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E lemen t s  of a theory  for  cent r i fugo-axia l  heat pipes a re  desc r ibed  along with a ca lo r i -  
m e t r i c  device for  the i r  expe r imen ta l  invest igat ion.  Exper imenta l  data p re sen ted  con-  
f i r m s  the fundamental  c o r r e c t n e s s  of the initial  theore t ica l  hypotheses .  

At the p re sen t  t ime,  r e s e a r c h  is going fo rward  on the use of the rma l  superconductors  -- c en t r i -  
fugal and wick heat p ipes  and two-phase  the rmos iphons  in cooling s y s t e m s  for  e lec t r i ca l  machines  and 
equipment .  

As ls  well known, the rma l  superconduc tors  can be made up In the f o r m  of independent e lements  of a 
cooling s y s t e m  or the p r o p e r t i e s  of t he rma l  superconduc tors  can be impar ted  to the usuaI e l ements  or s t ruc -  
tura l  p a r t s .  In ro ta t ing  e lec t r i ca l  machines ,  for  example ,  the shaft  of the machine may play the par t  of a 
t he rma l  superconduct ing e lement  If it is p r e p a r e d  in the f o r m  of a cent r l fugo-axia l  heat pipe, i . e . ,  it is 
made hollow, a smal l  amount  of in te rmedia te  coolant l s  p laced  in it, a i r  Is  removed,  and it is he rme t i ca l ly  
sea led  [1]. When the shaft r o t a t e s  around I ts  longitudinal axis,  the liquid coolant i s  d is t r ibuted by cen t r i -  
fugal f o r ce s  ove r  the internal  wells  in the f o r m  of an annular  l a y e r .  With heat de l ivered  to one section of 
the shaft and cooling of another  section, continuous c losed evapora t ive  cooling of the heated sect ion occu r s  
and heat  t r a n s f e r s  into the cooled sec t ion  in vapor  fo rm when there  is negligibly smal l  in ternal  t he rma l  
r e s i s t a n c e  in the cavi ty .  

Heat  t r a n s f e r  In the hea t -exchange  sec t ions  of a centr ifugal  heat  pipe is desc r ibed  by the equations 

T = t c - -  q lR1 (1) 

and 

and 

T 1 = t - -  q.,R~. 

The the rma l  r e s i s t a n c e  of the hea t -exchange  sect ions is  given by 

t? l=d~ ( 1 1 In d ' ~ /  
\ ald2i  2;~ d i ) 

(2) 

(3) 

/ 1 1 In dh ~ 1 l n _ ~ / .  
(4) ah / 

In accordance  wlth the continuity condition, the t he rma l  flux densi ty tn the hea t -exchange  sect ions 
ls  inverse ly  propor t iona l  to the i r  a r ea ,  i . e . ,  

[ldl 
q~, = ql - -  (5) 

1.2d h 

Studies of two-phase  the rmos iphons  [2] show that the vapor  t e m p e r a t u r e  in them is p rac t i caUy 
constant  ove r  the en t i re  length of the vapo r  space,  i . e . ,  

T = T r (6) 

One can a s s u m e  that this a lso  holds for  cent r l fugo-axla l  p ipes  since the p r e s s u r e  different ial  
needed for  vapor  d i sp lacement  Is  negligibly small  for  modera t e  loads .  
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Fig. I. Diagram of calorimetric apparatus for investigation of centrifugo-axial heat pipes: i) dc motor; 2 
front support; 3) electric heater; 4) thermocouple; 5) rear support; 6) chiller packing gland; 7) continuous- 
flow water chiller; 8) heat pipe. 

Using Eqs. (5) and (6), Eq. (2) takes the form 

' i .  c ' ~ 4  b 

/ - i  - 
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Fig. 2. Dependence of pipe t emper -  
ature on t ransmi t ted  thermal power: 
A) fo r /2  = 100 mm and [=1/860;  B) 
f o r / 2 = 1 5 0  mm and [=1/860;  C) for 
/~=100 mm and i =0; water t emper -  
ature at ca lo r imete r  discharge (s) 
30, (b) 40, and (c) 50~ heater  po- 
wer (1) 250, (2) 500, (3) 750, and (4) 
1000 W. Q, W; ql, W/cm2; T, ~ 

lld~ 
T::z: r q l - - P 2 .  (7) 

12dh 

F r o m  Eqs. (1) and (7) it is easy to obtain an expression for 
the determination of the amount of heat t r ans f e r r ed  by the pipe, 

: .ncl~dJl[ 2 (t c - -  t) (8) 
R i l e d  k - -  Re l ldz  

This equation was made the bas is  for experimental  studies 
ca r r i ed  out on a special ea lor imet r ie  apparatus (Fig. 1). The heat 
pipe was p repared  f rom a b rass  tube with Internal d iameter  d = 15 
mm, wall thickness (5 = 2 mm, and length l = 500 mm. Distilled 
water was used as the coolant. Heat was supplied f rom a fixed e lec-  
t r ical  heater  by radiative heat exchange. The condenser section of 
the pipe was placed in a continuous-flow water ca lor imete r .  The 
pipe was rotated by a de motor .  Rate of rotation was determined 
with a s t robotaehometer .  

A ch rome l - cons t an t t he rmocoup l e  was built into the wall of 
the pipe in the thermal ly  insulated (transport) section between the 
heater  and ehiller in o rder  to determine the coolant tempera ture .  
The tempera ture  was measured  10-20 sec af ter  shutdown of the pipe 
with the heater  turned on. Since the thermal  flux through the wall 
of the thermally insulated section was insignificant, the readings of 
this thermocouple were taken to be the average tempera ture  of the 
vapor In the pipe [3]. Because of tempera ture  separation of the 
water in the rotating flow, the tempera ture  t of the cooling water at 
the ca lo r imete r  discharge was taken as Its mean tempera ture .  

The purpose of the experiments  was to eheek the basic c o r r e c t -  
ness of the initial hypotheses assumed in the derivation of Eq. (8). If 
the right and left sides of Eqs.  (1) and (7) are  added, one can obtain 
an expression for  the determination of the vapor  tempera ture  in the 
pipe, 

T = ~ Lie - ! - t - q 1  t?,1 l~d~ 
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Fig. 3. Diagram of fluid distribution for  ver t ica l  axis of rotation of pipe. 

Fig.  4. Dependence on pipe length l of requi red  rate of rotation of ver t ical  pipe with 
d iameter  d for an average thickTless 6 = 0.5 of wall l aye r  of fluid, w, rpm; d, m 

This equation indicates that with other conditions kept constant, the vapor temperature  in the pipe 
should increase  by 1/2Atwhen there is an increase in the tempera ture  of the cooling water by an amount At, 
i . e . ,  when 

tc--al ( Rz-- lld~ R2 ) =const (9) 
" 12dh 

,:~T = ! At. (10) 
2 

Favorable  conditions are  created for the sat isfaction of Eq. (9) in eentr ifugo-axial  pipes with rad ia t -  
ive input of heat and small var ia t ions  in the tempera ture  t. The degree of blackness  of the eentr ifugo- 
axial pipe and its location with respec t  to the heater  was not changed during the tests .  Consequently, with 
the constant thermal  flux ql = const, the tempera ture  t e was also pract ica l ly  unchanged. A constant r~te 
of rotation and considerable  thickness of the wall l ayer  of fluid ensured constant thermal  res i s tance  in the 
heat-exchange sect ions.  

In line with what has been said, observat ions  were made at a constarlt rate of rotation of the pipe, 
n = 500 rpm, and for  a constant amount of water in the pipe, w = 10 cm 3 (average thickness of wall l ayer  
6 = 0.45 ram), and consis ted of measuremen t s  of the pipe tempera ture  T with changes in the power sup- 
plied to the heater ,  which was var ied  over  the steps 250, 500, 750, and 1000 W, and of measurements  of 
the water t empera ture  t at the ca lo r imete r  discharge (it was var ied  over  the basic steps 30, 40, and 50~ 
F igures  2A and 2B show the resu l t s  of measurements  for  a tilt i = 1/860 of the axis of rotation toward the 
hea ter  end condenser -sec t ion  lengths 12 = 100 mm (A) and/2 = 150 mm (B). Figure 2C shows the resul ts  
of measuremen t s  for a s t r ic t ly  horizontal  axis of rotation and a condenser -sec t ion  length 12 = 100 mm. The 
length of the evapora tor  section was kept constant and was 100 ram. 

The curves  make it c lear  that in all eases  with constant thermal  flux (ql = const), a r ise  in the 
t empera tu re  of the water in the ca lo r imete r  by 10~ leads to an increase of the temperature  T in the pipe 
by 5-6~ 

Significant deviations from this behavior  were only observed in par t icu lar  ca ses where the pipe tem-  
pera ture  approached 100~ They are evidently explained by deter iora t ion of heat-exchange conditions in 
the ca lo r ime te r  because of separat ion of gas bubbles f rom the cooling water which were concentrated on 
the surface of the pipe through the action of centrifugal fo rces .  Evidence of this was the vigorous l ibera -  
tion of gas bubbles when there  was a reduction in the rate  of rotation of the pipe at that t ime. 

Thus the experimental  data conf i rms  the fundamental co r r ec tnes s  of the physical model used in the 
derivation of Eq. (8). In these experiments,  the tempera ture  of the outer surface of the pipe in the evapor-  
a tor  section was not measu red  and it is therefore  impossible to a r r ive  at a value for the hea t - t r ans fe r  co- 
efficients.  Rough heat calculat ions have an e r r o r  of 20-30% and higher,and furnish justification for a s sum-  
ing that a cer ta in  amount of noncondenslble gases  was present  in the test  pipe. These gases  are  of higher 
density than the vapor and, enter ing the centrifugal force field, are  displaced f rom the axis of rotation 
toward the per iphery  and are  distr ibuted at the phase interface.  As is well known [4], the amount of addi- 
tional thermal  res i s tance  crea ted  by these gases  depends on their  eoneentration ~nd velocity.  Therefore,  
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F i g .  5. 4AC- 160-M 4 - a s y n c h r o n o u s  m o t o r w i t h  h e a t p i p e  in shaf t :  1) e v a p o r a t o r  s e c t i o n  o fp ipe ;  2) tw o-b l~ ded  
fan; 3) c o n d e n s e r  s e c t i on  of p ipe ;  4) f l o w - d i r e c t i n g  p i p e .  

t h i s  r e s i s t a n c e  d e c r e a s e s  ~s the t h e r m a l  l oad  i n c r e a s e s .  It is  a l s o  p o s s i b l e  that  the a r e a  of  the c o n d e n s e r  
s ec t i on  i n c r e p s e s  ~s the  t h e r m ~ l  l o a d i n g  i n c r e v s e s ,  be ing  f i l l e d  with a t u r b u l e n t  flow, and the t h e r m a l  r e -  
s i s t a n c e  of the c o n d e n s a t e  l a y e r  in th i s  s ec t i on  is  r e d u c e d  b e c a u s e  of t h i s .  

A c o m p a r i s o n  of the  c u r v e s  in F i g s .  2A and 2B i n d i c a t e s  that  with o t h e r  c ond i t i ons  he ld  cons tan t ,  
an i n c r e a s e  in the l eng th  of the c o n d e n s e r  s e c t i o n  f r o m  100 to 150 m m  l e a d s  to a r e d u c t i o n  of about  10~ 
in the v a p o r  t e m p e r a t u r e  in the p ipe  and to an i n c r e a s e  in the  amoun t  of  t r a n s m i t t e d  hea t  by 8-12%. F o r  
a t i l t ed  pipe ,  the i n c r e a s e  in the l eng th  of the c o n d e n s e r  s e c t i o n  is a c c o m p a n i e d  by  an i n c r e a s e  in the 
a v e r a g e  t h i c k n e s s  of  the wall  l a y e r  of f luid in th i s  s e c t i o n  and a c o r r e s p o n d i n g  i n c r e a s e  in i t s  t h e r m a l  r e -  
s i s t a n c e ,  which s o m e w h a t  r e d u c e s  the e f fec t  of c o n d e n s e r - s e c t i o n  l eng th  on the amoun t  of  hea t  t r a n s m i t t e d  
by the p ipe .  

A c o m p a r i s o n  of  the c u r v e s  in F i g s .  2A and 2C shows that  i m p a r t i n g  a s t r i c t l y  h o r i z o n t a l  p o s i t i o n  
to the p ipe  g i v e s  r i s e  to an i n c r e a s e  in t r a n s f e r r e d  p o w e r  by  20-25% for  a s m a l l  r e d u c t i o n  in p ipe  t e m p e r -  
a t u r e .  M o r e  d e t a i l e d  s t u d i e s  showed tha t  with an i n c r e a s e  in the t i l t  ang le  of  the  ~xis  of r o t s t i o n  t o w a r d  the 
e v a p o r a t o r  s e c t i o n  f r o m  0 to 90 ~ the amount  of  hea t  t r a n s m i t t e d  by the p ipe  i n c r e a s e s  l i n e ~ r l y ,  F u r t h e r -  
m o r e ,  the e f fec t  of the t i l t  ang le  of the ax i s  of r o t a t i o n  d e p e n d s  on p ipe  d i a m e t e r ,  t h e r m a l  f lux d e n s i t y  in 
the heat  exchange  s ec t i ons ,  the amoun t  of coolant ,  and a n u m b e r  of o t h e r  f a c t o r s .  

When the ax i s  of r o t a t i o n  is  t i l t e d  t o w a r d  the c o n d e n s e r ,  the p o w e r  t r a n s m i t t e d  by  the p ipe  is  r e -  
duced  to p r a c t i c a l l y  nothing and r a p i d  o v e r h e o t i n g  of the e v a p o r a t o r  s e c t i o n  o c c u r s ,  i . e . ,  the p ipe  l o s e s  
the p r o p e r t i e s  of a t h e r m a l  s u p e r c o n d u c t o r .  Obv ious ly ,  the a s s u m e d  r~ te  of  r o t a t i o n  (n = 500 rpm)  w , s  
i n su f f i c i en t  fo r  d i s t r i b u t i o n  of the f lu id  o v e r  the e n t i r e  l eng th  of the p ipe .  F o r  n = 500 ram, the c e n t r i f u -  
ga l  f o r c e s  e x c e e d  the  g r a v i t a t i o n ~ l  f o r c e  by v f a c t o r  of 2 at  m o s t .  Th i s  i s  r e s p o n s i b l e  fo r  the w, ve n a t u r e  
of f luid mo t ion .  

When us ing  c l o s e d  e v a p o r a t i v e  coo l ing  in e l e c t r i c a l  m a c h i n e s ,  t h e r e  is  g r e a t  p r a c t i c a l  i n t e r e s t  in 
what  the cond i t i ons  a r e  under  which a c e n t r i f u g o - a x i s l  p ipe  can  o p e r a t e  e f f i c i e n t l y  for  any s p a t i a l  c o n f i g u r a -  
t ion  of  the h e a t - e x c h a n g e  s e c t i o n s .  To a n s w e r  th is ,  the l i m i t i n g  c a s e  where  the ax i s  of r o t a t i o n  of the p ipe  
is  v e r t i c a l  was c o n s i d e r e d  with the input of hea t  in the uppe r  p o r t i o n .  It is  well  known that  the s u r f a c e  of 
a f lu id  r o t a t i n g  t o g e t h e r  with a v e r t i c a l  p ipe  is  a p a r a b o l o i d  of r e v o l u t i o n .  C a l c u l a t i o n s  show that  fo r  the 
he igh t  of the p a r a b o l o i d  of r e v o l u t i o n  to be  1 = 500 m m  in a p ipe  with a d i a m e t e r  d = 15 ram,  it is  n e c e s s a r y  
to r o t a t e  the  p ipe  at  a r a t e  of 5300 r p m .  In th i s  c a s e ,  however ,  the t h i c k n e s s  of the  wal l  l a y e r  of the f lu id  
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TABLE 1. T h e r m a l  Tes t  Resu l t s  for  4hC-160-M4 Motor 

Temperature rise of operating motor 
parts, *C 

Stator winding, average 

Slotted part of rotor 

At point of rotor fitting on shaft 

Back of stator 

Slotted portion of the winding 

Frontal portion of winding on fan 
side 

Frontal portion of winding on drive 
side 

hrithout 
heat pipe 

112,8 

169,7 

174,5 

62,7 

94,0 

112,2 

123,7 

With heat pipe in shaft 

~=60 cm ~ 

92,3 

97,2 

89,2 

48,5 

69,5 

89,5 

96,2 

A0 

--20,5 

--72,5 

--85,3 

--t4,2 

--24,5 

--22,7 

--27,5 

w=30 cm 2 

87,3 

86,5 

80,0 

46,5 

67,0 

92,5 

A0 

--25,5 

--83,2 

~94,5 

--16,2 

--27,0 

--24,7 

~31,2 

in the l ower  por t ion  of the pipe will r e a c h  the s ize  of i ts  r ad ius ,  and the use  of the pipe for  t r a n s m i s s i o n  
of heat l o s e s  p r a c t i c a l  meaning because  of the low the rma l  conduct ivi ty  of l o w - t e m p e r a t u r e  coo lan t s .  It 
i s  obvious there  is  p r a c t i c a l  in t e res t  in the case  where the su r face  of the p a r a b o l o i d o f r e v o l u t i o n  i n t e r s ec t s  
the bot tom of the conta iner  and the l iquid  is  d i s t r i bu t ed  over  the wal ls  in the fo rm of a thin l a y e r  (F ig .3 ) .  

The angu la r  ve loc i ty  r e q u i r e d  for  d i s t r ibu t ion  of a given volume w of fluid ove r  the en t i r e  length of 
a pipe fo r  the case  where the height h of the pa rabo lo id  of revolu t ion  is g r e a t e r  than the length of the pipe 
is given by 

/ ~g 
(0 = l ]/I 

F igu re  4 shows the dependence of the r e q u i r e d  r a t e  of ro ta t ion  on pipe d i a m e t e r  for  va r ious  lengths  
and an ave rage  th i ckness  5 = 0.5 m m  of the wall l a y e r  of f luid (maximum th ickness  of l a y e r  in the lower  
por t ion  is 5ma x = 1.0 mm) .  As  is apparent ,  p ipes  which a re  typical  of e l e c t r i c a l  machines  of medium 
power  (1 = 0.5-0.8 m, d = 0 . 0 3 - 0 . 0 6  m) can ope ra te  with any spat ia l  a r r a n g e m e n t  of the hea t -exchange  s ec -  
t ions  at r a t e s  of ro ta t ion  above 4000-7000 r p m  or  in the absence  of g rav i ta t iona l  f o r c e s .  In o r d i n a r y  e l e c -  
t r i c a l  mach ines  (with n < 3000 rpm),  one can look toward  the use of cen t r i fugo -ax i a l  p ipes  for  a hor izonta l  

shaft and a l so  for  the input of heat  f r o m  below.  

The c o r r e c t  choice of the amount of coolant p lace  in a c e n t r i f u g o - a x i a l p i p e  is  an impor t an t  condit ion 

for  i ts  eff ic ient  opera t ion .  

In the ideal  case ,  the n e c e s s a r y  amount of coolant  can be de t e r m i ne d  by hydrau l ic  ca lcu la t ions  
b a s e d  on the fol lowing hypotheses .  With evapora t ion  of the coolant  at one end of the pipe and condensat ion 
at the o ther ,  t he re  a r i s e s  in the f luid l a y e r  a d i f f e r ence  in l e v e l s  between the evapora t ion  and condensat ion 
s ec t i ons .  Since the annular  l a y e r  of f luid is  in a cen t r i fuga l  fo rce  field, the p r e s s u r e  d i f fe ren t ia l  r e s u l t -  
ing f rom the d i f ference  in l e v e l s  is  p ropor t iona l  to the square  of the angular  ve loc i ty  and is found f rom the 

e x p r e s s i o n  
~0 2 ~ 2~ Ap : :  - -  o) (d~ - -  d ,,. (11) 
8 

This  p r e s s u r e  d i f fe ren t ia l  e n s u r e s  automat ic  r e tu rn  of condensate  to the evapora to r  sect ion and is 
expended in ove rcoming  the r e s i s t a n c e  of f luid f r ic t ion  with r e s p e c t  to pipe wel ls  and to the opposing flow 
of vapor  and a l so  in the c rea t ion  of a ve loc i ty  head fo r  the vapor  and fluid. The iner t ia l  components  a r e  
negl ig ib ly  smal l  fo r  l a m i n a r  flow of vapor  and fluid.  One can show that the p r e s s u r e  d i f ferent ia l  r equ i r ed  
in th is  c a se  in o r d e r  to o v e r c o m e  the r e s i s t a n c e  of f luid f r i c t ion  with r e s p e c t  to the wal l s  of the pipe and 

to the opposing flow of vapor  is  d e t e r m i n e d  by the equation 

d p  _ 6~u [ Q : 64 Qv6 ~ lUvl.  {12) 

If Eqs.  (11) and (12) a r e  solved s imul taneous ly  with r e s p e c t  to 6, the n e c e s s a r y  amount of coolant 
can be de t e rmined .  A s is  obvious,  the amount  of coolant depends  on the r a t e  of rota t ion,  coolant  densi ty  
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and v i scos i ty ,  amount of heat t r ansmi t t ed ,  the length and d i a m e t e r  of the pipe, and many other  f ac to r s .  

Under actual  condit ions,  the r e q u i r e d  amount of coolant a l so  depends on the a c c u r a c y  of p r e p a r a -  

t ion and the qual i ty  of the machin ing  of the in ternal  cavi ty  of the heat pipe in addition to the f a c t o r s  men-  

t ioned.  The s l igh tes t  m i sa l i gnmen t  of the in ternal  cavi ty  of the pipe with r e s pe c t  to the axis  of ro ta t ion 
l eads  to an i nc rea se  in the th ickness  of the f luid l a y e r  in some sec t ions  and b a r e n e s s  in o t he r s .  On the 
one hand, c o a r s e  machining of the sur face  gives  r i s e  to an i nc rea se  in hydraul ic  r e s i s t a n c e  to axial  d i s -  
p l acemen t  of the fluid; on the other  hand, t r a n s v e r s e  grooves ,  ac t ing l ike  the c a p i l l a r y  s t ruc tu r e  in a r t e r i a l  
wick heat p ipes  [5], fac i l i t a te  d i s t r ibu t ion  of fluid over  the walls  of the pipe .  These  f a c t o r s  a r e  apparen t ly  
of decisive significance in actual heat pipes. 

For a preliminary evaluation of the required amount of coolant, two heat pipes 15 mm in diameter 
and 500 mm long were tested to burnout at 500 rpm. The heat pipe in which the thickness of the distilled 
water layer was 0.2 mm lost the properties of a thermal superconductor at a thermal flux density of 3 W 
/ c m  2 in the evaporator section. With a layer 0.45 mm thick, the maximum thermal flux density in the 
second pipe was 12 W/cm 2. These limiting values refer to seamless brass pipe not subjected to any addi- 
tional machining except straightening. Until there is a more detailed study of the problem, one can rec- 
ommend an amount of coolant based on a requirement for the provision of a wall layer of fluid 0.3 mm 
thick. 

In using centrifugo-axial pipes for cooling electrical machines, there is great practical interest 
in the way in which rate of rotation effects heat transmission along the pipe. The extent of the effect of 
rate of rotation on the amount of heat transmitted by the pipe depends on the spatial position of the ~xis of 
rotation, pipe geometry, the amount of coolant, etc. Our studies have shown that with a tilt of i = 1/860 
in the pipe axis toward the heater, an increase in rate from 500 to 2000 rpm leads to an increase of 3-5% 
in the amount of heat transmitted. According to calculations [4], the coefficient of heat transfer from the 
pipe wall to the cooling medium increases by a factor of 2.5 in this case. Simultaneously, however, equali- 
zation of the thickness of the wall layer of fluid occurs over the length of the pipe, the thickness of the 
layer increases in the condenser section, and the total thermal resistance of the pipe is increased. The 
effects of these factors is mutually compensated, which also ensures a slight effect of the rate of rotation 
on heat transmitted under these conditions. 

At low rates of rotation (of the order of 50-100 rpm) and with e pipe arranged horizontally, the main 
mess of the fluid is obviously located in the lower portion of the pipe end the fluid is distributed over the 
internal wzll in the form of a thin film because of surface-tension forces (wetting). If the film does not 
evaporate during a single revolution, heat transmission in the heat-exchange sections may even increase 
somewhat at these rates. 

.A s fa r  as d i s t r ibu t ion  of the fluid along the pipe is concerned,  it is well known that with l a m i n a r  
flow of a f luid between two cy l i nde r s  and maximum eccen t r i c i ty ,  the lo s s  of p r e s s u r e  in longitudinal  d i s -  
p lacement  of the fluid is  2.5 t i m e s  l e s s  then for coaxial  a r r a n g e m e n t  of the cy l inde r s .  A set of e x p e r i -  
ments  at the r a t e s  of 400, 300, 200, 100, and 50 rpm, which was p e r f o r m e d  with a t i l t  of i = 1/860 of the 
ax i s  of ro ta t ion  toward the heater ,  showed that deviat ion f rom the r e s u l t s  obtained at n = 500 rpm was 
within the l i m i t s  of 3-5%. 

During the study, a max imum rad ia l  t he rmal  flux densi ty  in the evapora to r  sect ion of 12.6 W / c m  2 
was r e c o r d e d .  The the rmal  power flux in the axial  d i rec t ion  r eached  600 W or 340 W p e r  cm 2 of pipe c r o s s  
sect ion.  Rough ca lcu la t ions  demons t r a t ed  that in c o m m e r c i a l  e l e c t r i c a l  machines  with a ro to r  t e m p e r a t u r e  
r i s e  to 120-150~ the rad ia l  t he rmal  flux densi ty  in a pipe r e a l i z e d  within the shaft of the machine may 
r e a c h  2-4 W / c m  2 and the total  t he rma l  power of the pipe may reach  seve ra l  hundred watts with suff icient ly 
intense heat r e m o v a l .  

Based  on the r e s u l t s o f t h e  study, a 4AC-160-M4 t h r e e - p h a s e  asynchronous  motor  with e nominal  
power  P2 = 17 kW was a s s e m b l e d  and t e s t ed  with c losed  evapora t ive  cooling of the ro to r  (Fig.  5). The 
shaft d i a m e t e r  in th is  motor  was i n c r e a s e d  by a fac tor  of 1.5 as compared  with c o m m e r c i a l  m o t o r s ,  and 
axia l  channels  in the ro to r  were e l imina ted .  The pipe d i a m e t e r  in the motor  was taken to be 60 mm in 
the condenser  section,  which extended outs ide the housing, and 61 mm in the e va po r a t o r  sect ion.  The ex-  
tended end of the shaft was lengthened by 150 mm and prov ided  with smal l  longitudinal  r i b s .  The c o n s t r u c -  
t ion of the fan provided  a b las t  of a i r  around the extended por t ion  of the shaft at a ve loc i ty  of 15-20 m / s e c .  
D i s t i l l ed  water  was used as  the in te rmedia te  coolant .  Some r e s u l t s  of motor  t e s t s  et P2 = 18.9 kW a re  
shown in Table  1. 
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Analysis of the data presented shows that the use of a centrifugal heat pipe made it possible to 
reduce the average temperature rise of the stator winding by 20-25~ (18-22%) and of the rotor by 72-83~ 
(43-49%). Reduction in the amount of intermediate coolant from 60 cm 3 to 30 cm 3 led to an additional r e -  
duction in the temperature of the stator winding by 5~ and of the slotted portion of the rotor  by l l~ 
Calculations showed that up to 70% of the heat deposited in the rotor  (400-500 W) is removed through the 
shaft in the rotating heat exchanger for a motor with a heat pipe. In addition, use of a heat pipe reduced 
the nonuniformity of the temperature distribution over the operating portions of the motor. Through the 
use of a heat pipe, the overall power of a 4AC-160~M4 motor can be increased by 20-25% without changing 
the heat-resis tance class of coil insulation. 

Thus we have experimentally demonstrated the feasibility of using centrifugal heat pipes for the 
intensification of cooling in rotating electr ical  machines of medium power. However, one should keep in 
mind that it is apparently not feasible to use heat pipes in machines with power above 30-40 kW since the 
rotor  temperature and shaft diameter change little with increase in machine power. 

N O T A T I O N  

T, vapor temperature  in evaporator (temperature of tube); T1, vapor temperature  in condenser; t c, 
temperature  of external  tube surface in evaporator;  t, cooling fluid temperature;  ql, q2, heat flux density 
in evaporator and condenser; R t, R2, thermal  resis tance of evaporator and condenser; d, d 1, internal and 
external diameters of heat pipe; d2, mean diameter of internal surface of annular liquid layer;  ~, pipe wall 
material  thermal  conductivity; ki, thermal conductivity of liquid heat t ransfer  agent; o~l, heat t ransfer  coef- 
ficient in liquid evaporation; a2, heat t ransfe r  coefficient from external pipe wall in condenser to cooling 
medium; / l ,  12, length of evaporator and condenser sections; Q, amount of heat t ransfer red  by pipe; 5 l, 
thickness of pipe wall; l, pipe length; AT, vapor temperature  increment in pipe; At, cooling medium tem- 
perature increment; n, velocity of pipe rotation; 5, mean thickness of wall liquid layer; N H, power supplied 
to heater;  i, pipe axis inclination to horizon; w, liquid volume in tube; w, angular velocity of pipe rotation; 
fl ; density of liquid heat t ransfe r  agent; Ap, liquid pressure  drop; #v, dynamic viscosity of liquid and vapor; 
Q, Qv, liquid and vapor flow rates;  A0, difference in temperature  excess of active engine parts .  
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