel of gas which is oscillating in the x direction a t  abou t one 

p en e tra tio n  dep th  from the  wall in the y direction. Due to  the 

th e rm al resistance  of th is  gas peircel which also h a s  som e heat 

capacity , h ea t will be conducted through the  parcel. The pressure  

varia tion  is needed to produce the  tem perature difference, and  the 

velocity is needed to tran spo rt the gas parcel. All oscillations have 

tem pera tu re  changes associated with them  due to the com pressions 

an d  expansions. Therefore w hen oscillations s ta r t, h e a t will be 

exchanged between the gas and the container (tube). At th is point it 

is a p p ro p ria te  to in tro d u ce  th e  concept of " therm oacoustic  

stream ing". Due to th is  stream ing, the axial tem perature gradient is
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found  to  carry  h e a t m uch  m ore effectively th a n  the  F ourie r 

co n d u c tio n  cau sed  by the  sam e grad ien t, a  fact well proven 

experim entally  and  confirm ed theoretically  by Rott (1975). It is 

reported th a t there is maxim um  cooling a t the velocity antinode and 

m axim um  heating a t the pressure antinode.

To increase the surface area, a  stack  is placed in the tube, so 

th a t  the  therm al penetra tion  dep th  on each p late  increases the  

am oun t of h ea t carried from one point to  another. The cooling and 

heating  a t  the  ends of the plates are central to the  therm odynam ic 

phenom ena w hich are the essence of th is thesis. Effects a t the  ends 

can  be em phasized and the phenom ena simplified by m aking the  

s ta c k  of p la tes short. The ap p a ra tu s  can be fu rth er simplified by 

reducing  the  num ber of p lates. Indeed, all the  phenom ena to be 

described below can be observed in a  single plate which is called a  

"therm oacoustic couple" (Wheatley, 1983). Fig. 2 show s th e  single 

couple and  all the  h ea t tran sfer process associated with it will be 

investigated, i.e. as  to how the plate (stack plate) which is the central 

p a rt of our argum ent, transm its heat from one point to another.

The h ea t conduction equation in fluids which is given later has 

term s containing tem perature and  velocity. Since the  p ressure  has a 

m ajor effect on the  conduction in an  acoustic system , an equation 

re la tin g  te m p e ra tu re  and  p re s su re  is e s se n tia l  for b e tte r  

u n d ers tan d in g  of the  analysis. From the therm odynam ic relations 

given la ter, the  tim e dependen t tem pera tu re  can  be re la ted  to 

entropy and  in tu rn  entropy can  be related to the required p ressure  

an d  te m p e ra tu re . T his g ives u s  the  final e q u a tio n  derived 

subsequently  which relates the heat conduction term s, p ressu re  and
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velocity. The entropy form ulation of the equations is done here as the 

re so n an ce  shock  wave is found to have the  en tropy  changes 

associated  to it. The change of entropy is found to govern various 

therm odynam ic properties in an  ordinary  wave or a  shock  wave. 

However, entropy in th is  case works as a  carrier of h ea t and  the 

energy from one point to ano ther. Also from the s ta tem en ts  given 

above, it can be considered th a t the heat flow in the gas is due to the 

hydrodynam ic tran sp o rt of entropy and  carried  by the  oscillatory 

velocity. Therefore the  entropy  is used  only in itially  d u rin g  the 

analysis, b u t does not appear in the final equations which governs the 

h ea t flow.

In therm oacoustic engines, the prim ary p a rt of im portance is 

th e  s ta c k  an d  the  secondary  is the  gas. Therefore the  con tac t 

betw een gas and  the stack  plate h a s  to be understood clearly. When 

th e  acoustic  power is applied by the driver, (loudspeaker or piston 

moving sinusoidally) it causes a n  average flow of en tropy from one 

end to the  o ther end of the  plate along the therm al boundary  layer in 

th e  gas. As these ends of the  plate are not connected to any external 

source the  h e a t is supplied from the plate itself. Therefore the  end 

w hich supplies the heat gets cooled and the other end which absorbs 

gets heated . The entropy can  be expressed in  term s of p ressu re  and 

tem pera tu re  by the therm odynam ic relation

d s  = % d T  - (13)

therefore, for sm all oscillations :
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Cn B
Si = Ti - -— Pi (14)

■* m P m

The conduction  equation  w hich can  be u sed  to find the  

tem pera tu re  in the fluid is called the energy equation (White. 1986). 

It is valid for a Newtonian fluid u nder very general conditions of 

unsteady , compressible, viscous, heat-conducting flow, except th a t it 

neglects radiation h ea t transfer and internal h ea t generation. Starting 

from the fundam ental Fourier’s law,

q = -K VT (15)

the  equation  for conduction in 3 dim ensional C artesian  coordinates 

in  fluids is developed, which in tensor notation is,

p c y ^ =  V.(k VT)+<D (16)
a t

w here if K is constant (also Cp, Cv.p.p are constan t and  viscous 

dissipation is always positive),

v 2 t  = ^  + ^  + ^

The above equation  is now w ritten  in the  form contain ing  

entropy because the h ea t transport in a  sound wave is found to be 

goverened by the entropy changes associated w ith the wave and also
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the  reaso n s explained earlier, therefore from Landau and  Lifshitz, 

1987,

(17)

where V represen ts u,v, and  w (velocity components).

Now su b s titu tin g  eqn. (17) into eqn. (16) and  neglecting the 

th erm al conduction  along x, the  velocity advection term s can  be 

neglected, and after substitu ting  the relations (11), we have.

Pm’P m ÎÛÎS1 + U1
d s m

dx
d ^ T i

d y ^
(18)

by su b stitu tin g  eqn. (13) and (14) in the above equation, we have the 

final differential governing equation as.

P m C p f i m T i  + u j l ^ ] -  ia>T„,|3Pi = K i 2 4
^  d x J  f l y 2

(19)

The boundaiy  conditions are.

and

Tl(h) = Ta(l) = T bi

(20 )
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In the above equations 2h is the  th ickness of th e  spacing 

between two plates and 21 is the thickness of the  plate itself. Tp is the 

te m p e ra tu re  am p litu d e  a t the  b o u n d a ry  y = h, w hich can  be 

calculated from its relation with Tf given in detail (Swift, 1988). Tfi is 

the  first o rder tem pera tu re  in  the solid or film (plate). Kf is the 

therm al conductivity of the film.

To calculate  th e  acoustic  velocity, u, the  two d im ensional 

Navier Stokes equation in  the  x direction is used, which is.

pfiüU- ^  + AfJàü + âü.̂ 1 „ „irkV
/  dx By I B x y j  B x [ ^ B x  3 \ B x  By j j

(2 1 )

using the relations (11), the above equation can be w ritten as.

Since the  v iscous p en e tra tio n  dep th  is m uch  sm aller th a n  the 

wavelength (J^ «  A) and  also B/Bx is of the order of 1/A and  B/By is of 

the  order of l /5v ,  all o ther term s com pared to B^Uf/By^ m ay be 

neglected and the pressure term  appears as it is constantly  changing

along X. Therefore the above equation can be w ritten as,

l c o p n , u i = - ^ + p ^  (23)

The boundary conditions are.

u i ( h )  = u i ( -  h )  = 0 (24)
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The solution is (Appendix B),

icopm dx 

where g = V(ico/\)).

2 ( l- e " 2 g h )
c o s h ( g y ) -  1

e < l-e -4 g h )
(25)

Since u i and  Ti are calculated, they can be used  to calculate 

p re s su re  am plitude  (Pi) from th e  wave equation  w hich can  be 

derived from the continuity equation which in 3 dim ensions is,

^  + •^ (p u )  + ^ ( p u )  + ^ ( p m )  = 0 (26)
dt dx dy dz

by su b s titu tin g  the  rela tions (11) in  2 d im ensions, the  ui term  

van ishes a s  it is zero a t both the  boundaries of p late  and  fluid, 

therefore we get,

i(opi + ^ ( P m ^ i )  = 0 (27)
dx

using  the equation of sta te  (Swift, 1988) to express p i in  term s of Ti 

and  Pi,

P i = - P m P '^ l+ [^ 1 ^ 1  (28)

using  eqn. (23) to substitu te  pmi^i and eqn. (28) to su b s titu te  p i in 

eqn. (27), we get.

œ ^ P m P ^ l -  ® 2 - l p  1 -  LEl +
a^ 9x^ By j

= 0 (29)
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Now su b stitu te  ui and Ti calculated from the eqns. (25) and (19) and 

in tegrate with respect to y from 0 to h. This will give the relation for 

P i - The integrated equation is called the "wave equation".

The solution for the  above equation is complex and  involves 

various relations from h ea t transfer, acoustics and fluid m echanics. 

This complex solution for sim ilar equations as above is done by Swift 

(1988). The so lution is for the  energy flux (H) and  work flux or 

acoustic power required to drive such  a  system.

The energy flux is:

(1+e )(l+Pr)(l-5 /h +S V Vf / h ^ )

\|/( 1 + 1/ ^  + Pr + Prg^) I __  S
— I 1 + y P r  —

-n (h fc+ lfc j.
dTm  
dx

(30)

and  the  acoustic power is:

^  P m a ^ ( l  + Eg)
¥

in ^ v A x

Æ ) (  1 -  5 v /h +  8 ? /2 h ^ ) 

û>Pm(i^!)^

■)

l~8v /h+ 5v /2h^

(31)
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In the above equations we have, 

n  = perim eter

P = therm al expansion coefficient

Pi = first order acoustic pressure

u i = first order acoustic velocity in x  direction

Eg = plate therm al heat capacity

Pr = Prandtl num ber

•F = norm alized tem perature gradient

k  = therm al conductivity of the fluid

fcg = therm al conductivity of the solid or plate

Ax = length of the plate

g = Specific h ea t ratio

a  = Speed of sound in  gas

where the  superscrip t s denotes the standing wave.

A FORTRAN program  (Appendix A) is w ritten  following the  

above equations to understand  how the h ea t flux and  the  acoustic 

power varies w ith different frequencies and p ressu re  am plitudes and  

the  re su lts  are show n in graphical form. In the  program  helium  is 

u sed  as  the  fluid, and  the stack  is a  long Kapton (plastic) sheet. 

Kapton w as selected as it h as  low therm al conductivity and  is also 

easy to roll. Equations 30 and 31 are used for the final analysis of the

energy flux and the  acoustic power. The equation for the  coefficient

of perform ance (COP) ratio is (Swift, 1988):

-ESP -  ..tf-AT (32)
cop (camot) vf. t m
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where AT is the tem perature difference across the  stack, which is 

initially an  assum ed value.

The selection  of the  p roper frequency an d  p re s su re  for 

m axim um  efficiency with minimum acoustic work can be m ade from 

the  num erical calculations shown here in the form of plots. These 

g ra p h s  a re  p lo tted  by keeping the therm ophysica l p roperties  

constant for a  given set of dimensions of the apparatus.

The g raphs on the subsequen t pages show the variation  of 

energy flux, acoustic power and the coefficient of perform ance (cop) 

w hen the frequency is varied with pressure rem aining constan t (Figs. 

5, 6 and 7). Note th a t the length of the device m u st be varied with 

frequency in order th a t the standing wave conditions are met. In figs. 

5 and  6, the given range of frequency is selected because the  energy 

flux beyond th is  range decreases and the acoustic work increases. 

From the num erical d a ta  it was found th a t the optim ium  frequency 

for the given radius of the apparatus is 530 Hz, where the energy flux 

is 8.32 W and  the required acoustic work is 6.87 W. The COP a t th is 

frequency w as found to be 1.21. Similarly, if p ressure  is varied with 

frequency rem aining constant, the changes are shown in figs. 8, 9 

and  10. The optim um  acoustic pressure is 0.3 bar. The cop after this 

acoustic pressure rem ains alm ost constant (fig. 10). Fig. 11 shows the 

varia tion  of p ressu re  w ith velocity w hen the  fluid is excited a t 

resonance. The location of the stack  is given by fig. 11, which gives 

a n  estim ate of the choice of pressure and the associated velocity a t 

any  particu lar location. It is a  clear indication th a t the velocity and 

p ressure  vaiy  inversely. Therefore the optimum choice of p ressure  or 

velocity is essential, so tha t neither has zero value. Figs. 12 and 13
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give the  variation of energy flux and acoustic work with the rad ius of 

the tube. As can be seen both the energy flux and the work are alm ost 

directly proportional to the square of the tube radius. If the rad ius is 

varied the  to ta l a rea  of the stack  varies thereby  increasing  the  

effective area  on which heat transfer is active.
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Fig. 5. This plot show s the  variation of energy flux. H (Watt), and 
wavelength. X (m) (tube length is X/2) w ith frequency, f (Hz), a t m ean 
tem pera tu re . Tm = 255 K; m ean pressure. Pm =10 bar; Specific hea t 
ratio. Y = 1.67; sound speed, a  = 940; density of gas. Pm = 1 9  k g /m3; 
specific h ea t a t constan t pressure. Cp = 5.2 J/g .K ; Prandtl num ber. Pr 
= 0.68; Therm al conductivity of gas. K = 0.0013 W /cm.K; Therm al 
conductivity of plate or film. Kf = 0.0016 W/cm.K; density of film, pf = 
0 .0014  kg/cm 3; specific heat of film, cf = 1.1 J/g .K .
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Fig. 6. This plot shows the variation of acoustic power, W (Watt), with 
frequency, f  (Hz), a t the  param eters given in  fig. 5.
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Fig. 7. T his p lo t show s the  COP w ith frequency, f (Hz), a t the 
param eters given in fig. 5.
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Fig. 8. This plot shows the variation of energy flux. H (Watt), with 
pressure  am plitude. Pi (Pascal), a t the param eters given in fig. 5.
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Fig. 9. This plot shows the variation of acoustic power, W (Watt), with 
pressure  am plitude. Pi (Pascal), a t the param eters given in fig. 5.
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Fig. 10. This plot shows the variation of COP with pressure amplitude. 
P i (Pascal), a t the  param eters given in fig. 5.
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Fig. 11. This plot shows the variation of velocity, u i ,  with p ressure  Pi 
(Pascal), a t the  param eters given in fig. 5.
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Fig. 12. This plot shows the variation of energy flux, H (watt), with 
the  tube radius, R (m), (H a  R 2), a t the param eters given in flg.5.
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Fig. 13. This plot shows the variation of acoustic work, W (watt), with 
tube  radius, R (m). (W a  R2). a t the param eters given in fig. 5.
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PHYSICAL DESCRIPTION

As the loudspeaker is switched on, it se ts up  the standing  wave 

w ith in  the  gas filled tube. The frequency is chosen  so th a t  the  

lo u d sp e a k e r  excites th e  fu n d am en ta l reso n an ce  of th e  tu b e . 

Considering a  gas parcel undergoing the sinusoidal oscillations, the 

therm odynam ic  cycle of o sc illations of th e  gas parce l c an  be 

considered  a s  consisting of two reversible ad iabatic  s tep s an d  two 

irreversib le  isobaric constan t p ressu re  step s as show n in  fig. 14. 

A ssum ing the  plate tem perature as Tm and  a  tem pera tu re  gradient 

AT referenced to the m ean position, x=0. x% is m easured from x=0 to 

the  co m er of the  stack. Therefore the gas parcel a t the  left m ost 

position  is Tm -xiAT and a t the  right m ost position is Tm+xiAT. In 

the  first step  of the cycle, the fluid is transported  along the  plate by 

d istance 2xi and  is heated by adiabatic com pression (process a  in fig. 

14) from Tm-xiAT to Tm-xiAT+2Ti.

Here the work in the form of sound is done on the parcel and it 

is now a  tem pera tu re  higher th a n  the  p late  tem perature . Now the 

w arm er parce l tra n s fe rs  som e h e a t to  th e  p la te  by th e rm a l 

conduction  betw een the  gas and  the  p late  a t co n stan t p ressu re  

(process b  in fig. 14) reducing its tem pera tu re  to Tm+xiAT. In the 

th ird  step, it moves back a  d istance -xi and  is cooled by adiabatic 

expansion to the  tem perature (process c in fig. 14) T m + xi-2T i. This 

tem p era tu re  is lower th an  the plate tem perature , therefore a t  th is 

step  it absorbs some heat from the plate, raising its  tem pera tu re  to 

its  original value Tm+xiAT (process d in fig. 14). The n e t effect of 

th is process is th a t the system  has completed a  cycle and an am ount
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E ntropy

(A)

Volume

Fig. 14 Therm odynam ic cycles w ith sta te  points and  process lines. 
(A) show s the  cycle with entropy and tem perature and (B) shows the 
p ressu re  and volume changes fWheatley et aL. 1986).
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of h ea t h as been transported up a  tem perature gradient by work done 

in  the form of sound. All along the plate a  similar situation occurs, bu t 

now the  gas parcel gives away some heat to its neighboring parcel, 

thereby  transferring heat from one end to another end of the  plate. If 

we place h e a t exchangers a t the ends of the  plate, h ea t will be 

transferred  from one exchanger to another.

At the  conditions of uniform tem perature, it is advantageous to 

p lace the  s tack  in  the  cen ter of the tube, since the  viscous and 

th e rm a l lo sses  are  too h igh a t  th e  ends of the  tu b e . If the  

tem pera tu re  is not uniform, i.e., if we allow the engine to develop a  

negative tem perature  gradient (hot tem perature nearest the  p ressure  

an tin o d e), n o t only the  tem p era tu re  difference an d  the  h e a t 

conduction  across the boundary layer are reduced and  b u t also the 

viscous and  therm al losses are reduced. Now we can place the stack  

n e a r  th e  closed end of the  tube  (p ressure  antinode) since the 

te m p e ra tu re  sp a n  of the  engine h a s  increased  an d  also  the  

tem peratu re  gradient a t the pressure antinode is larger.

The above stack  position h as problems associated with it. Since 

th e  cold end is tow ards the  driver end, there is more h ea t load on 

th is  end. This is due to the  heat conducted from the driver to the 

cold end of the stack. This heat conduction phenom ena is due to the 

acoustica lly -d riven  convective flows called "acoustic stream ing" 

(Hofler, 1986).

The above problem can  be rectified by driving the system  from 

the  opposite end, i.e., by placing the driver near the ho t end of the 

stack . B ut we cannot simply place the driver a t the other end, since 

th is  is a  velocity antinode. This hurdle can be overcome by increasing

R eproduced  with perm ission of the copyright owner. Further reproduction prohibited without perm ission.



53

th e  length  of the tube  from a q u a rte r w avelength (k/4) to ha lf 

w avelength (X/2). Now the driver is a t the  p ressu re  an tinode and 

therefore the stack  can be placed a t th is end as shown in fig. 15.

Driver End

Driver
End

H

X / 4

(i)
X / 4

X/2
(ii)

Fig. 15. Developed model of the refrigerator, (i) is the  tube  of X / 4  
length  w ith stack  and the cold (C) and hot (H) sides, (ii) is th e  tube 
w ith X/ 2  length, "a" show s the velocity profile and  "b" show s the 
p ressu re  profile.
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CHAPTER 4

EXPERIMENTAL APPARATUS AND 
DESIG N

INTRODUCTION

In th is  section, the  design procedure and  the  design of the 

various com ponents will be discussed. The refrigeration a p p ara tu s  

d iscussed  below is the hardw are im plem entation of th e  theoretical 

asp ec ts  investigated in detail by Hofler and  Rott. The design and 

con stru c tio n  is a  very complex and tim e consum ing  p a r t  of the  

p resen t study, since it involves very precise d im ensions, accu ra te  

in s tru m e n ta tio n  and  ap p lica tio n  of a co u s tic  p rin c ip le s . The 

theo re tica l a spec ts  of th is  design were very briefly d iscussed  by 

Hofler (1986).

The critical p a rts  of the  com plete system  (fig. 16) a re  the  

resonato r (part 15 of fig. 16). hot heat exchanger (6 and  7), cold heat 

exchanger (13 and  12), s tack  (10) and  the speaker (21). All of the 

above p a rts  have direct im pact on the perform ance of the  system . 

The hot heat exchanger is positioned a t the p ressure  antinode 

and the velocity antinode is near the closed end. As discussed in the

54
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Fig. 16. An overview of the  therm oacoustic  system  used  for the  
experim ent with all the m ajor p a rts  num bered (details given in  text).
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prev ious ch ap ter, the  h e a t w hich is absorbed a t th e  cold h e a t 

exchanger is given off a t the hot h eat exchanger. Therefore it is clear 

th a t the  position of the p ressure  antinode is critical. Also the therm al 

c o n ta c t betw een the  h e a t exchangers and  th e  h e a t exchanger 

sections h as to be very good. In fig. 16, p a rt num ber 1 is the speaker 

casing, 2 is speaker adaptor, 3 and  4 are the p ressu re  stabilizer 

connections, 5 is the  speaker cover, 6 .7, 12, an d  13 are  h e a t 

exchanger sections, 8 ,11 ,14  and  16 are  the  flanges, 9 is  s tack  

resonato r section, 10 is the stack, 15 is the m ain resonator, 17 is the 

end  cap , 18 is th e  end  cap  connector, 19 an d  20  a re  th e  

therm ocouples and 21 is the speaker.

The stack  which creates the  therm al boundary  layer is placed 

betw een the two heat exchangers. The gap between the  two layers of 

the  s tack  should be twice the therm al boundary layer th ickness. This 

m eans th a t the  therm al boundary layer will form on both  sides of the  

stack  plate. The position of the p ressure  antinode and the  wavelength 

are  two im portan t c riteria  for the to tal length of the  system . The 

length in  the  p resen t case is X/2 a t 500 Hz frequency.

The design of the  various complex parts  of the  a p p ara tu s  (fig. 

16) for the  experim ent had  been m ade with a  view on the flexibility 

of the  workshop a t our disposal. There are two sections describing 

the  a p p a ra tu s , prim ary  and  secondary  com ponents. F u rth er, the 

in s tru m e n ta tio n  requ ired  for th e  m easu rem en t of th e  v a rio u s 

param eters will be discussed.
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PRIMARY COMPONENTS

In th is  section, a  detailed discussion of the  im portan t parts, 

w hich  here  a re  called the  prim ary com ponents, will be given. 

R esona to rs , h e a t exchangers and  the  s ta ck  are  v ita l for ou r 

experim en ts a s  th e ir  p recision  will affect th e  outcom e of the  

experim ents.

The acoustic  driver, which is a  speaker in  o u r case, is as 

im portant as the  resonator or other vital p u ts .  Instead of a  speaker, a  

p is to n /tu b e  arrangem ent can also be used. The driver ap p ara tu s  has 

to be designed to drive a  closed, helium-filled vessel a t  resonance 

from a  point of high impedance, while enabling accurate tun ing  of the 

driver frequency over a  wide range. The accurate  m easurem ents of 

the  driver frequency, power and  other variables of th is  device are 

critical to the operation of the system. Obviously the diam eter of the 

driver p iston  (speaker diaphragm ) h as to fit into th e  bore of the 

resonato r vessel. Any obstruction  to the  acoustic wave prior to the 

h e a t exchanger and  the stack  could have a  negative effect on the 

perform ance of the speaker diaphragm  itself. The lite ra tu re  on the 

descrip tion , ca lcu la tions and  design of the  acoustic  system  is 

extensive. One such  literature review which is recom m ended for the 

design of an  acoustic system  applied to therm oacoustic refrigeration 

is by Hofler (1988).

In the p resent experiments, the speaker used w as a  " Realistic 

3-inch" m idrange tw eeter w ith 30 W att m axim um  power o u tpu t 

model. The frequency range of the speaker is up  to 20,000 Hz, with 

8 ohm s impedence and 16 pF capacitor.
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Resonator

This is a  very vital section in  the design of the  refrigeration 

system  as in th is  length of the tube the resonance of the  acoustic 

wave takes place. The resonator vessel (fig. 17) is constructed  of the 

acrylic m aterial which h as very low therm al conductivity. The low 

therm al conductivity is desired since a  large tem perature gradient is 

expected and  the m etal tube would conduct m ost of the  heat along 

the tube m aterial.

Though the leaks were more a t jo ints and seals, o ther problem 

w ith  any  p lastic  p ressu re  vessel is its perm eability  to helium  

(discussion of helium  perm eability is given in  Appendix C) a t room 

tem perature. Due to th is the pressure inside the tube will not rem ain 

constan t and the  standing wave condition would be seriously affected 

over tim e. This would avoid creation of a  heat sink  or a  heat source 

(the tube  is a  large heat sink and heat source). Acrylic m aterial was 

used  for the initial tes ts  as it was very easily available, financially 

affordable, and  w as of low therm al conductivity . The in te rn a l 

d iam eter and  the  length of th is  section are  38.1 m m  (1.5") and

862.33  mm (33.95") respectively.

Stack Resonator Section

A sim ilar discussion as done for the main resonator goes for the 

s ta c k  reso n a to r section (fig. 17). The in te rna l d iam eter of th is  

section is 38.1 m m  (1.5") and its length is 80.01 m m  (3.15"). The 

location of this section along the main resonator can be varied, b u t fo-
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3 8 .1 0

862.33

50.80

Fig. 17. The m ain  resonato r section m ade of acrylic tu b e  w ith 
dim ensions shown in mm.
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r  th e  designed cooling effect it should  be p laced  close to the 

p ressu re  antinode.

Hot and Cold H eat Exchanger Sections

E ach  of these  sections h as  two parts  m ade of b rass  (fig. 18). 

Each is a  ring like section and fits exactly on to the other. A groove is 

m ade on each of the  sections on the  face of the ring closer to the 

inner surface as shown in fig. 18. This groove when m atched w ith the 

o ther groove, creates a  gap in which the heat exchanger exactly fits. 

Care w as taken  to m achine the p a rts  to 0.02 mm (0.001") accuracy. 

Also th e  su rface  h a s  to be perfectly m atched  w ith  o th er p a rts  

(flanges).

H ot and Cold H eat Exchangers

As the nam e suggests, the heat exchangers will carry  h ea t from 

the  atm osphere, through the tube, and the hea t will be re tu rned  to 

th e  environm ent. The h ea t exchangers play a  vital role in the  heat 

tran s fe r , therefore  th e ir m ateria l, m anu factu ring  tech n iq u e  and  

shape are very crucial. As discussed in the earlier chapter, hea t from 

one of the  h e a t exchangers is conducted to  the  gas parcel in  the 

therm al boundary  layer of the stack  plate. It is then conducted along 

th e  leng th  of th e  stack  and  conducted  back  to th e  o th er h ea t 

exchanger w hich subsequently  conducts back to the  atm osphere  or 

th e  cooling w ater c ircu lating  th e  h ea t exchanger. O ther design 

considerations are  given in the next chapter where some recom m en-
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12.70
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Fig. 18. Heat exchanger sections made of b rass  with all details and 
dim ensions (mm) in two different views.
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2  p ie c e s
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3 6 .8 3 4 4 .1 9

>1

Fig 19. Heat exchanger m ade of copper w ith d im ensions (mm) in 
two different views.
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d a tio n s of th e  design  and m an u fac tu rin g  tech n iq u es  a re  also 

discussed.

M aking the  h e a t exchangers w as very difficult ta s k  a s  it 

involved very small sizes. The heat exchanger section is a  ring-shaped 

copper piece, which is m ade from a  32 gauge copper wire (fig. 19). 

The wire section  w as converted into a  flat rec tan g u la r piece and 

form ed in to  the  sh ap e  of the  ring and  the  ends were soldered 

carefully. The in ternal diam eter of the ring is 38.1 m m  (1.5") and  4 

strip s were soldered to the ring. O ther dim ensions are  given in  fig. 

16.

The c ircu lar copper strips were cu t and  soldered across the  

diam eter of the  ring a t equal distance as shown in  fig. 19. Care was 

taken  to solder the  pieces so as to avoid any extra  am oun t of solder 

on th e  su rfaces of th e  ring and  the  s trip s , w hich would create  

turbulence in the fluid.

A very high precision is required to m ake th ese  parts . One of 

th e  high precision  m ethods (Hofler, 1986) to c o n s tru c t the  h ea t 

exchanger p a rts  is to  m ake a  s tack  of a lte rn a tin g  copper and  

alum inium  sheets th a t are glued together with a  th in  film of epoxy 

and  electroplated with the height and width of the  stack  being larger 

th an  the bore of the resonator. The stack  could then  be m achined, in 

a  lathe, into a  cylindrical volume having a  diam eter th a t is the  sam e 

as the  bore of the  resonator. The m achined ou ter d iam eter is then  

e lectrop lated  w ith copper, thereby  jo in ing  th e  edges of all the  

copper sh ee ts  to the  plating. The electroplated m aterial is tu rned  

down to a  specific ou ter diam eter. The face of the cylindrical p a rt is 

m achined un til the  edges of the  copper and alum inium  sheets are
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exposed, and  one or more disk shaped slices are parted  off the m ain 

part. Finally the  alum inium  is chemically removed, and  the exchanger 

is ready to be used. Care should be taken  to avoid sharp  edges which 

could act a s  local sites for acoustically stim ulated turbulence. A more 

detailed d iscussion  is given by Hofler (1986).

Stack Construction

The m ajor design considerations for the stack  construction are 

th a t  th e  spacing  betw een two layers should  be a t least twice the  

therm al penetration  depth  and the width of the stack  should be little 

less ( 0 .254  m m  or 0.01") th an  the d istance betw een the  two h ea t 

exchangers. The m aterial should have low therm al conductivity. A 

stack  of p la tes (brass sheets of 0.254 mm or 0.01" thick) could be 

u se d  for com parison  of the  re su lts  w ith  two d ifferen t th e rm al 

conductivities. The plastic sheet should be long enough, so th a t after 

it is w ound the  roll m akes a  snug fit into the  bore of the  resonator 

vessel.

The s tack  used in our work is a  roll consisting of a  long strip  of 

spiral w ound plastic  film (Kapton sheet). This provided the  necessary 

surface a rea  for the therm oacoustic heat transport.

The sp ira l h a s  m any spacers a ttached  on the  p lastic  sheet to 

m ain ta in  a  gap betw een adjacent layers of the  spiral. Monofilament 

fishing line of 0 .38 m m  (0.014") diam eter is used  as the spacers. The 

construction  of the  stack  is very delicate and time consum ing as the 

glue th a t h a s  to be applied on each fishing line in such  a  way th a t the 

glue does no t get th icker than  the line itself. Once these spacers are
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glued the  stack  has to be rolled carefully to avoid any contact of the 

plastic layer w ith other adjacent layers. The construction  of the  stack 

wlU be explained below.

A spiral roll of the  plastic sheet w as selected a s  it is easier to 

roll a round and  also it h as  low therm al conductivity. The sheet is 0.38 

m m  (0.01496") thick. The plastic sheet was cu t from a  square  piece 

and  care w as taken  to keep the width of the plastic sheet constant.

G luing of each spacer (fishing line) is very tim e consum ing if 

done m anually  and also not precise. Therefore a  jig  was used  to place 

the  fishing lines parallel to each other and glue them  as  shown in fig. 

20. This jig  is a  very simple device constructed in the laboratory.

The jig  is a  flat wooden panel on e ither side of w hich an 

a lum in ium  plate w ith tooth-like projections was fixed (fig. 20a). Two 

su ch  p lates were fixed on either side of a  rec tangu lar wooden panel 

w hich is wide enough to allow the film to be laid ou t along its length.

The p lastic  film is placed on top of the  panel and  fixed on 

e ither side of its  length. The string (fishing line) is fastened to one 

edge of the jig  and  then  laced back and forth between the  teeth  of 

the  jig  and  th en  fastened a t the other end of the jig  (fig. 20B). In the 

region betw een the  two rows of the  teeth , the  s trin g  is precisely 

aligned parallel to itself.

The jig  is a  frame th a t allows access to both sides of the strings. 

Once the  string  h as been laced properly on top of the  plastic film, an 

adhesive (Polyurethane) is carefully applied on two edges of the 

string  along the length of the film.

A scalpel is th en  used  to cu t the  strings a t  the  edge of the 

plastic film. Proper tension in the string is very im portant. If it is hig-
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M AA /V V \A A/\A /\AAAA/\AA/Vv1o o o o o o o o o o
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(A)

W o o d e n  p a n e l
F is h  lin e

P la s tic  film

9 7 .2 8

(B)

Fig. 20 The construction of the stack  roll. (A) Porous alum inium  jig 
p la te  w ith  to o th  like p ro jec tions, and  (B) sp a c e r  s tr in g s  
(m onofilament fish line) applied to the  s tru c tu re  of tiie film on the  
alignm ent jig. The strings are cut along the length a t points a' and b'.
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hly tensed  th en  the  string will either get unglued or curl the film 

and, if very lose, then  it will tend to get distorted (the string will not 

rem ain parallel to the other neighboring strings).

Each time only a  certain length of stack  can  be prepared since 

the  panel or the  jig  is not long enough to accom m odate the  entire 

length  of the stack . Once the glue on certain  length  is dried, the 

o ther length is glued. The time for the glue to dry w as ab o u t 5-6 

hours.

The plastic sheet (film) and the string are then  wound around a  

6 .35 mm (0.25") diam eter wooden rod whose length is equal to the 

w idth of the  film and the distance between the two heat exchangers. 

Proper care was taken  to roU the film. If the roll is wound too tightly, 

the  film will assum e a  rippled spiral shape  ra th e r th a n  a  sm ooth 

spiral shape, resulting  in the inter-layer spacing being too sm all and 

non-uniform . The spacing between the strings is 12.7 mm (0.5") and 

the m ean layer spacing is about 0.38 mm (0.01496"). The roll is then  

p ressed  carefully betw een flat surfaces to force the  layers to slide 

with respect to each other until the ends of the roll are stra igh t and 

square. All th is w as done veiy carefully to avoid being pressed more, 

which would cause the strings to break or become unglued. A total of 

5 tries were required to achieve proper dim ensions and accuracy. 

The diam eter of the  finished roll is adjusted by cutting  off the end of 

the  p lastic  strip  un til the roll m akes a  snug  fit in the  bore of the 

resonator tube.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



68

SECONDARY COMPONENTS

This section describes the design and construction of the  parts 

which can be called as secondary because they do not directly effect 

the  experim ent. However precision construction  is im portan t as it 

will indirectly have an  effect on the prim ary parts.

Flanges

The flanges a re  m ade of acrylic sheet of th ickness 12.7 mm 

(0.5"). w hich w as arbitrarily  chosen. Each flange is a  c ircu lar ring 

w hose in n e r su rface  m akes a  snug  fit on to the  tu b e 's  ex ternal 

d iam eter (50.8 mm. 2") (fig. 21). The outer d iam eter of the  flange is 

88 .9  m m  (3.5"). The ring w as fabricated w ith u tm o st care as the 

flange h as  to fit tight on to the tube, any  m inute gap left in between 

the  flange and  the  tube would be a  potential leak for the pressurized 

helium . To m ake th e  flange hold tightly to the  tu be  m aterial, an  

acrylic glue w as used , which after applying on to the  flange and the 

tube  surface takes about 24 hours to cure. This assem bly was tested 

for its  jo in t streng th  on the pressing machine. If the  dim ensions are 

precise and  the glue is evenly spread all along the joint, the assem bly 

would be strong enough to resist about 100 psi pressure.

A flange is a ttached  on e ither side of the  m ain reso n a to r 

section  an d  s tack  resonato r sections. Eight bolt holes are  drilled 

along the  flange in line with the holes in the heat exchanger sections.
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Fig. 21. Acrylic flanges m ade of acrylic in  two different views w ith 
dim ensions given in mm.
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End Cap

The end cap is a  circular acrylic piece whose ou ter diam eter 

(88.9 mm, 3.5") is the same as the flanges. The purpose of th is is to 

seal the  tube  on one end. A solid cylindrical acrylic piece is a ttached 

to its  center. The diam eter of the  cylinder (37.592 mm. 1.48") is 

su ch  th a t it m akes a  snug fit into the tube. i.e. the d iam eter of the 

cylinder is little less than  the internal diam eter of the tube (fig. 22).

T hreads of 12.7 mm (1/2") diam eter are m achined through the 

end cap a t its center. These th reads pass through the  cylinder and 

th e  flat piece. The purpose of th is bore is to connect the vacuum  

pum p and the helium  gas cylinder to the tube.

Speaker Casing

The speaker casing is m ade of alum inium  and  designed to 

cover the  speaker (acoustic driver) from all sides in  the  form of a  

closed cylinder. The casing h as a  hole on its back, through which the 

sp e ak e r w iring passes. To m ake th is  leak tigh t, an  a d ap to r is 

th readed  through the  hole (fig. 23).

The length (58.92 mm. 2.32") of the  casing is slightly longer 

th an  the speaker itself. This is done to allow the speaker flange to sit 

on top of the  hollow cylinder walls. 3.17501 mm (1/8") tap er screw 

th read s  are drilled in the cylinder walls in line with the holes of the 

speaker flange.
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Fig. 22. E nd  cap m ade of acrylic w ith  th read  connection  for the 
vacuum  pum p and helium  with dimensions in mm.
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58.42

12.7

101.6

11.30

S p e a k e r  a d a p to ra

Fig. 23. Speaker casing m ade of alum inium  shown in two different 
view s w ith  th e  th rea d s  drilled  a t  positions show n by a ' w ith  
dim ensions in mm.
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Speaker Casing Cover

The cover is also made of alum inium  in the shape of a  ring with 

in te rn a l d iam eter the  sam e as th a t of the  tube  an d  the external 

diam eter m atching the  casing. The speaker casing h as  a  th ickness of 

23.31 m m  (0.918") (fig. 24). Four holes are drilled in  line w ith the 

speaker casing and  the  speaker itself. W hen all of th is  parts , i.e., the 

speaker casing, the  speaker and  the speaker casing cover, are  in line, 

they can  be held together by 3.17501 m m  (1/8") screws.

The wavelength of the  acoustic  wave is m easu red  from the 

a ttach m en t point of the speaker casing and the  cover to the  end of 

the  tu b e  (end cap).

A problem with the above geometry is th a t w hen all the parts of 

th e  tu b e  a re  assem bled, the helium  p ressu res  on the  back  of the 

speaker and  in the  front are  different. This is due to the  p ressu re  

differential created by the increased pressure  applied by th e  helium  

in the front of the  speaker and  the atm ospheric p ressu re  unchanged 

on th e  back  of the  speaker. Due to th is  p ressu re  differential the 

speaker diaphragm  m ay break. The above problem  m ay conveniently 

be avoided by equalizing the pressure on both sides. In ou r case this 

problem  is overcome by attaching  a  tube, external to the  assem bly. 

Two holes, one is drilled across the speaker casing cover m aterial 

and  the  other is drilled on the speaker casing a t its back  portion as 

show n in fig. 24.
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Fig. 24 . S p eak er cover w as m ade of a lum in ium  and  h ad  the 
connection show n for the  pressure equalizer. Dim ensions are in  mm.
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INSTRUMENTATION

In th is  section, we will d iscuss about the  various electronics, 

p re s su re  reg u la to rs  and  the  acoustic  equ ipm en t u sed  for the  

experim ents. Each of these parts are vital to our experim ents as their 

precision would determ ine the accuracy of the  results.

The p ressu re  regulator used was a  two dial regulator. Dial A 

reads the p ressu re  inside the helium  cylinder and  the dial B reads 

the  outlet pressure. As shown in fig. 25 the connection from the tube 

end (end cap) is a  T ' connection. One leg of the T' is connected to 

th e  helium  cylinder th rough  the regulator an d  the  o th e r leg is 

connected to the vacuum  pum p through a valve. W hen th is  valve is 

open, the  tube can  be vacuum ed; when the valve is closed, with the 

regu la to r in  the  open position, the  tube  can  be pressurized  w ith 

helium .

A vacuum  pum p (GE 1 /3  HP. centrifugal, V I 15 type) was used 

to evacuate the cham ber prior to the adm ission of He.

O n the  back  side of the  tube (speaker end), th e  speaker 

adap to r is connected to  an  amplifier (Realistic, MPA-95, 100 w att, 

P.A.).

The am plifier is connected to a  frequency  g en era to r (BK 

Precision D ynascan Corporation 3010 Function generator). The range 

of frequency it can  generate is from 0.001 - 1000 KHz.

To accurately read the frequency, the generator is connected to 

a  frequency counter (B K precision Dynascan Corporation 1805 80 

MHz type) w hich digitally displays the  frequency generated . The 

accuracy of the counter is 0.01 Hz. The frequency range which can be
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m easured is 0.01 Hz - 80 MHz.

W hen the frequency is fixed by the generator, the signal goes to 

the  amplifier, w here the signal is amplified to the  required level and 

then  sen t to the  speaker. The frequency generator can  be adjusted to 

give a  sinusoidal wave or a  square wave form. It h as  a  wheel-Uke knob 

th rough  w hich the required frequency can be adjusted  w ith the  help 

of th e  co u n te r, w hich would display th e  frequency  fixed. The 

am plitude can  also be adjusted through the frequency generator.

The tem pera tu res of each h ea t exchanger are m onitored with 

two type-K therm ocouples. One junction  is inserted  into the  heat 

exchanger section from outside by drilling a  hole abou t ha lf an  inch 

inside the  section. The leads from the therm ocouples were p lugged 

in to  a  d ig ita l te m p e ra tu re  in d ic a to r  (K eithley 8 7 0  D igital 

T h erm o m eter), w h ich  rea d s  th e  te m p e ra tu re s  from  K-type 

th erm ocoup les u p  to 2000 °F  (1370 °C). The accu racy  of th is  

th e rm o m e te r  w as a d ju s te d  by  co m p arin g  th e  a tm o sp h e ric  

tem pera tu re  read  by an  ordinary m ercury therm om eter and  "Omega 

type-T tem pera tu re  indicator" (stand alone therm ocouple indicator).
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CHAPTER 5

EXPERIMENT AND RECOMMENDATIONS

INTRODUCTION

In th is  chapter, the assem bly of the ap p ara tu s  described in the 

previous chap ter and  the  test run  of the  therm oacoustic refrigerator 

will be d iscussed . Further, recom m endations to rectify some of the 

problem s associated w ith the present design will be made.

ASSEM BLY

The assem bly of the  apparatus was done very carefully so as to 

avoid any  dam age to the  various parts, specially the  speaker and  the 

speaker casing. The flanges are m ounted on the  tube and fixed with 

acrylic glue (Weld On, Acrylic Sealant, IPS Corp.). The sea lan t was 

applied on bo th  m ating surfaces with the help of an  injector. Since 

the  glue evaporates very fast, the flange and  the  tube were m ounted 

imm ediately. After clamping the joint, it w as left to d iy  for 24 hours 

till th e  jo in t is held rigidly. Similarly all the  flanges were m ounted  

and fixed to the tube.

78
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The gaskets used  for leak proof seal were cu t from a  square

0.0625" th ick  neoprene sheet. Each of the  gasket w as cu t into a  

circular piece and the holes for the bolts to pass were drilled. During 

th e  assem bly  an  appropria te  quan tity  of "high tem pera tu re , red  

silicone sealant" was applied on both faces of the gasket to seal all the 

crevices left over by the gasket. The silicone sealant after being left to 

dry for 24 hours seals into a  th in  rubber like sheet. Special care w as 

taken  to avoid the spill of the sealant on to the speaker pa rts  during 

th e  assem bly  of the  speaker pa rts . The gap betw een the  h e a t 

exchanger and  the heat exchanger sections w as filled w ith h ea t sink  

m ateria l (Silicone h ea t sink  compound), to avoid any a ir gap th a t 

would adversely effect the heat transfer from the heat exchanger to 

the  surface of the resonator.

TEST RUN

The above experim ental setup was designed to operate a t 10 

b a r  helium  pressure  and 500 Hz frequency. B ut the te s t experim ent 

ra n  into several problem s even a t the  lower p ressu res. One of the  

m ajo r d ifficu lties w as to m ake th e  a p p a ra tu s  leak  proof for 

p ressu rized  helium  gas. Since the gas is highly diffusive, it w as 

leaking ou t from the jo in ts between flanges and the tube, flanges and 

the  neighboring h ea t exchanger sections and holes drilled for the  

bolts. Even after several test trials the m axim um  pressure  th a t could 

be reached w ithout any leaks was 2 bar. The resu lts  a t such  a  low 

p ressu re  were very inconsistent and showed no signs of refrigeration. 

E ach  of th e  tria ls  involved de-assem bly of the  com plete se tup .
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preparation  of new gaskets, applying the heat sink  com pound, the 

acrylic glue and  the red silicone sealant, and  re-assem bly  of the 

a p p a ra tu s  parts . At every occasion, care was taken  to seal all the 

potential leak areas by applying appropriate am ount of red sealant. At 

one su ch  trial, higher helium  pressure (3 bar) was reached, which is 

still less th a n  the  designed 10 bar. The re su lts  were still very 

in co n s is ten t. D uring each  tria l ru n , the  experim ent w as left in 

ru n n in g  position till the tem perature rise due to the h ea t generated 

by the  driver reached steady state. It normally takes 10 to 12 hours to 

stabilize. The readings were recorded every half hour.

Here detailed recom m endations will be m ade for any fu tu re  

design and  testing.

RECOMMENDATIONS

As discussed earlier the design of a  therm oacoustic refrigerator 

involves design and  fabrication of very sm all com ponents and  their 

d im ensions are  very critical to the perform ance of the  refrigerator. 

Every com ponent h a s  to be designed in  accordance  w ith  th e ir 

im portance  in  the  outcom e of the  resu lts . This m eans th a t  the  

com ponen ts w hich directly affect the  h ea t tran sfe r and  also the 

resonance have to be very precise. The m aterial of these com ponents 

is a lso  vital and  their m anufacturing  technique would effect the 

outcom e. The finish of the parts  is particularly  im portan t as any 

roughness or b u rrs  would effect the fluid m echanics of the  acoustic 

flow.
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In th is  section, each of the com ponent dim ensions, their finish, 

m anufactu ring  technique and other design aspects will be dealt w ith 

in  detail. M ost of these  aspec ts  were understood  only after going 

th ro u g h  th e  design and conducting experim ents w ith the available 

w orkshop and  lab flexibility.

Prim aiy Components

In th is  section the recom m endations for the  im portan t p a rts  

like resonators, heat exchangers and  the stack  will be discussed.

Resonator

The shape and the m aterial of th is section have a  direct bearing 

on th e  re su lts . There are  several sh ap es th a t  can  be used  in  a  

refrigerator. One such shape where the desired resonance and better 

h ea t tran sfe r can be achieved is by placing a  spherical volume a t X /4 

poin t in a  A./2 resonator. Due to the  acoustic stream ing, there  could 

be a  substan tia l heat load on the cold heat exchanger which could be 

reduced by the spherical volume. Several such  geom etries an d  their 

design considerations are discussed in  detail by Holler (1986), where 

he also d iscusses the dim ensions of the  above spherica l geometry. 

S u c h  a  sp h e rica l sh ap e  w as no t considered  h ere  d u e  to  th e  

m anufactu ring  and  fabrication difficulties. The fabrication of various 

Jo in ts inc ludes the  soldering of the spherical section  to the  tube  

section.
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The m aterial of the resonator is very im portant as  it will affect 

th e  h ea t transfer and  change the  quantity  of h ea t load on the  cold 

h e a t exchanger. The section of the  resonato r w hich con ta ins the  

s ta c k  is sub jec ted  to a  large tem p era tu re  g rad ien t du ring  the  

operation  and  therefore should have low therm al conductance. The 

low est conductance can be found w ith p lastic  m aterial, therefore 

fiberglass m aterial could be used. Elsewhere the vessel could be m ade 

of heavy gauge copper or stainless steel.

A m ethod to reduce the helium  diffusion through the fiberglass 

is to have a  m etal film sandwiched between two layers of fiberglass. 

This h as  been found to reduce the leak by a  factor of 10. The details 

of how th is can be done is given by Hofler (1986).

The m ore th e  num ber of jo in ts , the h igher the  po ten tia l of 

leaks, a s  the jo in ts  provide a  high potential for the helium  to diffuse. 

Therefore it is suggested th a t the num ber of jo in ts  should be reduced 

to a  m inimum.

A nother im portan t factor to be considered during the  design of 

a  resonato r is to see th a t the inner surface is as sm ooth a s  possible, 

since any rough or uneven surface would substan tia lly  change the 

acoustic  and  fluid flow. The uneven projections would be a  potential 

local tu rbu len t point which is highly undesirable.

H eat Exchangers

These sections are veiy im portant as the  h ea t transfer with the 

a tm o sp h ere  tak es  place a t these  po in ts. The m ateria l of these  

sections should  have a very high therm al conductance. Therefore
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b ra s s  w as used . The strips are made of copper: the ir size and shape 

will be d iscussed  in th is  section. Overall the design objective is to 

maximize h ea t transfer w ithout disturbing the flow greatly.

The n um ber of s trip s  in a heat exchanger will have direct 

im pact on th e  acoustic flow. If the num bers of s trip s  are large, the 

acoustic flow will be obstructed: if they are less, the heat transfer will 

be affected, a s  these  s trip s carry the  h ea t from th e  stack  to the 

a tm osphere. The diam eter of the  strips may vary b u t care m ust be 

ta k e n  to optim ize them  so th a t  more s tr ip s  m ay be fit in  the 

diam eter. Very th in  strips m ay have a  deleterious effect on the heat 

transfer. Finally the edges of the strips should be rounded off, as any 

square  edge m ay create local turbulence in the flow.

It is critical to have good therm al con tact betw een the heat 

exchanger and  the  h ea t exchanger section. All gaps should be filled 

w ith suitable heat sink  compound.

Stack

The leng th  of th e  s tack  h a s  to be less th a n  the d istance 

betw een the  h ea t exchangers by approxim ately 0 .1-0.2 mm on each 

side of th e  stack . The gap between two layers of the  stack  h a s  to be 

co n stan t w ithout too m any distortions. Finally, the stack  should make 

a  snug  fit into the  bore of the resonator.
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Other Considerations

The m ajor problem  with the p resen t design w as its leakage of 

Helium. This can  be corrected in several ways, one of w hich is to 

replace the  neoprene gaskets w ith O-rings. The O-rings have been 

proven to seal the jo ints up  to several 100 psi. These O-rings have to 

be grooved below the bolt holes so th a t the  helium  does no t leak 

th rough  the  bolt holes. A nother potential point of leak is the jo in ts  

betw een flanges and  the  tube. If the jo in ts are plastic  welded, these 

leaks can  be reduced considerably. Also if gaskets have to be used, 

they  should  be sufficiently thick, so as to w ithstand  high p ressu re  

applied by the bolts, w ithout getting tom .

The end cap in  th e  p resen t design h as  a  hole drilled for 

vacuum ing and pressurizing the tube. This hole m ay pose an  uneven 

su rface  and  would seriously  affect the  acoustic  waves and  th e ir 

resonance inside the  tube. This problem could be tackled by placing 

th is  connection a t the  back  of the speaker in  the speaker casing. To 

avoid any  contam ination  of the helium  gas w ith a ir m olecules the  

evacuation and  pressurizing should be repeated several tim es before 

the  system  is b rough t u p  to the  desired  p ressu re . The ra te  of 

pressurizing and de-pressurizing m ust be low to avoid any damage to 

the speaker diaphragm  and the stack.

To absorb the heat transfered from the cold heat exchanger and 

the  h e a t generated by the  acoustic driver, cooling pipes should  be 

provided. The cooling pipes may be soldered on top of the hot heat 

exchanger, which will transfer the  heat from the h ea t exchanger to 

the atm osphere by circulating water a t atm ospheric tem perature.
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If m icrophones are provided a t d ifferent positions in  the  

resonator, the  p ressure  am plitude can be m easured experim entally. 

Also two m ore therm ocouples should be a ttached  in the  cen ter of 

each of the  heat exchangers. These therm ocouples will help m easure 

the  tem pera tu re  a t the center. The typical tem pera tu re  difference 

between the center of the heat exchanger and the  wall is 2 °C.

CONCLUSION

The application of acoustic waves in a  closed and  controlled 

environm ent can lead to cooling and heating effects. When a standing 

wave is im posed in a  tube, with the help of resonance, the  h ea t can 

be transported  from one point to another. Such an  acoustic system  

h as  only one moving part, i.e. speaker diaphragm , w hich m akes it 

easy  to  operate  an d  m ain tain . Though acoustic  waves generally 

p ro d u ce  m in u te  tem p era tu re  changes, th ese  ch an g es can  be 

exaggerated  considerably  w ith  the  help of s tack  p la tes  (spirally 

wound plastic stack  layers). The stack  layers create therm al boundary 

layers ad jacen t to the ir surfaces. The overall cycle undergoes two 

constan t tem perature and two isobaric processes (constant pressure).

A n u m e ric a l s im u la tio n  in d ic a te d  th a t  for c o n s ta n t  

therm ophysical properties and a  given rad ius of the  tube, m axim um  

energy flux is achieved only a t one particu lar frequency and  it is 

proportional to the square of the rad ius. The acoustic p ressu re  also 

h as  affect on the results. The energy flux increases with pressure, bu t 

th e  aco u stic  w ork required  also increases. The coefficient of 

perform ance increases only up  to a  certa in  p ressu re  a n a  th a n
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stab ilizes. Helium  is used  as the working fluid due to its  high 

conductiv ity , low viscosity, low P rand tl num ber, h igh  therm al 

expansion coefficient and availability.

To verify th e  above theory, an  experim ent w as m odelled, 

designed and  fabricated in the lab. The experim ent ran  into several 

problem s w ith the leakage of the seals and  jo in ts. Even after several 

a ttem p ts  the  problem  of leaks could not be fixed. W ith be tte r seals 

and  fewer jo in ts, it is possible to make the  system  work, b u t it could 

no t be done here due to time and other constrain ts. Therefore some 

detailed recom m endations are made for any future undertaking  of the 

project. They are,

1. The num ber of jo in ts should be reduced to the m inim um.

2. The jo in ts  m ust be strong, plastic welded if possible.

3. Using gaskets with sealant m aterial may not work, a  possible 

alternative is to use O-rings.

4. The construction of the resonator, stack  and heat exchangers 

h a s  to be precise in the  dimensions and m aterial, eg. the gap 

between the layers of the stack  has to be precise.

5. Care should be taken while pressurizing the tube, it m ay 

dam age the speaker diaphragm. Locate the helium  en tiy  hole at 

the back  of the speaker casing if possible.

As seen  from the analysis, it can  be concluded th a t th is  new 

technology  of therm oacoustic  refrigera tion  can  be a n  efficient 

m ethod like o th er refrigeration system s, eg., vapor com pression  

system s. An advantage of the acoustic system  is th a t it does not cause 

any dam age to the  atm ospheric ozone, like the p resen t CFG system s.
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It is  q u ite  possib le  th a t  w ith  fu r th e r  re se a rc h  th e  a co u stic  

re frig e ra tio n  system  could conceivably  rep lace  c u rre n t  vapor 

com pression system s.
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NOMENCLATURE

A = Amplitude
a  = Sound speed
cop  = Coefficient of performance
Cp = Isobaric beat capacity per un it m ass
Cy = Constant volume heat capacity
d  = Tube diam eter
/  = Frequency
H  = Entahlpy
h  = Half plate spacing
K  = Therm al conductivity
I = Half plate thickness
L  = Tube length
P r  = Prandtl num ber
P = Pressure
Q = Heat flux
q = Heat flux per un it area
R  = Tube radius or Gas constant
s  = Entropy
T = Tem perature
u  = X com ponent of velocity
V = y component of velocity
W  = Work or acoustic power
X  = Axial direction along the tube
y  = Perpendicular direction to the axis of the tube
P = Therm al expansion coefficient
Y = Specific heat ratio
Ax  = length of the plate
5 = Penetration depth

88
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Bs = Plate heat capacity ratio (ratio of heat capacity of fluid
to the plate. (pmCp5k/pfCf5f))

K = Thermal diffusivity
A = Wavelength
A = Radian wavelength
p  = Dynamic viscosity
V = Kinematic viscosity
yr = Normalized tem perature gradient
n  -  Perim eter
p = Density
Û) = Angular frequency
V = Gradient

Subscrip ts and Superscripts

A, a  = Amplitude
C = C am ot or cold
c r  = Critical
H = Hot
f = Plate or film
m  = Mean
0 = F irst order
s = Standing wave conditions
K = Therm al
V = Viscous
1 = First order
2 = Second order
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APPENDIX A  

FORTRAN PROGRAM

C THIS IS A FORTRAN PROGRAM TO COMPUTE ENERGY FLUX AND 

C ACOUSTIC WORK AT DIFFERENT FREQUENCIES AND THIS 

C PARTICULAR PROGRAM WITH LITTLE VARIATION WOULD GIVE 

C THE ENERGY FLUX AND ACOUSTIC WORK FOR VARAIBLE 

C PRESSURE.

REAL Ll.KS2,K2.LA(1000).LB(1000).COP(I000)

DIMENSIONF( 1000) ,W( 1000). PS 1( 1000). US 1( 1000). 

DIMENSION DK(lOOO).DVdOOO). DS(IOOO), DTC(IOOO) 

DIMENSION W O (l000).H(1000),ES(1000),TT{1000). 

DIMENSION X l( 1000,100)

OPEN (10, FILE = RESULTS'. STATUS = NEW)

C MEAN TEMPERATURE TM («K), MEAN PRESSURE PM (bar)

TM = 255 

PM = 10

C TMB IS THE PRODUCT OF MEAN TEMPERATURE AND THERMAL 

C EXPANSION COEFFICIENT.

TMB = 1
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C G IS SPECIFIC HEAT RATIO CP/CV 

G = 1.67 

CP = 5 2 0 0

C RHO IS THE PRANDTL NUMBER FOR HELIUM.

RHO = 0.68 

C RM IS DENSITY OF GAS 

RM = 1.9

C K IS THERMAL CONDUCTIVTIY OF GAS 

K2 = 0.13

C KS IS THERMAL CONDUCTIVITY OF PLATE (STACK) MATERIAL.

KS2 = 0.16 

C RS IS DENSITY OF PLATE MATERIAL 

RS = 1400 

C CS IS SPECIFIC HEAT OF PLATE 

CS = 1100 

C PA IS PRESSURE AMPLITUDE 

PA = 30000

C D T IS  CHOSEN TEMPERATURE DIFFERENTIAL ACROSS THE 

C PLATE

DT = 90 

C YO IS HALF PLATE SPACING 

YO = 0.00019 

C L IS HALF PLATE THICKNESS 

LI = 0.00004 

C DX IS PLATE LENGTH 

DX = 0.08 

C R IS TUBE DIAMETER
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R = .019

C A IS THE SPEED OF SOUND IN THE GAS 

A = 940

C DTM IS DIFFERENCE OF TM AND DT 

DTM = 165 

C CALCULATION OF CONSTANT PI (jt) 

pi = 4* ATAN(l.O)

C ITERATION FOR FREQUENCIES FROM 470 TO 600.

DO 100 I = 470, 600. 10 

F(I) = I 

C ANGULAR FREQUENCY

W(I) = 2*PI*F(I)

C WAVE LENGTH

LA(I) = A/F(I)

C RADIAN WAVE LENGTH

LB(I) = LA(I)/(2*PI)

C ITERATION FOR THE POSITION OF THE STACK 

H I = 0.0 

WO 1=0.0 

DO 110 J  = 1.79 

XI (I. J) = 0.01*J*PI*LB(I)

C CALCULATION OF FIRST ORDER PRESSURE AMPLITUDE AND 

C VELOCITY AMPLITUDE OF THE STANDING WAVE 

PS I (I) = PA • SIN(X1(I.J)/LB(I))

US I (I) = (I + Ll/YO)*(PA/(RM*A))*COS(Xl(I.J)/LB(I))

C CRITICAL TEMPERATURE GRADIENT FROM REF. (SWIFT. 1988) 

DTC(I) = (TMB*W(I)*PS1(I))/(RM*CP*US1(I))
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C TEMPERATURE RATIO OF DT AND DTC 

TT(I) = DT/(DX*DTC(D)

C THERMAL PENETRATION DEPTH

DK(I) = (SQRT(K1/(PI*F(I)*RM1*CP)))

C VISCOUS PENETRATION DEPTH

DV(I) = DK(I)*SQRT(RHO)

C PLATE THERMAL PENETRATION DEPTH

DS(I) = (SQRT(KS1/(PI*F(I)*RS*CS)))

C PLATE HEAT CAPACITY RATIO

ES(I) = (RM1*CP*DK(I))/(RS*CS*DS(D)

C PERIMETER ON WHICH HEAT TRANSFER IS ACTIVE 

PP = (PUR**2)/(YO+Ll)

C ENERGY FLUX

H(I) =-((PP*DK(I)*TM B*PSl(I)*USl(I))/(4*(l+ES(I))*(l+RHO) 

+ *(l-DV(I)/YO+DV(I)*-»2/(2*YO**2))))*{(TT(I)*(l+SQRT(RHO)

+ +RHO+RHO*ES(D) /(  I +SQRT(RHO)) -( 1 +SQRT(RHO) -DV(I) /  YO)

+ )-PP*(YO*K2+Ll*KS2)*(DTM/Xl(I,J))

C ACOUSTIC WORK

WO(I) = ((PP*DK(I)*DX*(G-I)*W(I)*PS1(I)**2)/(4*RM*A**2*( 

+ 11 +ES(I))))*((TT(I) /(( 1 +SQRT(RHO))*( 1 -DV(I) /YO+DV(I)**2/

+ (2*YO**2))))-I)-(PP*DV(I)*DX*W (I)*RM *USl(I)**2)/{4*(l-

+ DV(I)/YO+DV(I)**2/(2*YO**2)))

WO(I) = -WO(I)

IF (Hl.LT.H(I).AND.WOl.LT.WO(D) THEN
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H1=H(I)

W01=W0(I)

ELSE

GO TO 110 

ENDIF 

110 CONTINUE

C COEFFICIENT OF PERFORMANCE RATIO. COP/COP(CARNOT) 

COP(I) = H l/W O l

100 CONTINUE

DO 150 I = 470. 600.10

WRITE( 10.20) I, H I. WO 1. COP(I)

2 0  FORMAT(5F6.3)

150 CONTINUE

STOP 

END
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APPENDIX B

The solution of the equation to calcuate the velocity field in  the 

a co u s tic  wave is illu s tra te d  here . As eq u a tio n  (13) is non- 

hom ogeneous, the  solution is obtained by applying the separation  of 

variables technique.

The governing equation is,

dy^

This equation can be rewritten as.

W ith boundary conditions.

ui(h) = u i( -h )  = 0 (2)

After separation of variables, we will have.

u ,  = A, A ,e’ V  -----
 ̂ ifiv) dx

(3)
‘“ Pm

where Ai and A2 are constants. Applying the boundary conditions the 

above equation becomes.
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u i  = A iel^^^tûpni/H +A 2e-y  ̂  ̂ = Q (4)
icopm dx

and
u i  = A i e - y ^ i “ Pm /li+A 2 e y ^ i® p m /p  ^ É f j _ =  o (5)

icopm dx

Solving the  above two equations, we get the values for the constants,

 I d P l ( l-e -W k » P m /M )

iûJPm dx g_2h^icopni/p{ i ^ - 4 lV

and

^ 2 ____1 d P i ( i - e - 2 lV i» P m /^  p ,

iûJPm dx g_2ĥ io)pm/p( l-e-^Wl“Pm/pJ

After these constan ts  are substitu ted  into eqns. (4) and (5). we have,

  ( 8 )

R earranging the  above equation, we get.

u i  = 1 d P i 2 ( i - e - W iû ) p n i /p )
icopm dx i“ pm /p(i_e-4 lV iû)Pm /p)

(9)
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APPENDIX C 

HELIUM

In the p resen t experim ents and analysis, helium  was chosen as 

a  m edium  inside the therm oacoustic tube since helium  gas h a s  a  low 

Prandtl num ber compared to air. The low Prandtl num ber m eans th a t 

m ore h e a t can  be transported  betw een the  working fluid and  the 

p lates. The choice of m edium  is not restric ted  to helium -any o ther 

fluid w hich h as a  low Prandtl num ber and th u s  low viscosity and high 

therm al expansion coefficient can be chosen like liquid m etals (liquid 

sodium . Pr=0.004). superfluids He^-He^ m ixtures (Pr=0.1) and  other 

b inary  m onatom lc gas m ixtures (Pr=0.3). Helium was the  choice a s  it 

is non-toxic, non-flammable and easy to obtain and work with.

Along w ith the  above properties, several o ther properties will 

be discussed  for better understanding  of the reason for helium  being 

selected in  the  therm oacoustic experim ents and analysis. Helium h as 

the  lowest melting point of any element and therefore h as  found wide 

usage in cryogenic research  as its boiling point is close to absolute 

zero. The conductiv ity  of h ea t is enorm ous and  in creases  w ith 

tem pera tu re  and  therefore used in the  study  of superconductiv ity . 

L iquid He^ expands above 2 .174 K on cooling. Due to its  high 

conductivity it is used as a  cooling medium in nuclear reactors.
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The specific heat of helium gas is relatively veiy high. Since it 

is m onatomic, the gas heat capacities a t a  given pressure are constant 

w ith tem perature.

The density of He vapor a t the normal boiling point is also very 

h igh , w ith  the  vapor expanding greatly  w hen heated  a t room 

tem p era tu re . Also the  density  of helium  is alm ost twice th a t of 

hydrogen. The usefulness of helium  depends largely on its extreme 

properties, for example, its lightness and non-flammability. Above all 

the  Prandtl num ber of helium is lower than  other rare gases.

One of the  problems tha t can be encountered using of helium  is 

its  diffusion through  m ost m etal and  plastic containers under high 

p ressu res. Any plastic pressure vessel is more perm eable to helium  

th a n  a ir a t room tem perature. The permeability coefficient of helium  

th rough  the plastic m aterial (Poly-ethyl methacylate) is 5.18 x 10* 

cm 2/(sec  X Pa) a t STP. For comparison, the perm eability coefficient 

of neon  (Ne) Is 2 .28 x  1 0 " 13 and  of oxygen (O2 ) is 0.889 x  10'13

(Pauly. 1989). The total pearmeability of helium through the 

experim ental apparatus is about 0.3492 cm 3/hour and 0.059 

cm 3/h ou r for ojqrgen. The molecular size of helium is 0 .26  nm. 

whereas the oxygen size is 0.346 nm.
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APPENDIX D 

THEORY OF ACOUSTICS

In th is  section, the  basic  term s applied e ither directly  or 

ind irec tly  to  therm oacostics will be described , a s  a  review of 

acoustics.

Acoustics may be defined a s  the  generation, transm ission  and 

reception of energy in the form of vibrational waves in m atter. These 

vibrations are displacem ents of atom s or molecules of a  fluid or solid 

from th e ir  norm al configuration. Due to these  d isp lacem ents an  

in te rn a l e lastic  restoring  force arises. The elastic resto ring  force, 

coupled w ith the  inertia  of the system , enables m atter to participate 

in  oscillatory vibrations and thereby generate and  transm it acoustic 

w aves. The sound power generally depends upon  the  environm ent 

su rro u n d in g  the  source of sound. This m eans th a t  sound  can  be 

described  a s  a  d is tu rbance  th a t  p ropagates th ro u g h  an  e lastic  

m aterial a t a  speed characteristic of th a t medium.

The therm al effects of acoustic waves have been known for a 

long tim e. It is well known th a t  due to the  com pressions and 

expansions associated with sound waves, tem perature g radients are 

produced. B ut these gradients in norm al acoustic situations are so 

sm all th a t the  therm oacoustic effects are not noticed in everyday life.
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U nder certa in  controlled conditions these effects can  be enhanced, 

so th a t they can be used  to refrigerate or produce sound waves in  a  

volume.

There are several papers published to prove the above effects 

over a  period of tim e. Most of these  stud ies have been  from the 

physics po in t of view, and  lack engineering app lica tions to h ea t 

transfer.

Some of the  basic  term s and equations often u sed  in  such  

stud ies will be given here.

Frequency

Frequency (f) is defined as the num ber of tim es per second a t 

w hich the sound p ressure  d isturbance oscillates between positive and 

negative values. Frequency above 20000 Hz is term ed a s  u ltrason ics 

and  below 20 Hz is infrasonics. It is in th is  range of 20-20000 Hz 

which is audible and is normally used in therm oacoustics.

The angular fi*equency is given by.

CO = 2 71 f

Sim ilarly Period is defined as tim e required for one complete

cycle.
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W avelength

The wavelength of sound is the d istance betw een analogous 

points on two successive waves. It is given by,

A = -̂  = a  T

w here a  is speed of sound which depends upon the m edium  and  it is 

given by.

rP ,
7?

where Pg is the equilibrium  gas pressure. In term s of tem perature.

a  = ^ y R T

where R is the gas constant.

The wave num ber is defined from the relation.

Sound Pressure and Particle V elocity

M ost common sounds consist of a rapid, irregu lar series of 

positive p ressu re  d istu rbances (compressions) and negative pressure  

d istu rbances (rarefractions) m easured from the equilibrium  pressure  

value. The relation of sound pressure is (Kinsler. 1982).

P(x, t) = Pj^cos (K (x + ct))
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where t  is the time, Pl is the pressure am plitude and x varies in axial 

d irec tion .

Every particle h as  velocity associated with the  sound wave in a 

tube. The relation for the particle velocity and pressure  is.

Traveling and Standing Waves

A wave w hich is progressive and  in  which the  properties of a 

particle  moving a t  a  velocity change with both tim e and  position is 

called a  travelling wave.

The in terference of two waves is called "superposition " and  

creates a  standing wave.

Resonance

E ach norm al mode of vibration has its own norm al frequency 

(natural frequency). If the  source is driven by a  steady sta te  generator 

a t specific frequency and  if th a t frequency equals the  norm al or 

n a tu ra l frequency of the  enclosure, the  sound wave is sa id  to be 

resonating.
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