
T H E R M A L  T H E O R Y  O F  H Y D R O D Y N A M I C  L U B R I C A T I O N  I N  

H Y D R A U L I C  E X T R U S I O N  IN T H E  P R E S E N C E  O F  

H I G H - I N T E N S I T Y  L O N G I T U D I N A L  U L T R A S O N I C  V I B R A T I O N S  

K h a n  D y k  K i m  UDC 532.516 

Heating effects  a re  cons idered  in the hydraul ic  ex t rus ion  of a me ta l  in the p re sence  of longi- 
tudinal Vibrations. 

Ultrasound has a m a r k e d  effect  on the thickness  of the lubr icant  l aye r  in the deformat ion  a r ea  during 
me ta l  ex t rus ion ,  and it a l so  influences the working p r e s s u r e  in the liquid [1, 2]. The theory  of this p r o c e s s  
has  been built  up on the assumpt ion  that  the lubr icant  f i lm is i so the rma l ,  whereas  in fac t  the hea t  supplied by 
the ul t rasound reduces  the v i scos i ty  considerably .  

The analys is  is s impl i f ied by assuming  that Newtonian flow occu r s  and that the p r e s s u r e  gradient  at the 
deformat ion  focus is negligible and is ze ro  at  the ent rance  and exi t  of the p l a s t i c - s t r a i n  zone; a l so ,  it is a s -  
sumed that the f i lm thickness  v a r i e s  l inear ly  in the s t r a in  region,  while the p l a s t i c - s t r a i n  energy  and the pa r t  
of the u l t rasonic  energy  that en te r s  the s t r a in  focus a re  complete ly  conver ted to heat ,  with the p l a s t i c - s t r a i n  
heat  uni formly dis t r ibuted over  the c ross  sec t ion ,  while axial  heat  t r a n s f e r  is negligible [3-5]. 

The m a j o r  laws of this f o r m  of ext rus ion  may be examined by dividing the s y s t e m  into two zones:  1) the 
entrance zone and 2) the p l a s t i c - s t r a i n  zone (Fig. 1). 

In the second zone, the p r e s s u r e  in the liquid between the meta l  and the die r i s e s  f r o m  the source  level  to 
the value cor responding  to the yield point; the conditions in this zone may  be taken as i so the rma l  [6]. 

The following is the th ickness  of the lubr icant  l aye r  in any pa r t  of the entrance zone in the (x0y) coord i -  
nate sys t em:  

h = (x - -  xo) tg a. (1) 

The thickness  of the lubr icant  l ayer  under  these c i r cums tances  may be de te rmined  to a f i r s t  a p p r o x i m a -  
tion f r o m  the di f ferent ia l  equation 

0 (h  ~ O p)  --6~1 dh (V,+ 17t), (2) 
a-Z 7x, 

where V w is the mean v ibra t ional  speed of the working par t s  in a ha l f -cyc le  in which the d i rec t ion of the longi-  
tudinal v ibra t ion is that of the general  motion of the meta l .  

Differentiat ion of the left side in (2) and the substitution 0 = q0e #p for  the ent rance  zone give 

M ' +  q~ (x) M = ~ (x); M = 1 a___pp, (3) 
~! Ox 

where  

I d( h3 ) _ _ ( V i  V t )  
( ~ ( x ) = ' r  hi,, dx ; ~ p ( x ) = - 6  dh + . dx . h s 

The solution to (3) takes the f o r m  [7] 

where  Ci is a constant of integrat ion;  we substi tute (4) into (5) and integrate  subject  to the boundary conditions 
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h = h~ , p = p ,  , h = hi  , p = pl + qa 

to get an equation for  the thickness of the lubricant layer  at the end of the entrance zone [2]: 

h ~ -  (sh~ + 2t~ h, + h~ = o, �9 (6) 

where 

B = exp (-- ~p,) [ 1 + exp (~  ~,)]  tg ~ . 

3no ~ [V~ + V t ] 

where 70 and f~ are  the viscosi ty  and p r e s s u r e - r e s p o n s e  coefficient of the liquid at a tmospher ic  p ressu re  and 
the environmental  t empera ture ,  Pl is the p ressu re  required in the liquid during extrusion,  and a 3 is the yield 
point in the presence of work-hardening:  

O" -1- n a n  % =  o ,  "%v' (7) 

where ~0 is the yield point of the annealed mater ia l ,  a and n are the work-hardening coefficients,  and eav is 
the average drain. 

The distributions of the contact s t r e s se s  and p ressu re  in the p las t ic - s t ra in  zone (zone 2) may be derived 
by considering an infinitely small  component of the metal of thickness dx (Fig. 2). The equation of equilibrium 
for this in the (XOY) coordinate sys tem takes the following form [1] when the plastici ty condition is incorpor -  
ated: 

X Op 
~8 = O, (8) 

2 OX tg o~ 

where w is the tangential s t ress  at the surface of the metal in the deformation focus, which is given [8] by 

�9 O u  (9) 

The equation of equilibrium for  the liquid in this zone is 

Op O'u (i O) 
aX aY ~ 

The thickness of the lubricant  layer  is negligible, so we can assume that the viscosi ty  is independent 
of Y in determining the speed of the lubricant. 

Double integration of (10) with the boundary conditions 

gives 

__I a p  ( r , - -  h*Y) - -  - -  
u =  211 OX 

Substitution of (11) and (8) with h* = h~X/X 1 gives 

(Ii) 

where hi is the thickness of the lubricant layer  at the exit f rom the deformation zone (Fig. 2). 

We assume that the viscosi ty  of the lubricant in the p las t i c - s t ra in  zone var ies  as follows with p ressu re  
and temperature  [6]: 

= 71e exp [~p - -  b (t i to)]. (13) 

To determine t i we use the equation for quasis ta t ionary heat t ransfer  in the lubricant  layer  [9]: 
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Fig. i 

ff 

0 
~ /- dx 

Fig. 2 

Fig. 1. Determination of the lubricant layer  thickness at the entry  
to the strain focus. 

Fig. 2. State of s train during hydraulic extrusion of a metal.  

Substitution of (11) into (14) and solution for  t with the boundary conditions Y = 0, t = t a and Y = h*, t = 
t b give 

t 4)13̀ eI ~,-~--]( Op ]2 y,3 2h*YS3 -~- h*2Y24 h*3Y6 . ----~e - - ~  ~--X) -- -~ -J  ~ (Y--h*)+ 

1 Op [ V, (~_A) 2 V t ]  [ Y' h*Y _ ~ ]  _~  ( Y ) 
+ 3,r OX Y -~- - ---h*-- 3 - - T  + + tb+t a 1----~- . (15) 

As the lubricant  film is thin, it is sufficient to determine the mean tempera ture  

a* h*a { OP'~ ~ ~l V l ( ~ )  2 ~_ 1 ( t .+tb) .  (16) 

The metal  is cooled only slightly by heat t r ans fe r ,  so the above assumptions imply that the tempera ture  
of the metal  at the deformation focus is defined by 

t b = t o +  . 4  + BT___L _, ( 1 7 )  
c7 ?VocT 

The work done A is [9] given by 

A = O'oe:av-+- a (n -~- 1) (lS) 
0 

The average s train is given by 

4 tgo~_~ 16Ln(Do/DO [ ( 1 +  )3/2 1 ] 
ear = 3 V ' 3 -  - 9 t g  2 a 4 -  tg2 (z . 

The mean ul t rasonic  energy is 

~-= 1 PVt sin~ alfreD' 
2 (19) 

where D is the energy- t ransmiss ion  factor ,  which i tself  is [10] defined by 

D = W, Wz =.  pcffcz 
(W, + W2) ~ (Oc~ + ",'c2) 2 (20) 

The time is 

T, = ( X , -  X2)V. (21) 
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T h e  m e a n  speed  of the  m e t a l  in the d e f o r m a t i o n  focus  is 

Xi- -X~ 2, 

Then  (22) g ives  (21) the f o r m  

T, = X 2 (Xi - -  X2)fViXt. 

Subst i tu t ion of (18) and (19) into (17) g ives  

tb= to+ ~~ + 1) 1 
c'? ....... + 2  

The  t e m p e r a t u r e  ta of the die is d e t e r m i n e d  by e x p e r i m e n t .  

Then  the t e m p e r a t u r e  t i of the l ub r i can t  l a y e r  is  g iven by 

X, (22) 
X2 

O~ 2 sin~ aV~nOTt 
7VocT 

h *l [ Op \~ IV ' X i "  ~" 1 ( to+t~)+ ti = 240vt7--'-'--~ t-~-~-)+ 1 - ~ ,  t -~-)  -- Vt ]2 -I- "~ - 

(23) 

(24) 

_ ,  sin 2 ~ m D T l  ] -4- a~ (n+l ) / (n  -~- l )  1 pV t 1 ~oeav - -'av jr 
+ -2" cu 2 vVoc ~ .... " (25) 

We neg l ec t  the f i r s t  t e r m  in (25) b e c a u s e  it  i s  s m a l l  by c o m p a r i s o n  with  the o t h e r s ,  which  g ives  

o~(n+l}H. *__ i) " 1 pV~ sin ~ c~VwrrlDTl 1 2 2 1 -4- 2 crOSav-}- "~av -v- , t~ = 12n. v, - + (to + tD : ~ j .  (26) 

Subst i tut ion of (26) into ( 1 3 ) g i v e s  

Vl--~1o exp/{[tp--b { ~  [Vi(,--~-]X' ~o ] ~ , - Vtj" + ( t : -  to)+ 
(27) 

1 [ ~oeav+ ae~+lV(n + I) 1 pQ7 sin2aVwrnDTt ] } } } "  
§ 2 _ cv ~ -2  7VocT 

We so lve  (27) sub j ec t  to the condi t ions  X = X1, p = ~s + Pt and X = X2, p = a s to get  the va lue s  f o r  the d y n a m i c  
v i s c o s i t y  ~t and ~2 a t  the e n t r a n c e  and ex i t  to the p l a s t i c - s t r a i n  zone ,  and these  a r e  subs t i tu ted  into (26) to get 
the c o r r e s p o n d i n g  t e m p e r a t u r e s  of the l ub r i can t  l a y e r :  

= - - v t  + Q ,  t~s ~ V, (2s) 

w h e r e  j = 1 ,  2; 

1 [ c;oeav+ae(~+W(n+l ) 1 p~2sin~zVwmDTt] 
1 (t~ ~ to) + " + 

Q = -~ ~ *v -~ VcVoT " 

The  p l a s t i c - s t r a i n  zone is  s h o r t  when a m e t a l  is  ex t ruded  in the p r e s e n c e  of u l t r a sound ,  so  the m e a n  
t e m p e r a t u r e  a t  any  point  in the l u b r i c a n t  l a y e r  wi thin  the s t r a i n  focus  is  given to  a f i r s t  a p p r o x i m a t i o n  by 

" 2 = ( v , - Y i ) :  + v ,  t -K, .  ] " < ] f 

We subs t i tu te  ~i f o r  t i in (12) to get 

'1 = Tlo exp {-- b ~ - -  to)] exp (13p) = ~a exp (tip), 

'la = TIo e• [--  b (Yi - -  to)]. (30) 

Subst i tu t ion of (30) and (12) into (8) g ives  

-2-- X, tgc, "0-X- - -  % - -  . -X--]  - -  hi - -  - - tg  a = 0. 
(31) 
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Fig. 3. Tempera ture  and dynamic viscos i ty  of lubricant at 
the deformation focus in relation to oscillation amplitude 
during the hydraulic extrusion of aluminum in the presence  
of spindle oil; 1, 2) tempera ture ;  1', 2') viscosi ty;  1, 1') R= 
1.21; 2, 2') R = 1.69.77, N . sec /m2;  ~0"/~m; [i, ~ 

Fig. 4. P r e s s u r e  in liquid in relation to drawing factor  in 
hydraulic  extrusion of aluminum in the presence  o f  longitudi- 
nal ultrasound: 1) theoret ical  resul t  for ultrasound; 2) exper i -  
mental resu l t  for  ultrasound; 3) experimental  resul t  without 
ul trasound; p in MN/m 2. 

As hl'/X1tana.<< 1, we neglect this quantity, and then (31) becomes 

X2 oxaP c;a _ { ~  (_~_t) 3 ~]sl~ cos CZh;  (~--~L)/ exp (SP)tg ~ ----0. (32) 

We solve (32) with the boundary conditions 

X = Xl, p = Pi q- % and X ~ X 2 ,  p ---- (;s 

to get 

He re 

Ffx,   fx,] a I fxi fx,?a I (x, 
e x p ( - - 8 ~ s ) = q [ \ - ~ - ~ } - - \ - ~ - ~ )  J+SL'-~22 --\-~-zz} J + \ - - ~ z ]  exp[- -8(p ,+~, ) ] .  (33) 

2,1~8Vt 2,]aplTt cos a * ; h~=hlcosc~. 
O= 8as; q = - -  h~tgc~(2O--3) ; s = h~tga(2O-- 1) 

We divide both sides in (33) by exp [-~(Pl + as).] and t ransform the resul t  to get 
3--2G ! - -2G 

p~-- a 8 In R - -  ~ In { l -~ q (R 2 ~ 1) exp [8 (P~ -~ %)] -5 s (R e _ l) exp [8 (P, -{- %)]} = 0. (34) 

Then (34) gives the working p re s su re  Pl in the liquid for a metal  extruded in the presence  of longitudinal u l t r a -  
sound. 

Three separate steps have to be considered in order to determine Pi: a) the thickness hi of the lubricant 

in the entrance zone for a given pressure Pl = Pll in the liquid; b) use of this result to find ~i and z73; and c) 
substitution of ~i, T/3, h~ (h~ = hl.cos o~) into (34) to find Pl. The result for Plts compared with the specified 
Pll ; if there is any difference, a new value Pl =Plt + hPlt is assumed for the pressure. The calculations on 
hi, t], ~3, Pl are repeated until the result agrees with the specified value. This method of determining Pl, 
hl, 713, ti has been used in a Minsk-32 program in which the input data include specifications for the metal and 
other parameters (R, Vi, V t, to, ta, z} 0, Y, b... ). 

During the second half of the period, the liquid begins to be compressed, while the thickness of the lubri- 
cant layer falls to its minimum value. Then the pressure in the liquid is given [11] by 

sine [R-- 11, (35) 
P i m a x  d 
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where d = ~/ tan~;  and a v i s  the osc i l l a to ry  s t r e s s  in the waveguide at  the point Xav = (X1 + X2)/2. 

The mean  p r e s s u r e  in the liquid during the ex t rus ion  is given 

Pl + Ptmax 
Play = 2 

Figures 3 and 4 give the theoretical results along with measurements. 

These results show that the working pressure is reduced by ultrasound during hydraulic extrusion; the 
surface finish is improved by two grades. 
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N O T A T I O N  

a re  the lubr icant  th icknesses  at points in the inlet zone and in deformat ion  region,  
r espec t ive ly ;  
a re  the same  at inlet and outlet  of the f i r s t  zone,  respec t ive ly ;  
a r e  the coordinate s y s t e m s  for  lubr icant  thickness and p r e s s u r e  in the deformat ion  
re  gion; 
a re  the coordinates  of points m and k; 
is the s e m i v e r t e x  angle of die; 
a re  the speed of me ta l ,  mean speed in deformat ion  region,  and mean  speed of tool; 
a re  the p r e s s u r e  in the deformat ion  region and in the source ,  r e spec t ive ly ;  
a re  the dynamic v i scos i t i e s  in f ree  and working s t a t e s ,  r espec t ive ly ;  
is the shea r  s t r e s s ;  
is the veloci ty  of lubr ica t ing f i lm; 
is the mean  s t ra in ;  
a r e  the work-ha rden ing  fac to rs ;  
a re  the yield points with and without hardening;  
a re  the p r e s s u r e  and t e m p e r a t u r e  coefficients  of v iscos i ty ;  
a r e  the t e m p e r a t u r e s  of the tool, of  the me ta l  in the deformat ion  region, and of the 
lubricant ,  r e spec t ive ly ;  
a re  the t e m p e r a t u r e  in the f ree  s ta te ,  mean t empe ra tu r e  of lubr icant  at a point in the 
deformat ion  region,  and mean  t e m p e r a t u r e  over  the deformat ion  region;  
is the t he rm a l  conductivity of lubricant ;  
a re  the speci f ic  heat  and density;  
is the work  of p las t ic  s t ra in ;  
is the u l t rasonic  ene rgy  en te r ing  deformat ion  region; 
a re  the per iod of osci l la t ion and t ime of motion f rom ent rance  to exi t  of deformat ion 
re  gion; 
a re  the volumes  of meta l  in the deformat ion  region and in the surrounding guide; 
is the densi ty of guide m a t e r i a l ;  
a re  the speeds  of longitudinal waves  in guide and meta l ,  r espec t ive ly ;  
a r e  the speci f ic  acoust ic  impedances  of guide and meta l ;  

is the coeff ic ient  of the energy  t r a n s f e r  f r o m  the waveguide to the ma te r i a l ;  
a r e  the d i ame te r s  of workpiece  and product ;  
a r e  the coordinates  of the ent rance  and exi t  to the deformat ion  region in the (NOY) 
sys t em;  
is the deformat ion  fac tor ;  
is the osc i l l a to ry  s t r e s s ;  
is the coefficient  of v iscous  fr ic t ion;  
is the p r e s s u r e  in conventional  extrusion;  
is the mean  p r e s s u r e  in hydraul ic  ext rus ion.  
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EFFECT OF DEFECTIVE FUEL ELEMENT PARAMETERS 

ON TEMPERATURE DISTRIBUTIONS 

V. E. Minashin, I. N. Gorelov, 
V. N. Rumyantsev, and V. N. Levchenko 

UDC 536.24 

Resul t s  a re  p resen ted  of the calculat ion of t e m p e r a t u r e  dis t r ibut ions  in the c ross  sect ion of fuel 
rods  with a defect ive contact bond. The effects  of the dimensions and t he rma l  conductivity of the 
defec ts ,  the d imensions  of the fuel e l ement ,  the heat-conduct ion p rope r t i e s  of the fuel e l emen t  
core  and cladding, and the ra te  of cooling a re  de termined.  

The ef fec ts  of the t he rma l  conductivity and the d imensions  of defec ts ,  and the d imens ions ,  hea t - conduc-  
tion p r o p e r t i e s ,  and ra te  of cooling of defect ive fuel rods on t e m p e r a t u r e  dis t r ibut ions a re  es tabl ished.  

During the manufac ture  and use  of fuel e l ements  var ious  defects  may  develop,  the mos t  impor tan t  of 
which a r e  local  impa i rmen t s  of heat  t r a n s f e r  between the core  and cladding. Such defects  tead to a dis tor t ion 
of the t e m p e r a t u r e  dis t r ibut ion,  which in turn gives r i se  to t he rma l  s t r e s s e s ,  acce le ra t ion  of co r ros ion  p r o -  
c e s s e s ,  and a loss  of mechanica l  s t rength.  In view of this it is n e c e s s a r y  to develop methods for  calculat ing 
t e m p e r a t u r e  dis t r ibut ions in defect ive fuel e l ements  to de te rmine  the control l ing f ac to r s  which have an a p -  
p rec iab le  effect  on the t e m p e r a t u r e  distr ibution.  

The m o s t  accura te  de te rmina t ion  of the t e m p e r a t u r e  dis tr ibut ion would  involve the s imul taneous  solution 
of the di f ferent ia l  equations desc r ib ing  the t e m p e r a t u r e  dis tr ibut ion in the fuel e lement  and in the coolant. How- 
e v e r ,  because of the difficulty of descr ib ing  the veloci ty  dis tr ibut ion and the turbulent  component  of heat  conduc- 
tion mos t  calculat ions have been p e r f o r m e d  by solving the heat-conduct ion equations in the fuel e lement  with 
boundary conditions of the third kind specif ied at the boundary between the fuel e lement  and the coolant. 

Calculational methods or  the r e su l t s  of t e m p e r a t u r e  calculat ions for  ce r ta in  spec ia l  p rob l ems  have been 
published [1-4], but the bas ic  rules  for  the effect  of d imensions  and t he rma l  p a r a m e t e r s  of fuel e lements  and 
defects  on the  dis tr ibut ion of t e m p e r a t u r e  f ields have not been es tabl ished.  

If these ru les  were  known the cons t ruc t ion  of fuel e lements  could be opt imized so as to min imize  the  
effect  of the i r  defects  on the i r  opera t ing  life. 

With this in mind we have p e r f o r m e d  numer ica l  calculat ions of t e m p e r a t u r e  dis t r ibut ions in the c ro s s  
sect ion of a fuel rod with an infinitely long defect  in the contact bond between the core  and cladding. 

Fo r  constant  physica l  p a r a m e t e r s  and dimensions  of the fuel e l emen t  and defect ,  and a constant  coeff i -  
cient of heat  t r a n s f e r  f rom the sur face  of the fueI e lement  the d imens ionless  equations desc r ib ing  the steady 
t e m p e r a t u r e  dis tr ibut ion in the c ross  sect ion of a fuel e lement  with a defect  of width 2q~)R t have the fo rm 
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