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The author gives an approximate solution for determining the tem- 
perature of the working surface and the rate of ablation of thermo- 
plastics in a hot gas stream. The flow parameters have been isolated 
from the properties of the melt, which is characterized only by ropiness 
and the exponent of the power-law dependence of viscosity on temper- 
ature. 

Many t h e r m a l l y  s t r e s s e d  p a r t s  of i n t e r m i t t e n t - d u t y  
eng ines  r e q u i r e  a high d e g r e e  of t h e r m a i  insu la t ion .  
At the s a m e  t ime ,  the c ladd ing  m u s t  be ful ly  d i e l e c t r i c ,  
and,  a long with the cas ing ,  mus t  wi ths tand a p p r e c i a b l e  
s t r a i n s .  

If p a r t i a l  r e m o v a l  of the p r o t e c t i v e  l a y e r  is  p e r -  
m i s s i b l e  in ope ra t ion ,  these  he t e rogeneous  r e q u i r e -  
men t s  a r e  ful ly  me t  by t h e r m o p l a s t i c  p o l y m e r s ,  of 
which po lye thy lene ,  the p o l y a m i d e s ,  and tef lon find 
p a r t i c u l a r l y  wide u se .  These  m a t e r i a l s  a r e  d i s t i n -  
gu i shed  by a high d e g r e e  of c r y s t a l l i n e  s t r u c t u r e ,  and 
on hea t ing  they me l t ,  b e f o r e  d e c o m p o s i n g  with evo lu -  
t ion of g a s e s .  A p a r t  of the m a t e r i a l  is  ab l a t ed  f r o m  
the work ing  s u r f a c e  in the me l t ed  s t a t e ,  while some  
of i t  v o l a t i l i z e s .  

A knowledge of the r a t e  of ab la t ion  is  i m p o r t a n t  
in choos ing  a spec i f i c  compos i t i on .  The r a t e  of g a s -  
i f i ea t ion  i s  d e t e r m i n e d  by the we l l -known A r r h e n i u s  
law, and the r a t e  of ab la t ion  of s i l i c a t e s  and m e t a l s  
has  been  s tudied .  All  au tho r s  have come  to the unan-  
imous  conc lus ion  that  fo r  s m a l l  p r e s s u r e  g r a d i e n t s  
in the e x t e r n a l  flow, the f r i c t i on  s t r e s s  a c r o s s  the 
l iquid  f i lm  is  cons tan t ,  and is t h e r e f o r e  equal  to the 
f r i c t i on  s t r e s s  of the s t r e a m  o v e r  the work ing  s u r f a c e  

T c:  
0u 

This  i m p o r t a n t  conc lus ion  is  va l id  for  p o l y m e r s ,  
and a l lows the non-Newtonian  p r o p e r t i e s  of mol ten  
p o l y m e r s  to be c a l c u l a t e d  f r o m  the dependence  of 
v i s c o s i t y  ~ on the known value  of %. With th is  s t i p u l a -  
t ion,  the so lu t ions  for  idea l  m e l t s  may  be ex tended  
to p o l y m e r  m a t e r i a l s .  Acco rd ing  to the model  adopted,  
the so lu t ion  in [1] i s  c l o s e s t  to the c r y s t a l l i n e  po ly -  
m e r s ,  but in th is  p a p e r  the v i s c o s i t y  is  a s s u m e d  con-  
s tan t  across the liquid film. This simplification may 
be avoided for crystalline polymers, if the strict 
determination of viscosity in the Eyring form is 
replaced by the power law 

--n 

P/~m= T , 

where  

n = E / R  T m, 7" = TIT  m. 

This  type of " p o w e r - l a w "  v i s c o s i t y  is  no t i ceab ly  
l ower  than the t rue  value  fo r  T > 1.5. To c o m p e n s a t e  

for the inaccuracy it is sufficient to determine the 
temperature field of the melt from the minimum 
temperature gradient (in the melting zone) 

9 VFm T=l+R~dy 
Then the l o w e r e d  t e m p e r a t u r e  in the u p p e r  zone in -  
c r e a s e s  the  " p o w e r - l a w  ~ v i s c o s i t y  to a va lue  c lo se  to 
the t rue  one. 

Without  dev ia t ing  in any o the r  r e s p e c t  f r o m  the 
so lu t ion  in [1], we obtain 

a(~r --T.) rm, (1) 
p V Fe 

Fe = Fm[l +K(T~--I)], (2) 

--n+2 I T~ - - T c ( n + 2 ) + n + l  1 + K ( T c - - 1 ) ]  ~ 
( n + 2 ) ( n + l )  T__ r_T=- j =QL. (3 )  

The parameter K depends on the body shape and 
lies in the range (0.67-0.55) CTm/F m. It is interest- 
ing that this group is close to unity for many melts, 
and crystalline polymers are no exception (see the 
table). In every case, for an assigned value of n, the 
left side of the equation may be confidently considered 
to be independent of both the body shape and the 
material composition. 

Cp OL ; 
The parameter Q -  ~rrC~U adx is determined 

solely by the heating conditions ~ while the parameter 
L = #mTm/FmPX2 depends only on the properties of 
the melt. In the international system the parameters 
have the dimensions 

J w . (  m ) -~ w 
[Q] =kg" degree "m a. degree ~ / ~  " m 2- degr--~e" m : 

1 

N 

[ L ] -  N'SeCm ~ "degree" [ Jkg .... m ak-g-g ( w~]-~m.degree] J = N .  

The l a r g e r  L, the h ighe r  the s u r f a c e  t e m p e r a t u r e  
To, the g r e a t e r  the r e s i s t a n c e  of the me l t  to the 
ab la t ing  ac t ion  of the e x t e r n a l  s t r e a m ,  and the g r e a t e r  
the r o p i n e s s  of the l iquid  l a y e r .  T h e r e f o r e  L may  
c o r r e c t l y  be ca l l ed  the  r o p i n e s s  of the m a t e r i a l .  The 
r o p i n e s s  and o t h e r  p r o p e r t i e s  of the m o s t  c o m m o n  
p o l y m e r s  a r e  given in the t ab l e .  Values  of t~ and n 
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Nomograms  for de t e r mi n i ng  the t e m p e r a t u r e  of the working 
sur face  for n = 9-12  (o) and 15-18 Co). The n u m b e r s  on the 
graphs indicate  the re la t ive  gas s t r e a m  r ecove ry  t e m p e r a -  
t u r e  T r / T  r = Tm.  The thick upper  curves  cor respond  to the 

leas t  value of n. 
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P r o p e r t i e s  of  M e l t s  wi th  High  H e a t  C a p a c i t y  

Melt 

High-density polyethylene 

Low-density polyethylene 

Kapron ( nylon 6 ) 

Poly (hexamethylene adipamide ) 
( nylon 66 ) 

Beryllium 
Quartz 

M w 

I Q 

2.2.10 ~ 920 

3.4.10 ~ 945 

3.7.104 ill30 

3.9.10a ]1140 

i1840 
2240 

~ 

380 390 

400 430 

490 590 

540 710 

155( 5260 
200012130 

i 

At temperature T m 

2.5 C .2! 

.4 .21 

2.6 .3 

-).6 C.3 

~. 5 5(1 
1.7 2 

Z 

4 

2.3.103 1.6--1.3 

6.1.104[ 1.5-1.2 

7.5- 102 I 1.3"-1.1 
i 

1.4 102 1.3-1.6 

20.10-3 I 0,7:-0 6 
1.9.105 1.1-0 9 

at z c = (105- 
-103) N/m z 

L ,  N - ( m  �9 
n 

degree~/W) 

3.9.10 -2 15 

9.6.10 -1 9 

6 . 1 - 1 0  -'~ 12 

1 . 0 . 1 0  - 3  21 

1 . 3 . 1 0  - j a  2 
2,0.10 -~ 34 

w e r e  d e t e r m i n e d  f o r  the  l i k e l y  r a n g e  r c = (10b-103) 
N / m  ~. When r > 105 N/m 2, the  v i s c o s i t y  m a y  be 

n o t i c e a b l y  l e s s ,  and when ~- < 103 N / m 2 - - s o m e w h a t  

l a r g e r .  F o r  p u r p o s e s  of c o m p a r i s o n ,  a s i l i c a t e  and 
a m e t a l  a r e  a l s o  i n c l u d e d  in the t a b l e .  It i s  i n t e r e s t -  
ing  tha t ,  a l t hough  f u s e d  q u a r t z  has  the  g r e a t e r  v i s -  

c o s i t y  # m ,  the  p o l y m e r  m e l t s  m a y  e x c e e d  q u a r t z  in 
r o p i n e s s ,  b e c a u s e  of t h e i r  l o w e r  t h e r m a l  c o n d u c t i v i t y .  

The  f i g u r e  s h e w s  the r e s u l t s  of s o l v i n g  (3) with 
K = 1. If the  cond i t i on  

3 1 1 n4-2  

Tr n-t-5 (ft + 2) n+l ,(( [QL(n q- 1)(n + 2)] n+5 <( T r  +5 

i s  s a t i s f i e d ,  the  so lu t i on  f o r  the  r a n g e  of  n e x a m i n e d  
m a y  be w r i t t e n  in the  f o r m  

1 

7Fc~[QL(nq-1)(nq-2)$~] n+5 �9 (4) 

F r o m  (4) and the  g r a p h s  i t  i s  s i m p I e  to a s s e s s  the  
r o l e  of  the  e x t e r n a l  c o n d i t i o n s  Q and the  m e l t  p r o p -  

e r t i e s  L d u r i n g  ab l a t i on .  F o r  p o l y m e r s  it  is  p a r t i c u -  
l a r l y  i m p o r t a n t  to  i s o l a t e  the i n f l u e n c e  of  m o l e c u l a r  

w e i g h t  Moo on v i s c o s i t y  

~ - -  M ~  '4. 

V a r i a t i o n  of Me0 by a f a c t o r  of two c h a n g e s  the  
v i s c o s i t y  and the  r o p i n e s s  by a f a c t o r  of  t en ,  which  
has  a n o t i c e a b l e  e f f e c t  on Tc and 0V. F o r  e x a m p l e ,  

in the  f low of an a i r  s t r e a m ( T  r = 9 0 0  ~  Pt = 1 . 2 .  
�9 105 N / n ~ )  o v e r  a b lun ted  cone ,  r e p l a c e m e n t  of a 

K a p r o n  (nylon 6) l a y e r  wi th  Moo = 37000 by a c o m p o s i -  
t ion with  Moo = 75000 a l l o w e d  the n o s e  t e m p e r a t u r e  to 
i n c r e a s e  f r o m  740 to 790 ~ K. 

H e r e  the  a b l a t i o n  m a s s  r a t e  i s  r e d u c e d  by 40%, in 
a c c o r d a n c e  with  r e l a t i o n s  (1) and (2). The  to t a l  r a t e  

of r e m o v a l  ( a l l o w i n g  fo r  d i s i n t e g r a t i o n )  v a r i e d  e v e n  
m o r e .  

In c o n c l u s i o n ,  the  a u t h o r  e x p r e s s e s  h i s  t hanks  to  
G. I. M a l y s h e v  f o r  h i s  c a r e f u l  c a l c u l a t i o n s .  

NOTATION 

Polymer parameters: Tin--temperature of melt; Tc--temperature 
of working surface; (~c =Te/Tm); Fm--t~ heat of fusion; p-density; 
X-thermal conductivity of melt; #m-dynamic viscosity at temperature 
Tin; E--Eyring activation energy; C--specific heat of melt at constant 
pressure; Mw--weighted-mean molecular weight; u--flow velocity in x 
direction; V-linear ablation rate; r--friction stress. 

Gas parameters: Tr--recovery temperature; Tr = Tr/Tm; pt--stag - 
nation pressure; Cp--Specific heat at constant pressure; U-velocity 
outside boundary layer; R--universal gas constant; x--longitudinal 
coordinate; y-transverse coordinate. 

REFERENCE 

1. L. Lees, Voprosy raketnoi tekhniki [Russian 
translation], no. I, 1960. 

24 Augus t  1965 Leningrad Institute of 

Mechanics 


