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The effect  of e l ec t romagne t i c  f ie lds  of f requency 3.85 �9 10 s and 6.66 �9 10 s Hz on heat  t r a n s -  
fe r  was inves t iga ted .  The effect  of the field depends on i ts  s t rength  and the fluid flow r e -  

g ime .  

In plant  for induction hardening,  so lder ing ,  smel t ing ,  and u l t r a son ic  t r e a t m e n t  of m e t a l s  and in some 
chemica l  technology p r o c e s s e s ,  heat  t r a n s f e r  takes  place  in condit ions compl ica ted  by the effect  of e l e c t r o -  
magnet ic  f ie lds  with f requency f rom hundreds of Hz to tens of hundreds  of kHz. The c i r cu i t s  of powerful 
r a d i o - r e c e i v i n g  and t r ansmi t t i ng  s ta t ions  and h igh- f requency  p lasma g e n e r a t o r s  a l so  r equ i re  continuous 
cooling.  In heat  ca lcula t ions  for  the var ious  p a r t s  of such equipment  the effect  of the field on the heat  t r a n s -  
fe r  is  usua l ly  ignored .  This  is  due to the fact  that the effect  of h igh- f requency  e l ec t romagne t i c  f ie lds  on 
heat  t r a n s f e r  has r ece ived  l i t t le  study so f a r .  I t  has been e s t ab l i shed ,  however ,  that  heat  t r a n s f e r  in low-  
f requency constant  and a l t e rna t ing  e l e c t r i c  f ie lds  is  more  intense than in o rd ina ry  condi t ions .  

E x p e r i m e n t a l  inves t iga t ions  of the effect  of h igh- f requency  e l ec t romagne t i c  f ie lds  on var ious  kinds 
of heat  t r a n s f e r  have been c a r r i e d  out in the l a b o r a t o r i e s  of the Heat  Engineer ing  Depar tmen t  of the Kazan 
Chemica l  Technology Ins t i tu te .  An app rec i ab l e  in tens i f ica t ion  of heat  t r a n s f e r  in the case  of boi l ing [1 ] 
and na tura l  convection [2] in an e l ec t romagne t i c  f ield of f requency 6 . 5 . 1 0 5  Hz was d i s c o v e r e d .  The field 
effect  was found to depend on the field s t rength  and the p r o p e r t i e s  of the l iquid.  

In the p resen t  work the effect  of h igh- f requency  e l ec t romagne t i c  f ie lds  of 3.85 �9 105 and 6.66 �9 105 Hz 
on heat  t r a n s f e r  accompanying forced  convection of d i s t i l l ed  wate r  in an annular  gap was inves t iga ted  for  
the f i r s t  t i m e .  Water  was se lec ted  as  the working medium because  the g r e a t e s t  in tens i f ica t ion  of heat  t r a n s -  
f e r  in boi l ing and na tura l  convection in an e l ec t romagne t i c  field of f requency 6.5 �9 105 Hz was observed  
when water  was used .  In addit ion,  water  is  widely used as  a coolant  in eng ineer ing .  

TABLE 1. E x p e r i m e n t a l  Condit ions 

No, of 
expt. q.lO+~,W/m 2, u,V Ez.V/m en,V/rn Hg .Aim 

I 
2 
3 
4 
5 

6 
7 

8 
9 

10 
11 

12 
13 

46,3 
32,0 
26,2 
12,9 
9,8 

21,6 
16,1 

49,2 
45,9 
34,9 
33,0 

21,6 
16,4 

80,5 
66,0 
60,0 
42,0 
35,0 

79,0 
69,5 

83,0 
81,0 
69,5 
67,5 

79,0 
70,0 

5,7 
4,8 
4,3 
3,0 
2,6 

2,7 
2,3 

5,9 
5,8 
5,0 
4,8 

2,7 
2,3 

47O 
383 
348 
242 
207 

460 
407 

482 
47O 
407 
395 

460 
407 

11567 
9630 
8716 
6079 
5326 

11628 
10046 

11944 
11673 
10060 
9792 

11628 
10[25 
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Fig. 1. Diagram of test  assembly :  1-4, 6, 11) C h r o m e l - C o p e l  
thermocouples;  5) nosepiece; 7) cylindrical  textolite tube; 8) heat -  
emitting tube; 9) textolite housing; 10) end sealing cap; 12) cur ren t  
supply b a r s .  

The test  section (Fig. 1) was an annular channel formed by a heating tube and the cylindrical  surface 
of a textolite housing. To exclude the effect of extraneous fields on the investigated p rocess ,  the current  
supply bars  and the conductors of the measur ing  circuit  and the section were enclosed, separa te ly  and 
as a whole, in grounded e lect romagnet ic  sc reens .  For  the same purpose the nonconducting par ts  of the 
assembly  were made of stable dielectr ic  ma te r i a l s .  

As a heating surface we used seamless  copper and brass  tubes 260 mm long with external diameter  
5.91 mm, which were r igidly attached along the axis of the test  assembly .  

The e lect romagnet ic  field around the heat-emit t ing tube and its heating were produced by the passage 
of high-frequency cur ren t  through it f rom a standard LZ-13 vacuum-tube osci l la tor .  Owing to the skin e l -  
fect the heat was produced in a thin surface layer  of the heater ,  determined by the depth of penetration of 
the cur ren t .  

This method of heating ensured uniformity of the temperature  within the tube and on its surface.  
Hence, for the tempera ture  of the heating surface in the calculations we used the temperature  within the 
tube, averaged over its length. 

The tempera tures  of the tube and water were measured with C h r o m e l - C o p e l  thermocouples 1, 2, 
3, 4, 6, and 11, two of which (2 and 3) (Fig. 1) were connected up in a differential a r rangement .  

The hea t - t r ans fe r  coefficient was calculated f rom the equation 

q 
r - -  , Atav (1) 

where Atav is the average logari thmic difference of t empera tures  of the wall and flow of water .  The heat 
flux density was determined as 

TABLE 2. Experimental  Conditions 

Material of heat-emitting 
No.of experiment o.lo-s,W/rn 2 eft, *C robe 

1 1 46,3 2 21,6 
3 46,9 
4 21,6 
5 I 19,3 
6 t 18,8 7 29,4 
8 33,4 

20 
20 
40 
40 
20 
20- 
40 
40 

Brass 
Copper 
Brass 
Copper 
Brass 
Copper 
Brass= 
Copper 

687 



cqaf" 10 -~ ahf" 10 -3 

2/ , , ,  

, , ,  

/ p  " t,7 

a 

~g 1 ,,t 
500 MOO R e L 500 MOO R e L 

Fig. 2. Heat-transfer coefficient in high-frequency fLeld 
Cehf(W/m z �9 deg) as function of Re L.  Experimental  conditions 
given in Table 1: a) f = 3 . 8 5 . 1 0 5  Hz, t L=20~ b) f = 3 . 8 5 .  
105 Hz, t L =40~ Arrow denotes change of sca le .  
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To check the value of q we car r ied  out additional experiments  by the method described in [1]. To a s se s s  
the effect of the high-frequency e lect romagnet ic  field on the heat t ransfer  we car r ied  out experiments  in 
which the tubes were heated by current  of industrial frequency 50 Hz (ordinary heating). 

F r o m  an analysis  of the resul ts  obtained in the case of laminar  flow of the liquid and ordinary heating, 
we were able to represen t  them by means  of the dimensionless  re lat ion 

Nu L = 0.22Re?3pr~43Gr~ ' ( Pr----h-L / ~ 
\ Pr w I ' (3) 

which differs f rom the known equation [3] only tn the numerica l  factor  in front of Re L.  The probable r e a -  
son for this difference is that in the path of the water entering the annular gap there were a c u r r e n t  supply 
bar  and a nosepiece,  which distorted the flow velocity field to some extent.  

A compar ison of the obtained hea t - t rans fe r  coefficients in a high-frequency field with the values ca l -  
culated f rom (3) enabled us to determine the degree of intensification of heat t ransfer  in the field. 

Figure 2 shows the resul ts  of some experiments  in the form of a plot of the hea t - t r ans fe r  coefficient 
in the high-frequency field (ahf) against  the Reynolds number ReL~ 

Figure 2 shows that for equal Re L, t L, and f the field effect increases  with increase  in heat load, 
i . e . ,  with increase  in the strength of the e lectr ic  (E) and magnetic (H) fields, since q, like E and H, is a 
function of the current  I and the voltage drop U on the tube [4, 5]. 

The resul ts  of  comparing the hea t - t r ans fe r  coefficients in  high-frequency fields with the hea t - t r ans -  
fer  coefficient in the case of tubes heated by a cur rent  of 50 Hz are  shown in coordinates log(ahf/~0) and 
log(Re L) in Fig.  3. The hea t - t r ans fe r  coef f ic ten ta  0 was calculated f rom the dimensionless equation (3) 
for the same experimental  conditions, i . e . ,  for the same ReL,  t L, and t w as in the experiments  in the 
high-frequency field. 

The graphs show that heat t r a n s f e r  is more  than twice as intense in high-frequency electromagnet ic  
f ields.  This effect is attained when the strength of the high-frequency electr ic  field is 2-3 orders  less  
than in the case where constant or low-frequency alternating e lectr ic  fields are applied [6-9]. Figure  3 
also shows that the relative hea t - t r ans fe r  coefficient decreases  with increase  in Reynolds number and in- 
c reases  with increase  in the water t empera tu re .  

In the case of t ransi t ion and turbulent flow of the liquid no appreciable intensification of heat t ransfer  
was observed either in a field of 3.85 �9 105 Hz or in a field of 6.66 �9 105 Hz. The intensification was prob-  
ably within the l imits of experimental  e r r o r .  
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Fig.  3. Relative hea t - t r ans fe r  coefficient as func-  
tion of Reynolds number .  Experimental  conditions 
given in Table 2. a) f = 3 . 8 5 . 1 0 5 H z ; b )  f = 6 . 6 6 "  
10 5 Hz.  

Other invest igators  [6-10] have observed a reduction of the field effect with increase  in Re L .  Most 
of them believe that the reduction of the field effect is due to the intensification of the heat t ransfer  by o r -  
dinary turbulence, which with increase in Re L can mask the field effect.  

A sys tem of equations of hydrodynamics  and e lec t romagnet ism,  providing the neces sa ry  basis for 
descript ion of heat t ransfer  between a wall and a moving dielectr ic  medium in an alternating e l ec t romag-  
netic field [11], shows that convective heat t ransfer  in an e lectromagnet ic  field is affected not only by the 
thermophysical ,  but a lso by the e lect r ical  and magnetic proper t ies  of the medium. 

In our experimental  conditions the e lectromagnet ic  force (Hem) with which the field acts  on an e le -  
ment of volume of the flowing liquid in the e lectromagnet ic  field is given by the equation [4] 

,' ~ de . 0a ) 
-Fern = oE -- [J--B]-- ~-i  (E~va '-- H*V,U) + @ V IE"p V @ ~-P-~:o . (4) 

The force Fern, calculated f rom (4), is 2-3 o rde rs  less than the hydrodynamic force .  

In [12] an effect of a high-frequency field (3 �9 10s-10 6 Hz) on the s t ructure  of water ,  i . e . ,  on its prop-  
er t ies ,  was discovered.  

In our experiments  the water was subjected to the action of an e lectromagnet ic  field in the same f r e -  
quency range.  In view of this we can expect changes in some proper t ies  of the liquid. The effect will p rob-  
ably be grea tes t  in the wall layer ,  where the strengths of the e lectr ic  and magnetic fields are  grea tes t .  We 
have no information, however,  about these proper t ies .  Hence, it was impossible to corre la te  the exper i -  
mental data by the s imi lar i ty  method. 

tn view of this we represented  the resu l t s  of measurements  of the hea t - t r ans fe r  coefficients for a 
laminar  flow of w2ter by the empir ical  relation 

hf . . . . .  0 30 0 15,0 35 
-- U.~KeL ' ' q  �9 ~ �9 

% (5) 

The deviation of the experimental  points f rom the curve given by Eq. (5) was +7.5%. 

Equation (5) can be put in a more  convenient form for pract ical  use if the heat flux density is replaced 
by the voltage drop on the tube, which is known f rom the experimental  conditions [1], 

q0~= kU. 
(6) 

Equation (5) can then be written in the form 

~ h f  . . . .  o 3 . ,o  3 ~  - o  3,.o 3~ 
U.~'~.~ ' U ' l~e L ~ L �9 (7) 

G[ 0 

F r o m  the conducted investigation we can draw the following conclusions.  

1. Intensification of heat t ransfer  occurs  at re la t ively low field s t rengths .  In our case a significant 
increase  in hea t - t r ans fe r  coefficient wss obtained when the strength of the high-frequency electr ic  field 
was 2-3 o rde r s  less than that of constant  or low-frequency e lec t r ic  f ie lds .  
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2. The effect of a high-frequency field depends on its strength, the liquid flow regime, and[he tem- 
perature of the liquid. 

3. In the case of laminar flow the effect of fields of the same strength decreases with increase in 
Reynolds number and increases with increase in water temperature .  In the case of transition and turbulent 
flow {up to Re L =17,600) there is no appreciable intensification of heat flow in the field. 

4. An analysis of the experimental results  showed that the intensifying effect of a high-frequency 
field is due mainly to electromagnetic forces .  There are no grounds, however, for complete rejection of 
the possible effect of a high-frequency field on the physical properties of a liquid. 

5. In additioa the results of investigations indicate not only the need to take into account the effect 
of the high-frequency field on heat transfer in the calculation of particular types of plant, but also that high- 
frequency electromagnetic fields might be used to intensify heat t ransfer  in some cases .  

N O T A T I O N  

Cp, specific heat at constant pressure;  G, water flow rate; At L, difference in water temperature at 
inlet and outlet of test  section; d, external diameter of heat-emitting tube; l, length of working section of 
heat-emitting tube; t L, average temperature of liquid; t w, mean temperature of wall of heat-emitting tube; 
f, frequency of electromagnetic field; p, density; ~, charge bulk density; e, dielectric constant; ~, mag- 
netic permeability; B, magnetic induction; J, current  density. 
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