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The solution to a cer ta in  heat  t r a n s f e r  p rob lem in the case  of a d i spers ion  l aye r  is  used for  
de termining  the m a x i m u m  speed of cutting f ibrous  m a t e r i a l s  with a p l a s m a  jet .  The validity 
of this approximat ion is  ver i f ied  exper imenta l ly  on a few e x a m p l e s .  

P rominen t  among the nonmechanical  techniques of cutting cloth a re  those which use  p l a s m a  je ts  for  
b reak ing  down the f ibrous m a t e r i a l ,  pa r t i cu l a r ly  a concentrated m i c r o p l a s m a  jet  d ischarged f r o m  a smal l  
nozzle  (not l a r g e r  than 1 m m  in diameter)  under  a p r e s s u r e  of s eve ra l  a tmosphe re s �9  Universa l ly  appl i -  
cable and unmatched in s impl ic i ty ,  the m i e r o p l a s m a  method yield s product iv i ty  r a t e s  not lower  than those of any 
mechanica l  method used nowadays for  continuous s ing le - l aye r  cutting of cloth.  This fac tor  as well as  the 
high quality of cuts readi ly  distinguished this method f rom other  nonmechanical  methods  of cutting f ibrous  
m a t e r i a l s .  

Jus t  as with those o ther  nonmechanical  methods ,  however ,  this  one too is  l imi ted by a m a x i m u m  at tainable 
cutting speed, on account of the definite t ime  requi red  to b r e a k  down a f ibrous  m a t e r i a l  with the p l a s m a  
je t .  Usual ly ,  an analytical  express ion  for  the m a x i m u m  cutting speed is  found in such ca se s  by solving 
the sy s t em of differential  equations which accounts  also for  the penetra t ion of the breakdown front  and for  
the phase  t r an s f o rm a t i ons  at the breakdown boundary�9 Only t h e r m a l  breakdown is  assumed to occur  in 
the m a t e r i a l .  At the same t ime,  the p l a s m a  produces  also an apprec iab le  mechanica l  effect  in the cloth�9 
At p rac t i ca l  p r e s s u r e  l eve l s  and flow r a t e s  of the opera t ing  gas,  the amount of mechanica l  energy in a 
m i c r o p l a s m a  jet  is  often of the same  o rde r  as the amount of t he rma l  ene rgy .  As a consequence,  the role  
of the t he rma l  energy in a jet  is reduced to only heat ing the ma te r i a l  up to i ts  y ie ld-point  t e m p e r a t u r e ,  
whereupon,  without reaching  i ts  p h a s e - t r a n s f o r m a t i o n  t e m p e r a t u r e ,  the cloth skeleton b r eaks  down under  
the mechanica l  force  of the jet .  In this way, phase  t r an s fo rma t ions  do not rea l ly  play any significant role  
in the cutting of cloth with a m i c r o p l a s m a  jet .  

On the o ther  hand, the smal l  th ickness  of a l aye r  as well as  i t s  apprec iab le  poros i ty  and aera tab i l i ty  
during a s ing le - l aye r  m i c r o p l a s m a  cut allow us  to d i s rega rd  the penet ra t ion  of the breakdown front  and 
to a s sume  that  the t e m p e r a t u r e  r i s e s  un i formly  over  the ent i re  volume where  the jet s t r i ke s .  

With these  assumpt ions  concerning the breakdown mechan i sm,  it will be sufficiently accura te  to 
p roceed  on the bas i s  of a cons tan t - th ickness  l aye r ,  as  is  usual ly done in the ana lys i s  of drying and heating 
p r o c e s s e s  involving d ispers ion  phases  in a ma te r i a l � 9  

The p rob lem is  thus formula ted  ma themat ica l ly  on the following p r e m i s e s .  

1) The cloth m a t e r i a l  b r eaks  down not gradual ly  but ins tantaneously  a c r o s s  i ts  th ickness ,  a f t e r  it 
has  been heated up to i t s  y ie ld-point  t e m p e r a t u r e  a c r o s s  the ent i re  th ickness  f rom the point of 
jet applicat ion.  

2) La te ra l  heat  l o s s e s  f r o m  the hot segment  of a cloth a re  negl igible .  The re fo re ,  the d imens ions  
of the broken down cloth segment  m a y b e  assumed  as smal l  as  the jet d i ame te r  and, at the s ame  
t ime ,  the p rob lem becomes  reducible  to a one-d imens ional  one.  
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3) For  r ea sons  explained e a r l i e r ,  the t r a n s v e r s e  t he rma l  conductivity of cloth (along the jet) will 
a lso be a s sumed  negl igible .  

With these  s t ipulat ions,  the p rob l em reduces  to the well known equation 

aO 020 020 +(90=0__ 
0 + ~ )  ~-u + ~ o u - q + ~  Oz 

with the boundary conditions 

(1) 

00 00 1 00 I 
0],~=o = O; ~ = o = 0 ;  ~-zl~=o=O; ~-UL=o+%=o =1. (2) 

H e r e  0 = ( t - t0) / ( t s - t0)  denotes  the d imens ion less  t e m p e r a t u r e ,  u = Ta v/C0T0 ( l - m )  denotes the d imens ion-  
l e s s  t ime ,  z = Xav /wc ly lm is  the d imens ion les s  space coordinate ,  and ~0 -- c~ylm//c0y 0 ( l - m ) .  

P roceed ing  as in [2, 3] and taking into considera t ion  actual  values  of c 0, Y0, m f r o m  [4] and ct, T1 
f r o m  [5], we e s t ima te  the value of q~ as  being l a r g e r  than 10 -3. T h e r e f o r e ,  Eq. (1) can be s implif ied to 

ao + a2o ~ oo =o .  (3) 
Ou OzOu O z  

The solution to Eq.  (2) with the boundary conditions (2) is  [1, 2]: 

0 = exp (--  z) i exp (--  ~) I o (2 V ~ )  d~, (4) 
6 

where  I0(Y ) i s  a z e r o t h - o r d e r  B es s e l  function of an imag ina ry  a rgumen t .  

The p rob l em  of de te rmin ing  the m a x i m u m  cutting speed of a cloth with a m i e r o p l a s m a  jet  r educes  
now to finding u = f(z,  0) f r o m  express ion  (4) and then, cons ider ing  that  at the l imi t  

x = r (5) 

Vm = r {x, tb) �9 

Unfortunately,  solution (4) for  u cannot be wri t ten in explici t  f o r m .  Fo r  this  r eason ,  we will e s t ima te  
the magni tude of the d imens ion less  groups  under  the in tegra l  sign and t ry  to s impl i fy  the solution. 

The heat  t r a n s f e r  between a gas  and a d i spers ion  l a y e r  is  in mos t  expe r imen ta l  s tudies dealt  with in 
t e r m s  of a su r face  heat  t r a n s f e r  coeff icient  a S. The t rans i t ion  f rom a S to the volume heat  t r a n s f e r  coef -  
f icient  ~V in this study i s  eas i ly  made  by way of s imple  calcula t ions ,  if i t  i s  a s sumed  that  e l emen ta ry  
f ibe r s  of the y a r n  a r e  cy l inders  with an effect ive  mean  base  radius  r .  At the s a m e  t ime ,  the lack of 
avai lab le  a S  values  for  the specif ic  conditions of heat  t r a n s f e r  in this p rob l em m a k e s  it  n e c e s s a r y  to 
r e s o r t  to ave rag ing .  I t  i s  convenient  to use  the un iversa l  curve  of convect ive  hea t  t r a n s f e r  in a d i spers ion  
l a y e r  [6]. For  p rac t i ca l  cut widths {~1 mm) and flow r a t e s  of p l a s m a  genera t ing  gas  (argon, ~30 cm 3 
/ s e e ) ,  with a t rans i t ion  to a V at a t e m p e r a t u r e  not above t b, this  curve  yie lds  

0.212~G ~v - - -  ( I - -  rn) (6) 
r~ 

Consider ing now the th ickness  of the cloth, the radius  of an e l emen ta ry  y a r n  f iber  [7], the jet velocity 
(~102 m / s e c ,  inasmuch as the dece le ra t ion  of a jet  in an a i r - p e r m e a b l e  l a y e r  of cloth is  negligible),  the 
length of t ime  of jet and cloth in terac t ion  (1-5 m s e c  at p reva i l ing  cutting speeds  of 0.2-0.3 m / s e c ) ,  and 
a lso  taking into account the t he rmophys i ca l  p r o p e r t i e s  of both cloth and gas  [4, 5], we find that the o r d e r s  
of magni tude of u and z a re  ~0.1 and ~ 1.0 r e spec t i ve ly .  

Based on this  e s t ima te ,  one m a y  expand I0(y ) into a s e r i e s  and in tegra te  exp res s ion  (4) including 
only the f i r s t  few t e r m s  of the s e r i e s .  Af ter  these  opera t ions ,  with all s e r i e s  t e r m s  of h igher  than second 
power  d iscarded  and the o ther  t e r m s  r e - a r r a n g e d ,  Eq.  (4) becomes  

0 exp z = exp z I - -  exp (--  u) - -  u exp ( ~  u) - -  ~ exp (--  u) 

t t  'a 
-+- u exp ( - -  u) -k -~- (1 + z) exp (--  u). (7) 
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Fig.  1 Fig .  2 
Fig.  1. Logar i thm of the m a x i m u m  speed of cutt ing f ibrous  
m a t e r i a l ,  as  a function of the n u m b e r  of cut l aye r s :  rayon (1, 
2), t r ac ing  pape r  (3). 

Fig.  2. Maximum cutting speed v m (m/sec)  as  a function of 
the initial cloth t e m p e r a t u r e  t o (~ under  1.5 arm p r e s s u r e :  
cotton pape r  (t b = 218~ a = 0.0271 m / s e c ,  I d = 3.2 A, V d 
=24  V, r = 0 . 7 0 m m )  1; nylon (t b = 1 0 4 ~  a =  0.0267 m / s e c ,  
I d = 3 . 5 A ,  V d = 2 0 V ,  r = 0 . 5 5 m m )  2. 

Expanding now exp(-u) into a s e r i e s  and applying the same  ru les ,  we find that  the f i r s t  t e r m  on t h e  r igh t -  
hand side of Eq.  (7) vanishes  while the whole express ion  s impl i f ies  to 

U s 
0 exp z = u Jr - ~  (z ~1). (8) 

Equation (8) r e p r e s e n t s  the change in the cloth t e m p e r a t u r e  during the heat ing p r o c e s s .  A cloth can 
obviously hea t  up only until i t s  breakdown t e m p e r a t u r e  (yield-point) t e m p e r a t u r e  is  reached,  whereupon 
the p roduc t s  of the cloth breakdown a re  c a r r i ed  away by the opera t ing  je t .  In o r d e r  to de te rmine  the t ime  
requi red  for  a cloth to reach  i t s  breakdown t e m p e r a t u r e  a c r o s s  the en t i re  l a y e r  th ickness  (assumption 1), 
t h e r e f o r e ,  one mus t  let  t ime  t become  equal to t b in the express ion  for  the cloth t e m p e r a t u r e  0 �9 By 
analogy, one mus t  t r e a t  va r iab le  x in the d imens ion less  group z as the cloth th ickness .  

The des i red  solution to Eq. (8) i s  

1-- V - l - -  20 (1-- z) exp z 
, (9 )  

u =  1--z  

s ince,  according  to the e a r l i e r  e s t ima te  of z, the o ther  root  of Eq.  (8) y ie lds  the absurd  condition u < 0 
when the cloth th ickness  i n c r e a s e s  o r  the jet veloci ty d e c r e a s e s .  

With the aid of Eq. (5), we obtain fo r  the m a x i m u m  speed of cutting cloth with a m i c r o p l a s m a  jet  

v~=  coyo (1-- m)" 1-- ] f l - - 20  (1 - -  z) exp z (10) 

The accu racy  of this  express ion  for  v m has  been checked exper imen ta l ly .  In the f i r s t  s e r i e s  of t e s t s  
we ver i f ied the re la t ion  between the m a x i m u m  cutting speed and the number  of cut l a y e r s  (thickness),  
us ing a m i c r o p l a s m a  jet  on seve ra l  g rades  of f i b r o u s m a t e r i a l .  Unfortunately,  the lack of data per ta in ing  
to actual  values  of ~V and t s has  prevented  us f rom c a r r y i n g  out a quanti tat ive ana lys i s .  Quali tat ively,  
however ,  the cor respondence  between Eq. (10) and the exper imenta l  re la t ion  r e f e r r e d  to is  eas i ly  ex-  
p la inable .  For  th is ,  we note that  at  the lowest  t e m p e r a t u r e s  t s = 2000-3000~ and actual breakdown t i m e s  
t b [7] the values  of 0 In this  p rob lem do not exceed 10 -1. Without a significant e r r o r ,  t he r e fo re ,  we may 
s implify Eq. (10) fu r the r  for  a be t t e r  overv iew.  Expanding the root  of the denomina tor  into a s e r i e s  and 
d iscard ing  all t e r m s  of h igher  than second power ,  we t r a n s f o r m  (10) into 
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~CCv exp (-- z) 
Vm= c070(1--m)0 " 1 - -  0.250 (z - -  1) exp z ' (11) 

i . e . ,  the maximum speed of cutting cloth with a mic rop lasma  jet should dec rease  a lmost  exponentially as 
the cloth thickness i nc reases .  The actual t rend of this relation is determined by the correc t ion t e r m s  in 
the denominator  of (11). Test curves  of v m = r are  shown in Fig.  1 plotted to a semilogar i thmic scale .  
It is  easy  to see that the f i r s t  three points of each curve lie on a straight  line, within tes t  deviations.  The 
subsequent test  points depart  f rom that s traight  line, owing to the increas ing  effect of the correc t ion  t e r m .  
The deviation becomes  g r ea t e r  as the cloth thickness is increased by adding l aye r s  (as x is increased) and 
as the mater ia l  density inc reases  (which is reflected in a decreas ing  w). For  sufficiently thin mater ia l ,  
according to the initial ranges  of the curves  in Fig.  1, the maximum speed of cutting a fibrous mater ia l  
with a mic rop l a sma  jet is an a lmost  exponential function of the l ayer  th ickness .  

The second semiquantitative method of checking the accuracy  of formula  (10) was based on following 
considera t ions .  For  two tes t s  per formed on one cloth with a p lasmatron operat ing under  constant condi-  
tions but at very  different initial t empera tu res  of the medium t01 and %2, the maximum cutting speeds 
should also have been different.  In accordance  with that, Eq. (8) was converted into the sys tem 

2u 1 + u 2 (1-- z) =201 exp z / (12) 

2u 2 + u 2 (1-- z) = 202 exp z / ' 

with 01 and 02 denoting the dimensionless  t empera tu re  p a r a m e t e r s  in to~ and %2 respect ively ,  and us, u 2 
denoting the p roces s  t imes  corresponding to these t empera tu re s .  

Dividing one of Eqs.  (12) by the other  and 

1 a 

Vrnl ~/2 ml gb - -  tot 
1 a ~ t b - t o .  - ' 

Urn~ " "U 2 . m2 

introducing the cutting speed Vm, we write 

(13) 

where a = ~ V ( 1 - z ) / 2 c 0 Y 0 ( 1 - m )  and the sign of approximate equality indicates that t01 and t02 a re  negl i -  
gible relat ive to t s, which in our es t imate  of 0 yields an e r r o r  not g rea te r  than 6-7%. 

The tes t s  were  per formed inside a special the rmos ta t .  As mate r i a l s  for  the specimens we choose 
two grades  of cloth: cotton paper  and nylon, having different breakdown t empera tu re s  but a s imilar ly  low 
affinity to a tmospher ic  mois ture  [7]. The la t ter  fac tor  was crucial  for  reducing the effect of mois ture  
bonded to f ibers  on the initial range of the test  curve .  

Since some p a r a m e t e r s  could be evaluated only qualitatively, for  reasons  explained ear l ie r ,  hence 
the coefficient o for  each curve (13) and the breakdown tempera tu re  in each case  were  calculated on the 
basis  of three  tes t  points.  The resul t ing Vm = f(t0) curves  are  shown in Fig.  2 together  with the tes t  
points .  The close agreement  between the curves  and the test  data indicates that express ion (10) is c o r r e c t .  

The evaluated curves  in Fig. 2 will also be useful for  determining the breakdown tempera tu re  of a 
mater ia l  cut with a p lasma jet .  Not surpr is ingly ,  the test  values for t b are  somewhat lower than those 
tabulated in [7]. This agrees  with our assumption that cloth breaks  down at a t empera tu re  below its 
phase - t rans fo rmat ion  t empera tu re .  

The difference in breakdown tempera tu res  due to the consis tency of cloths is reflected in the dif- 
ferent  slopes of the v m = f(t0) curves  for  cotton paper  and nylon. The bending of the curve for cotton 
paper  in Fig. 2 within the initial range may be attributed to the fact that h igher -power  t e r m s  in the v m 
express ion have been d is regarded in the se r ies  expansion of (4). In (13) all power of the maximum cutting 
speed appear  as r ec ip roca l s  and, therefore ,  the contribution of h igher -power  t e r m s  should increase  as 
that speed dec rea se s .  For  nylon, on the other hand, the slope of the curve is l a rge r  and the effect of 
h igher -power  t e r m s  in v m is a lmost  negligible.  

N O T A T I O N  

t is the t empera tu re  of cloth skeleton during heating; 
to is the initial t empera tu re  of cloth skeleton and of gas through pores ;  
t s i s  the t empera tu re  of heat source (mean-mass  tempera ture  of p lasma jet); 
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CO, C1 

70, Y1 

Vm 
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is the breakdown temperature of fibrous material;  
is the volume and surface heat transfer coefficients respectively; 
is the time; 
is the space coordinate; 
is the porosity of cloth layer; 
is the velocity of jet; 
is the specific heat of cloth skeleton and of plasma generating gas respectively; 
is the specific gravity of cloth skeleton and of plasma generating gas respectively; 
is  the transverse dimension of the breakdown zone in a fibrous material (equal to the plasma jet 
diameter, to the f irst  approximation);: 
is the maximum cutting speed of plasma jet; 
is the equivalent radius of an elementary yarn fiber; 
i s thethermal  conductivity and dynamic viscosity of plasma generating gas; 
is the weight-rate of gas flow per section area; 
is the arc-discharge current; 
is the arc-discharge voltage. 
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