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Using as an example the solution of a problem involving a search 
for the laws of distribution of heat flux and temperature on the 
surfaces of cuttin.g tools, a general method is proposed for cal- 
culating the intensity of heat flux and temperatures on the contact 
Surfaces of moving bodies. 

The ana ly t i ca l  so lu t ion  of the hea t  ba l ance  be tween  
two moving  bod ies  has  been  examined  by J a e g e r  (4). 
In d e r i v i n g  the f o r m u l a s ,  however ,  he made  a n u m b e r  
of a s s u m p t i o n s  which a r e  val id  only fo r  p r e l i m i n a r y  
c a l cu l a t i ons .  In p a r t i c u l a r ,  he a s s u m e d  a Uniform 
hea t  flux d i s t r i b u t i o n  fo r  each  of the bod ies  in contac t  
at  the con tac t  s u r f a c e .  

In the  p r e s e n t  pape r ,  on the b a s i s  of a combina t ion  
of ana ly t i ca l  c a l cu l a t i ons  and the e l e c t r i c a l  analog of 
t e m p e r a t u r e  f ie lds ,  a method  i s  examined  of d e t e r -  
min ing  hea t  flux in t ens i ty  and t e m p e r a t u r e  be tween  
bod ies  in contac t .  The method  is  d e s c r i b e d  in t e r m s  
of an example  in which a s e a r c h  is  made  fo r  laws  of 
hea t  flux in t ens i ty  and t e m p e r a t u r e  d i s t r i bu t i o ns  on 
the contac t  s u r f a c e s  of cut t ing too ls .  

This s e a r c h  i s  a f a i r l y  d i f f icul t  p r o b l e m .  The cu t -  
t ing p r o c e s s  involves  bod ies  of complex  shape  (the 
work,  the tool,  and the chip}, and a l a r g e  number  of 
f a c t o r s  inf luence  the d i s t r i b u t i o n  of hea t  be tween  them.  
An e x p e r i m e n t a l  method has  not been  found, as  
yet ,  fo r  the  s tudy of f lux in tens i ty  d i s t r i b u t i o n  in cu t -  
t ing.  Meanwhile  the  s e a r c h  fo r  th is  law and fo r  the 
r e l a t e d  law of t e m p e r a t u r e  d i s t r i b u t i o n  at  con tac t  
s u r f a c e s  is  a r e a l  n e c e s s i t y  in the ana lys i s  of the 
p h y s i c a l  p r o c e s s  of cutt ing,  tool  wear ,  and t h e r m a l  
d e f o r m a t i o n .  

In (1-3) ,  dea l ing  with the t h e r m o p h y s i c s  of the 
cut t ing  p r o c e s s ,  the usual  a s s u m p t i o n  i s  made  that  the 
i n t ens i ty  of hea t  t r a n s m i s s i o n  to the  tool  face  f r o m  
the hea ted  chip, qf ,  and the hea t  t r a n s m i t t e d  in tu rn  
f r o m  the tool  face  to the work,  qb, m a y  be  r e g a r d e d  
as  be ing  u n i f o r m l y  d i s t r i b u t e d  o v e r  the  whole length 
of each  of the a r e a s  in con tac t  (F ig .  1, a). This does  
not o c c u r  in the ac tua l  cut t ing p r o c e s s ,  however ,  s ince  
the va r ious  p a r t s  of the con tac t  zone a r e  not hea ted  
iden t i ca l ly ,  due to n o n - u n i f o r m i t y  of f r i c t i o a l  f o r c e s  
and d i f f e ren t  cond i t ions  of hea t  r e m o v a l .  The re fo re ,  
the hea t  f luxes  a c r o s s  the con tac t  a r e a s  do not r e m a i n  
u n i f o r m l y  d i s t r i b u t e d .  The b a s i s  of the method  of 
ca l cu la t ion  examined  i s  the  a s s u m e d  equa l i ty  of t e m -  
p e r a t u r e  s for  both p a i r s  ( too l -ch ip  and too l -work ) ,  

r e s p e c t i v e l y ,  at  each  point  of contact ,  i . e . ,  ft  is  
a s s u m e d  that  t h e r e  a r e  no t e m p e r a t u r e  d i scon t inu i t i e s  
at  the bounda r i e s  of the bod i e s  in contac t .  

To d e t e r m i n e  the hea t  f lux i n t e n s i t i e s  qf and qb, 
we p r o c e e d  as  fo l lows .  We f i r s t  c a l cu l a t e - the  chip 

t e m p e r a t u r e  (1), e x p r e s s i n g  i t  in t e r m s  of the de -  
s i r e d  hea t  f lux qf:  

o :  (x) -. A (x) - - B  (x) q: (x). (1) 

In a s i m i l a r  fashion  we a l so  find the  t e m p e r a t u r e  

1" qbl.V,) k~ Ix e 

F ig .  1. Method of ca lcu la t ion  to d e t e r m i n e  t e m p -  
e r a t u r e s  and hea t  f luxes  on the contac t  s u r f a c e s  
of the b lade  ( I - -chip ,  I I w w o r k ,  IH-- tool) :  a) d i a -  
g r a m  of the cut t ing  p r o c e s s ;  b) hea t  t r a n s m i s s i o n  
f rom the chip  to the tool ;  c) hea t  t r a n s m i s s i o n  
f rom the tool  to the work ;  d) hea t  f luxes  at the  
back  s u r f a c e  of the  tool ;  e) hea t  f luxes  at  the 

f ron t  s u r f a c e  of the tool .  

| on the s u r f a c e  of the work  in contac t  with the 
tool  face:  

OD(y ) = C (y) - -  D (y) qb (y)" (2) 

All the quant i t i es  e n t e r i n g  into (1) and (2), with the 
excep t ion  of the hea t  f luxes  (s inks)  qf(x)  and qb(y), 
m a y  be  found c o m p a r a t i v e l y  e a s i l y  (1). The ques t ion  
of d e t e r m i n i n g  the f luxes  qf (x) and qb(y ) is  cons id -  
e r a b l y  m o r e  complex .  
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We shall  a s sume  that the flux intensi t ies  qf(x) and 
qb(Y) a re  known and that the i r  laws of var ia t ion a re  as  
shown by the solid l ines in F igs .  lb  and c. We ap-  
p rox imate  to the functions qf (x) and qb(Y)by thei r  mean  
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Fig.  2. Heat fluxes and t e m pe ra t u r e s  at 
the contact  su r faces  of a sharp  tool when 
turning 1Kh18N9 T steel  (v = 30 m/ ra in ,  
S O = 0.44 m m / r e v ,  tool width B = 4.25 
mm, tool m a t e r i a l - - h a r d  alloy VKS, 

I f l l  b = 7): 1) | (x); 2) @b(Y); 3) qf(x);  
�9 4) qb(Y). 

value in a ce r ta in  in terval .  F o r  this purpose  we divide 
the line of contact  / f (F i g .  la) into sec t ions  of width 
&, and the line l b ihto sect ions of width A ' .  We shall  
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Fig.  3. Heat f luxes and t e m pe ra t u r e s  
a* the contact  su r faces  of a sharp  

l~lf/lb = 5 .5 - - so l id  line) and a blunt 
f ib  = 1 . 8 - - d o t ' d a s h  line) tool (ma- 

t e r ia l  being worked 1Khl8N9 T steel, 
v = 95 m/rain ,  S O = 0.44 m m / r e v ,  
tool ma te r i a l  VK8): 1 -4 )  as fo r  Fig.  2. 
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are  the mean  values of functions qf (x) and qb(Y), r e -  
spect ively,  in the lengths As, A 2 . . . . .  A i and AI', 
A'2 . . . . .  &~i. I t  may  be seen f r o m  Figs .  lb  and c 
that  the lower ing of t empe ra tu r e  of the cut side of the 
chip due to heat  exchange with the tool may  be r e p r e s -  
ented as the resu l t  of the action of a number  of plane 
sources  (sinks) of heat  qf(xl), qf(x2) . . . . .  qf (xi), 
moving in a d i rec t ion opposite to the descent  of the 
chip with veloci ty  v. On the su r face  of the work there  
a re  sources  (sinks) qb(Y~), qb(Y2), . .  2, qb(Yi), moving 
in a d i rec t ion  opposite to that of the ro ta t ion of the 
work, with veloci ty  v. 
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Fig.  4. Heat fluxes and t e m p e r a t u r e s  
at the contact  su r faces  of a worn  �9 
when machining VT-2 ( v = 40 m / m i n ,  
S O = 0.14 m m / r e v ,  tool width B = 4 .25 
ram, l f / l  b = 3.55, tool mate r ia l  

VK8): 1 -4 )  as in Fig.  2. 

In p rac t i ce  fa i r ly  high cutting r a t e s  a re  usually 
employed, and the re fo re  the fo rmulas  for  f a s t -mov ing  
sou rces  a re  used to calculate  the t empe ra tu r e s  on the 
contact  su r faces  of the tool. I t  is known f r o m  the 
theory  of f a s t -moving  sources  that p rac t i ca l ly  no heat 
is propagated ahead of the source  (1). Consequently,  
only the source  (sink) qf (xl) has an influence on the 
lower ing of t empera tu re  of the cut side of the chip at 
the point 1 (coordinate xl in Fig. 1 b). Applying the 
genera l  fo rmula  (1 ) to  calcula te  the t empe ra tu r e  at the 
point xl, we obtain: 

O] (xl) = A (xl) --Bn (xl) qf (xl)" (3) 

Only the sinks qf (xl) and qf (x2) affect  the t empera tu re  
at the point x2: 

0 f  (x~) = A (x~) - -  IBm, (x~) qf (x~) + B~ (x~) qf (xo.)]. (4) 

By s imi l a r  reasoning,  we find the t empera tu re  at the 
i - th  point on the cut side of the chip: 

a s sume that  the flux intensi ty  r emains  constant  within 
each sect ion.  Then the quanti t ies qf(xl)  , qf (x2) , . . . ,  
qf(xi) and qb(Y~), qb(Y2) . . . . .  qb(Yi) ( F i g s .  lb  and c) 

of (x,) = A (xt)-- ~ B.~ (x,) qf (x~), (s) 
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w h e r e k =  1 , 2 , 3 . . .  
The t empera tu re  at the i - th  point on the sur face  of the 
work is found f rom the fo rmula  

k = i  

Ob(yi) = C (Yi) - -  Z D~ (Yl) qb(Yk)" 
/z=l 

(6) 

We proceed  fu r the r  as follows. We cons ide r  that 
the t empe ra tu r e  is de te rmined  by @f (x) and @b(Y), if 
we calculate  it along the s ides  of the tool and express  

i t  re la t ive  to the unknown (desired) fluxes qf (x) and 
qb(Y)" Relat ive to the tool, the fluxes qf (x) and qb(Y) 
a re  constant  plane heat  sources  (Figs,  ld  and e). 
Using the pr inciple  of superposi t ion,  we find the c o m -  
plex t empera tu re  field genera ted  in the blade as a r e -  
sult  of the action of sources  qf(xl), qf (x2) . . . . .  qf(x i) 
and qb(Yl), qb(Y2) . . . . .  qb(Yi)" Fo r  this we requ i re  
data on the t empera tu re  field f rom each of the above-  
ment ioned sources ,  located at i ts respec t ive  dis tance 
f rom the cutting edge. 

Various methods a re  known of de termining t e m p e r -  
a ture  fields in cutting wedges, when plane heat sources  
(1-3)  act  on the su r faces  of the wedge. We used the 
e lec t r ica l  analog method (3) to solve our  problem.  The 
t empera tu re  at any point of the wedge f rom heating by 
one source  is calculated (3) f rom the e lec t r ica l  analog 
resu l t s  by the fo rmula  

0 (x, y) = q~t  L • (x, y). (7) 

If we apply fo rmula  (7) to calcula te  the t empera tu re  at 
the i- th point on the f ront  sur face  of the tool, due to a 
number  of sources  on the f ront  and back sur faces ,  we 
obtain 

k=., k=P Ai %d (Y'*)I Of (xi) == -~  Lfk k=l Lb~ 

(8) 
( k =  l, 2, 3 ..) 

We use (7) to calculate  the t empera tu re  at the i - th  
point on the back sur face  of the tool. As a r esu l t  we 
may  wri te  

_ k ~ t n  

, l yqS/x )A  
Ob(Y,) = vs L + 

+ A; ] o) 
#=1 Lbk 

(~ :~: 1, 2, 3). 

We have thus obtained fo rmulas  for  de termining 
t empe ra tu r e s  on the contact  su r faces  of the tool Of(x) 
and |  ) on the chip and work side (5), (6) and on the 
tool side (8), (9). We suppose that at the points x i and 
Yi on the contact  su r faces  the ten~peratures will be the 

s a m e ,  independent of whether  the calcula t ion is done 
f rom the chip and work  side o r  f rom the tool side. 
We the re fo re  equate (5) and (8) and (6) and (9) in pairs ,  
and obtain as a r e su l t  a sy s t em of equations in which 
the unknowns ~re the flux intensi t ies  at individual point~ 
on the contact  su r faces  of the tool. After  solving the 
sys tem and subst i tut ing appropr ia te  values of fluxes in 
(5) and (8) or  (6) and (9), we find the t empe ra tu r e  at 
the f ront  and back su r faces  of the tool. 

F igu re s  2 - 4  show some resu l t s  of calculat ing t e m -  
pe ra tu re s  and fluxes by the above method fo r  var ious  
cutting condit ions.  The solid and do t -dash  l ines are  
graphs  of Of (x), Ob(y), qf (x) and qb(Y), cons t ruc ted  
for  a flux ifitensity var ia t ion in the cutt ing zone qf(x) 
= var  and qb(Y) = var .  The dotted lines a re  graptis of 
Of(x), @b(Y), qf(x) and qb(y), cons t ruc ted  on the a s -  
sumption that qf (x) = const  and qb(Y) = cons t. Analys is  
of the graphs  of Figs .  2 - 4  leads to the conclusion that 
the nature  of the flux var ia t ion  does not r emain  un-  
changed, but  depends on the pa r t i cu la r  conditions of 
cutt ing and blunting of the tool.  As a rule, w h e n  work-  
ing with sharp  tools, the max imum value of heat flux, 
qf(x) is located at the cutting edge. With i nc rea se  in 
the s ize  of the a rea  of wear  along the back edge, the 
max imum intensi ty of qf (x) shifts f r o m  the edge to 
the body of the tool (Fig. 3). The heat flux at the r e a r  
surface ,  qb(y), is negative as a rule,  i . e . ,  d i rec ted  
f rom the tool to the work.  The max imum value of the 
flux intensi ty qb(Y) is located at the cutting edge, in- 
dependently of the blunting of the tool. We note the 
ove r - a l l  shape of the laws of flux dis tr ibut ion depends 
on the ra t io  l f / l  b. 
The higher  this ra t io  is, the c lose r  is the max imu m of 
the curve  to the edge. 

The ra te  of cutting has a g rea t  influence on the 
value of the intensi ty  and on the nature  of the d i s t r i -  
bution of fluxes q f  (x) and qb(Y). Inc rease  of the cutt ing 
ra te  (Figs.  2 and 3) f r o m  v -- 30 to 95 m / m i n  when 
machining IKhKaN9 T steel  led to an i nc rea se  in the 
flux intensi ty  qf (x) by a f ac to r  of 2.5,  and in the flux 
intensi ty qb(Y) by a f ac to r  of 2. 

The flux intensi ty on the contact  a r ea s  has a g rea t  
influence on the t empera tu re  Of (x) and @b(Y). The 
l a r g e r  the heat  t r an smi s s ion  qf (x) f rom the heated 
chip :to the tool, the lower  the t empe ra tu r e  on the 
f ron t  sur face .  The reduct ion of the the rmal  s t r e s s  of 
the p roce s s  on the f ront  sur face  of the tool is r e f l ec t -  
ed favorably  in the wear  and stabi l i ty  of tools.  

In p rac t i ce  we can ar t i f ic ia l ly  c r ea t e  conditions in 
which the flux intensi ty  into the tool is i nc reased  (1) 
(cooling of the tool, development  of lightly loaded edges, 
etc. ). 

I t  is of in t e res t  to  a s se s s  the e r r o r  of the analyt ical  
calculated t empe ra tu r e s  on the contact  su r faces  of the 
tools, if we suppose that the heat fluxes a re  dis t r ibuted 
uni formly  over  the whole a rea  in contact .  

It may  be seen f rom Figs .  2 - 4  that the assumpt ion  
of uniform heat flux leads to inc reased  calculated 
t empera tu re  on the f ront  surface ,  by 8-12%. T h e  
t empera tu re  on the back sur face  proves  to be somewhat  
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r e d u c e d  (on a v e r a g e  by 5 - 1 0 % ) .  At  an i n c r e a s e d  c u t -  
t i ng  r a t e  t h e s e  e r r o r s  p r o v e  to  be  s t i l l  m o r e  c o n s i d e r -  
ab le ,  wh ich  m a y  g i v e  an i n c o r r e c t  p i c t u r e  of  the  p r o -  
g r e s s  of  t he  h e a t - e x c h a n g e  p r o c e s s .  

We h a v e  u s e d  the  above  m e t h o d  to d e t e r m i n e  the  
l a w s  of h e a t  f lux  i n t e n s i t y  and t e m p e r a t u r e  d i s t r i b u t i o n s  
i n  the  cu t t i ng  of  m a t e r i a l s .  I t  m a y  a l s o  b e  app l i ed  wi th  
s u c c e s s  to t h e  a n a l y s i s  of l a w s  of f lux  and t e m p e r a t u r e  
d i s t r i b u t i o n  on the  c o n t a c t  a r e a  of  any b o d i e s  rubb ing ,  
o r  of s y s t e m s  of  b o d i e s  l o c a t e d  in  c o n t a c t .  

NOTATION 

A(x), B(x), C(y), D(y)) quantities depending on the location 
of the points being examined on the front or rear surfaces of the 
tool; Bll(x)) a coefficient depending on the location of the point 
x 1 relative to the source (sink) qf(xl); Bn(xz) and B2z(xs) ) coef- 
ficients depending on the location of point xz relative to fluxes 
qf(xl) and qf(xz); q) heat flux intensity; l ) source length; k) ther- 
mal conductivity of the tool material; L) model shape coefficient; 
Lfp and Lbk ) model shape coefficients for sources on the front and 

back surfaces; p and m) number of sources on the front and back sur- 
faces, respectively; ~(x, y)) dimensionless quantity indicating what 
proportion of the maximum temperature is the temperature at the 
point on the wedge with coordinates x, y; ~fs(Xk), ~bd(Yk)) quantities 
similar to ~x,  y). Subscripts: s) indicates that the point examined lies 
on the same surface as the source; d) on a different surface. 
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