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The results are  presented of an experimental study concerning the effect of sound on high-fre-  
quency heating of a bituminous bed model. 

Several studies [1-3] have dealt with intensification of heat and mass t ransfer  processes  in saturated 
porous media by simultaneous action of heat and sound. 

Intensification of heat and mass t ransfer  in saturated porous media by an acoustic field was in those 
studies attributed to a manifold increase of the thermal diffusivity of the material  and to various diffusion- 
filtration effects induced in it. Dissipation of the energy of a strong high-frequency electromagnetic field in 
the medium gives r ise to a thermal field with a space - t ime  temperature distribution which depends rather  
weakly on the thermophysical propert ies of the material  but is determined mainly by the distribution of the 
electromagnetic field and on the electr ical  properties of the material.  An appreciable change in the thermal 
diffusivity caused by an acoustic field should, however, produce changes in the temperature field. 

For  an experimental study of these phenomena, an apparatus was built (Fig. 1) making it possible to ex-  
amine the thermal effects in a saturated porous medium due to the simultaneous presence of a high-frequency 
electromagnetic field and an acoustic field. 

The apparatus included a t r ip le- layer  model of a bed, a well through it with an acoustic radiator and an 
electromagnetic radiator inside, also a model GUZ-1.5N ultrasonic oscillator (or model GZ-34 with a model 
TU-600 amplifier) and a model VChD-2.5 electromagnetic high-frequency oscillator above ground. The bed 
model comprised a lump of natural bituminous Shugnrov sandstone, 0.70 m thick and 60 cm in diameter ,  be- 
tween 0.15-m-thick layers  of moist clay and enclosed inside a wooden box 1.40 x 1.40 x 1.40 m large. The 
productive bed material  was separated from the surrounding box by quartz sand of the 0.1-0.4 nun fraction. A 
dielectric tube 4.2 cm in diameter  was inserted into the bed model along the axis of the latter.  

One of the main components of the apparatus was technological equipment for  simultaneously transmitting 
the energy of the electromagnetic field and of the acoustic field to the bed. This is achieved by two radiators 
(an electromagnetic one and an acoustic one) inside the well. 

The electromagnetic high-frequency radiator constituted a part  of the inner tube projecting below the outer 
tube (drive pipe), as shown in Fig. 1. For  proper  centering and prevention of closure,  the tubes were separated 
by Teflon washers.  The radiators received excitation from a coupling capacitor. 

As the source of acoustic waves served a chain of 10 cylindrical TsTS-19 piezoceramic t ransducers ,  
joined by means of Teflon sleeves,  placed inside the electromagnetic radiator so as to be found within the mid- 
die portion of the productive bed. 

The supply leads to the acoustic radiator were passed through the inner tube outside. Pickup along the 
supply leads to the acoustic radiator from the electromagnetic  high-frequency oscillator during operation of 
the lat ter  was suppressed by means of a high-frequency fi l ter  in the lead circuit.  Acoustic contact was ensured 
by filling the well with t ransformer  oil. 

The temperature at various points of the bed was measured with copper-Constantan thermocouples located 
within the middle portion of the bed and enclosed inside porcelain insulator tubes. The frequency and the inten- 
sity of acoustic radiation was recorded by TsTS-12 piezoceramic probes placed inside the dielectric tubes 
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TABLE 1. T e m p e r a t u r e  (~ Distr ibut ion in the Model of Charge  

Frequency, kHz 

16 

Time, h 
Distance from the well:~ cm 

25 
31 
31 
31,5 
27 
37,5 
40 
42.5 

14 I 21 

25 25 
25 
25 25 
25 25 

27 27 
28 27 
30 27 
30,5 27 

37 

25 
25 
25 
25 
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27 
27 

J 

Fig. I .  Schemat ic  d i a g r a m  of the e x -  
pe r imen ta l  appa ra tus :  1) bi tumen bed; 
2) roof and f loor  of the bed; 3 ) d i e l e c -  
t r i c  tube; 4) r ad ia to r  of h igh-f requency 
e l ec t romagne t i c  energy ;  5) r ad ia to r  of 
acous t i c  energy ;  6) d i e l ec t r i c  w a s h e r s ;  
7) a luminum tubes;  8) model  VChD-2.5/  
13 e l ec t romagne t i c  h igh-f requency osc i l -  
l a to r ;  9) coupling capac i to r ;  10) model 
GUZ-1.5N ul t rasonic  osc i l l a to r  (or model  
GZ-34  with a model  TU-600 ampl i f i e r ) ;  
11) h igh- f requency  f i l te r ;  12) t b e r m o -  
couples;  13) mul t iconiac tor  ~vLtch; 14) 
Dewar  f lask;  15) mWlel V S ~  a ~ m l m m t t -  
m e t e r ;  16) d i e l ~ t r i c  t u r i n ;  11~ a c m m t l e  
r e c e i v e r s ;  18) ~ 1  f f l - l ~  ~ .  

containing t r a n s f o r m e r  oil ,  and connected to the model  SI - lSA ~ e l l l o g r a p h .  The  thermoco~ples  were  con-  
nected to the model V2-15 m i c r o v o l t m e t e r  through a mul t icontac tor  switch. 

The product ive  bed had the following c h a r a c t e r i s t i c s :  bi tumen content 10 wt.% wa te r  sa tura t ion  0.5, 
poros i ty  40 wt.%, d ie lec t r i c  constant  7.6, and d ie lec t r i c  loss  tangent 0.15 (at a 13-MHz frequency).  The 
sa tura t ing  bi tumen was  of the mal tha  grade ,  with a densi ty  of 1024 k g / m  3 and a v i s cos i t y  Of 630 k g / m .  sec  
at 25~ The expe r imen ta l  p rocedure  was as  follows. 
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Fig. 2 .  Dependence Of the t empera tu re  o n t h e  heating time.* D 
e lec t romagnet ic  h igh-frequency iheating, II) and III) e l e c t r o -  
magnetic h igh-frequency heating in an acoustic  field of f requen-  
cies 6 and 16 kHz respect ive ly ;  1) R = 4 cm, 2) R = 14 cm, 3) 
R = 2 1 c m ,  4) R = 2 1  cm. 

Fig. 3. T e m p e r a t u r e  distr ibution as a function of the dis tance:  
1, 2, 3) t = 8 h, 4) 29 h, 5) 34 h (5 h of e l ec t romagne t i c -acous -  
t ic t rea tment) .  Legend of exper imenta l  points the same as in 
Fig. 2. 

1. Record ing  the s p a c e - t i m e  t empera tu re  distr ibution in the bed model e lec t romagnet ica l ly  heated with 
a power of 0.5 kW at a f requency of 13.56 MHz. 

2. Pe r fo rming  analogous measu remen t s  during s imultaneous e lec t romagnet ic  heat ing with the same 
power at  the same frequency and acoust ic  t r ea tment  with an intensity of 0.9 W/cm 2 at  f requencies  of 16 and 
6 kHz respec t ive ly .  - . . . .  

3. P e r f o r ming  analogous measu remen t s  during acoust ic  t r ea tmen t  alone,  with the same intensi ty and at 
the same frequency.  

The t e mpe ra tu r e  could not be m e a s u r e d  during operat ion of the e lec t romagnet ic  h igh-f requency osc i l l a -  
t o r ,  because of large  pickup vol tages  induced in the thermocoupte  wi res  by the e lec t romagnet ic  h igh- f requency  
field. F o r  this r eason ,  the osc i l la tor  was turned off for  t.he durat ion of measu remen t s .  Inasmuch as the m e a -  
surements  were  made quickly (they took not more  than 2 min each) ,  shutdown of the osc i l la tor  did not affect  
the the rmal  f ield of the bed. 

Altogether  15 exper iments  were  pe r fo rmed .  T h e  resu l t s  of these exper iments  a re  given in Table  1 and 
Figs.  2-3. 

According to the data in Table  I ,  the resu l t s  of an 8-hour  acoust ic  t r ea tmen t  (at 6 and 16 kHz r e s p e c -  
tively) of the bituminous bed, heating:of the acoust ic  r ad i a to r  affected the t empera tu re  dis tr ibut ion in the bed 
only at  d is tances  f rom the well  equal to 4 cm : (f = 6 k H z )  o r  4 and 14 cm (f = 16 kHz). No t empera tu re  r i s e  
was noted at o the r  points in the bed;- 

The graphs i n Figs.  2 and 3 indicate that acoust ic  t r ea tment  inc reases  the ef fec t iveness  of e l ec t romagne -  
t ic  h igh , f requency  heating of a bituminous bed. The rate  of e lec t romagnet ic  h igh-frequency heating becomes  
fa s t e r  in an acoust ic  field (Fig. 2). T h e  heating rate  increases  with increas ing  f requency of the acoust ic  field. 

The space  d i s t r ibu t ion  of the t empera tu re  shown in Fig. 3 revea l s  a deeper  penetra t ion of electromagne-;  
t ic  h igh-frequency heating of a bituminous bed in an acoust ic  field. Moreover ,  the penetra t ion was deeper  at 
16 kHz than at 6 kHz with the same intensity of the acoust ic  field, 
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Also in te res t ing  a re  the resu l t s  of expe r imen t s  (Figs. 2 and 3) with e l ec t romagne t i c  h igh-f requency hea t -  
ing and delayed acoust ic  t r e a t m e n t  (f = 16 kHz)~ Accord ing  to the graphs  he re ,  the heat ing ra te  inc reased  
sharp ly  immedia te ly  a f te r  the acous t ic  field had been turned on. The ra te  of i nc rease  depended on the d i s -  
tance f r o m  the acoust ic  r ad ia to r  and f r o m  the e l ec t romagne t i c  h igh-f requency rad ia to r .  

These  changes in the s p a c e -  t ime  dis t r ibut ion of the t e m p e r a t u r e  in our  model  of a bituminous bed can 
be explained by an inc rease  in the t h e r m a l  diffusivity of sandstone due to acoust ic  t r ea tment .  As a conse -  
quence,  the e l ec t romagne t i c  h igh- f requency  heat ing depends m o r e  s t rongly on the t he rma l  diffusivity and con- 
t r ibutes  more  to the t e m p e r a t u r e  d is t r ibut ion during h igh- f requency  heating. 

One mus t  also consider  a poss ib le  contr ibution to the intensif icat ion of h igh- f requency  heat ing by a c o m -  
bination of lower  v i scos i ty  of heated bi tumen in an acous t ic  field and f i l t ra t ion flow due to an acous t i c -pu l se  
p r e s s u r e  drop.  

N O T A T I O N  

f (kHz) is the f requency  of the acoust ic  field; 
AT (~ is the t e m p e r a t u r e  r i s e ;  
t is the t ime;  
tac is the t ime of turning on the acous t ic  field; 
R (cm) is the dis tance f r o m  the wall.  
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Exper imen ta l  evidence is surveyed  for  the p e r f o r m a n c e  of var ious  types of tu rbu l i ze r s  in con-  
vect ive  heat  t r ans f e r .  An opt imum range in Reynolds number  and opt imum ranges  of geo-  
m e t r i c a l  p a r a m e t e r s  a re  identified. 

The re  a re  two ma jo r  ways of acce l e ra t ing  heat  t r a n s f e r  in tubes;  the f i r s t  involves producing sp i ra l l ing  
with s t r ip  and plate dev ices ,  which influence the ent i re  flow. The second involves modifying the flow region 
nea r  the wall  by means  of a r t i f ic ia l  roughnesses  such as grooves  on the inside wall ,  wi re  sp i r a l s ,  etc.  

A large  volume of expe r imen ta l  evidence has been accumulated on heat  t r a n s f e r  in tubes with var ious  
devices  cover ing  wide ranges  in heat  load and physica l  p a r a m e t e r s  [1-15]. Some methods based on s t r ip  de -  
v ices  fo rm the subject  of in te res t ing  su rveys  [4, 16]. Table  1 gives the ma jo r  r e su l t s .  No sys t ema t i c  survey  
has prev ious ly  been published on the exper imen ta l  data for  the var ious  types of s y s t e m s  in a fo rm that could 
be used in compara t ive  evaluation.  

The Ultimate purpose  of any method of acce l e ra t ing  convective heat t r an s f e r  is to p rov ide  a basis  for  de -  
signing equipment  with the min imum t r a a s f e r  sur face  or  min imum t empera tu r e  di f ference subject  to min imum 
power  consumption in fluid pumping. Any of the methods of acce le ra t ing  heat  t r a n s f e r  i nc rea se s  the hydraul ic  
r e s i s t ance  and thus inc reases  the pumping power ,  so a m a j o r  p a r a m e t e r  must  be the pe r fo rmance  of the con-  
vect ing su r faces .  The following p e r f o r m a n c e  fac tor  (the energy  factor)  is the one usually employed [2, i4 ,  17, 18] : 
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