
A ME T H O D  OF C A L C U L A T I N G  T E F L O N  M A S S  R E M O V A L  

W H E N  T E F L O N  IS  B R O K E N  U P  IN A H I G H  T E M P E R A T U R E  
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A method is proposed for  calculat ing the p a r a m e t e r s  for  the r emova l  of teflon m a s s  in the 
neighborhood of the stagnation point of an a x i s y m m e t r i c  blunt body as a function of the p a r a -  
m e t e r s  of the incident high t e m p e r a t u r e  flow ove r  a wide range of enthalpies and stagnation 
p r e s s u r e s .  

Due to a number  of its p rope r t i e s ,  teflon (polytetraf luorethylene)  is of in te res t  to invest igate  in o r d e r  
to understand the mechan i sm of mass  remova l .  I t  is a typical  homogeneous ma te r i a l  with l a rge  binding 
ene rgy  in the po lymer  chains and l a rge  specif ic  heat ,  but low the rmal  conductivity,  etc.  I t s  the rmophys iea l  
p rope r t i e s  a re  quite well  known. 

When teflon is broken up in a high t e m p e r a t u r e  flow there  is no format ion  of a liquid film or  mechan-  
ical r emova l ,  so that  the p a r a m e t e r s  of the b r e a k  up can be calculated to a high degree  of a ccu racy  theo-  
re t i ca l ly  and compared  with exper imenta l  data. The mechan i sm of teflon breakup  in a high t e m p e r a t u r e  
gas  flow has  been d iscussed  in a number  of papers  [1-3, 6, 8-10]. 

Since the heated l a y e r  is ve ry  thin, its decomposi t ion occurs  in a smal l  volume at the su r face  of the 
l aye r .  F o r  this r eason  the t he rma l  decomposi t ion can be cons idered  as a one-dimensional  p rob lem.  The 
r a t e  of depolymer iza t ion  is defined only by the the rmal  flux to the decomposing sur face .  

Adams [1] proposed a decomposi t ion scheme which is s a t i s f ac to ry  for  a p r e s s u r e  close to a t m o s -  
pher ic .  When the t e m p e r a t u r e  of the decomposing sur face  is T w = 750~ the teflon depo lymer izes  into 
the monomer  C2F 4 with a molecu la r  m a s s  of 100. A s im i l a r  mechan i sm has  been maintained by a number  
of 'o ther  authors  [1, 3, 8-10]. According to the theory  of radical  depolymer iza t ion  [7], teflon can depoly-  
m e r i z e  only to a monomer .  I t  has been es tabl i shed exper imenta l ly  [7] that in a vacuum teflon depo lymer i zes  
into a monomer .  

The ra te  of depolymer iza t ion  is desc r ibed  by the Arrhenius  equation 

w = p B e x p ( - - - - R T E  ) ,  (1) 

where  w is the r a t e  of decomposit ion;  B = 3- 10 x~ see- l ;  E = 347.8 kJ /kg;  p is the density.  

When decomposi t ion takes  place under p r e s s u r e ,  we obse rve  the following eompounds [7] among the 
products :  C3F6; C4F 8, e t c . ,  with genera l  fo rmula  C2F4-(CF2) n or  (CF2) n + 1. These  a r e  nothing else than 
unsatura ted  f luorocarbons .  

These  compounds have mo la r  the rmodynamic  functions l inear ly  dependent on n [4]. Fo r  example ,  
for  the specif ic  heat  we have the approx imate  equation 

Cp(CFz)2_~n = Cp(CzF,) ~-6Cpn. 

I t  can be a s sumed  that the gas  injected into the boundary l a y e r  is in chemical  equi l ibr ium. The equi l ibr ium 
equation for  the react ion  is 

(CF~)~+,~ ~ (CF2)2+(n_2) -[- C2F ,. 
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Fig.  1. The mean  m o l e c u l a r  weight  of  the tef lon de -  
compos i t i on  p r o d u c t s  as  a function of the p r e s s u r e  Pe ,  
b a r :  1) t he o re t i c a l  curve ;  2) G r a s s i  da ta  [7]. 

Fig.  2. Tef lon decompos i t i on  en tha lpy  as  a function 
of  the s u r f a c e  t e m p e r a t u r e  at  va r ious  s tagnat ion p r e s -  
s u r e s :  1) 0.1 bar ;  2) 1 bar ;  3) 10 bar .  

Le t t ing  Pn denote the p r e s s u r e  of (CF2) 2 + n, f r o m  the law of m a s s  act ion we can wr i t e  

P~-~Po 
Kpn(T) -- p~ 

and fo r  the r eac t ion  2C3F 6 ~ 3C2F 4 we have 

Then 

Kp(T) 3 2 =Po/Pl .  

The Gibbs potent ia l  fo r  (CF2) 2 + n - Z k  can be wr i t t en  as  fol lows:  

Z~ = Z o + 6 Z  h. 

1 1 
In Kp - RT  (Z,~ - -  Z._~ - -  Zo) = ~ (Z o - -  26Z), 

lnK~ 1 ( 2 Z l - - 3 Z 0 ) -  i 
RT RT 

Thus we see  that  the equ i l ib r ium cons tan t s  a r e  

Kpn (V) = K'p (T) = Kv (T). 

_ - - ( Z o - - 2 6 Z  ). 

(2) 

(2a) 

The value of Kp(T), ca lcu la ted  by the v a n - K r e v l e n  method [5] , i s  c l o s e  to 1 b a r  in the range  of  t e m p e r a t u r e s  
up to 100~ 

F r o m  (2) and (2a) we find that  
n 

(3) 

MuP o = ~ Mt, P~, 
4 = 0  

M . =  6M 2 -+- - ~ ,  -]- + , 

6M = 50 g/mole 

(4) 

Using Da l ton ' s  law and the equat ion 

we can obtain the equat ion 

w h e r e  6M is the m o l e c u l a r  m a s s  of  the CF  2 group.  
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Fig. 3. The injection coefficient  as a function of the stagnation 
p r e s s u r e .  

Fig. 4. The nondimensional  ra te  of teflon m a s s  remova l  in an 
a i r  flow as a function of the enthalpy and stagnation p r e s s u r e :  

I t  can be a s s um ed  that the concentrat ion of the decomposi t ion products  is c lose to unity at the d e c o m '  
posing sur face  of the po lymer .  This impl ies  that  Pv = Pc" The ave rage  molecu la r  weight of the gaseous  
products  is a function only of the stagnation p r e s s u r e :  

M~=50 2 + W - +  - ~ + p .  , 

where  Pe  is the ba r s .  

F igu re  1 shows M v as a function of Pe,  using Eq. (4). We see  that the mean molecu la r  weight of the 
teflon depolymer iza t ion  products  is g r e a t e r  than 100 when P e  > 0 and it i nc r ea se s  as the p r e s s u r e  inc reases .  
G r a s s i ' s  data [7] a re  given in the region of rarefact ion;  they differ  f rom the calculated values by no m o r e  
than 13 pe r  cent.  

Another impor tant  quantity is the decomposi t ion enthalpy H p , t h e h e a t  content going towards  heating 
and decomposi t ion of unit m a s s  of the ma te r i a l :  

Hp = H~ - -  Ho, 

where  H~v is the enthalpy of the decomposi t ion products  at the t e m p e r a t u r e  of the decomposing surface;  H 0 
is the ma te r i a l  enthalpy at  s tandard conditions. 

The enthalpy Hp is de te rmined  not only by the sur face  t e m p e r a t u r e  T w, but also by the energy  ex-  
pended in breaking the po lymer  chain. 

To calculate  Hp we use the method of methyl  subst i tut ions [5] and an approx imate  l inea r  equation 
between the m o l a r  enthalpy and the o rder :  

Hp = 858 + 418 (T w. 10 -a) + 54 (T w. 10-a) ~ 

75.6 + 6.75(T~. 10-~) 2 + 16.5(T w. 10-a) ~ 
+ 74 (T w. lO-a) ~ + 

Mr , kg 

F o r  T w = 1000~ and M v = 100g, Hp = 2200 kJ /kg ,  which coincides with the value of Hp in a number  of 
pape r s  in which Hp was a s sumed  to be constant.  F igu re2  s h o w s H p a s a  function of T w for  Pe = 0.1, 1, 10 
bar .  

The energy  balance equation at the boundary between the wall and the gas  is 

((~/Cp) (He + 0.21Hcomb --:H~) = GH p + e6T~. (5) 

The t e r m  0.21 Hcomb takes  into account  the effect  of an inc rease  in the enthalpy at the outer  edge of the 
boundary l a y e r  as a resu l t  of the combust ion of the teflon decomposi t ion products  with the format ion  of 
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COF2; Hcomb = 22300 kJ /kg  (per  k i logram of oxygen). The degree  of b lackness  of the teflon sur face  was 
= 0 . 1 - 0 . 2  [9]. Analysis  [3] shows that a change in the teflon su r face  t e m p e r a t u r e  of 100 ~ changes the ra te  

of r emova l  by an o r d e r  of magnitude.  In actual  conditions the r a t e  of m a s s  r emova l  does not va ry  s t rongly.  

Hence the su r face  t e m p e r a t u r e  changes insignificantly,  or  r ema ins  p rac t i ca l ly  constant.  

A change in the mo lecu l a r  m a s s  of the decomposi t ion products  injected into the boundary l aye r  leads 
to a change in the heat  t r a n s f e r  coefficient  at the decomposing sur face .  This is taken into account through 
the injection coefficient .  

F igure  3 shows the injection coeff icient  c omputed f r o m  an equation of [11], ignoring the enthalpy f ac to r  
as a function of stagnation p r e s s u r e .  

Calculat ions showed that  using an injection coefficient  which is a s sumed  to be constant  (T = 0.49) leads  
to e r roneous  r e su l t s  for  var ious  decomposi t ion conditions. 

Taking account  of injection, the heat  t r a n s f e r  coeff icient  can be calcula ted f rom the following e x p r e s -  
sion: 

IMMo \~ ( He )~176 0.6 ~ O. 

Equation (5) contains two unknowns, G and T w. Hence to comple te  the sy s t em of equations we use the 
equations for  the kinet ics  of the teflon cover ing  decomposi t ion [3] 

O= HO E , 
(6) 

where  H ~ is the decomposi t ion enthalpy of teflon with the format ion  of a monomer ;  k is the teflon the rma l  P 
conductivity; 

~.= (12.1 + 4.85.10-~ Tw).10 -2 ~ ; m. deg 
and PT is the teflon densi ty.  

Equation (5) can be given the fo rm of an express ion  for  the nondimensional  ra te  of mass  remova l :  

G 1 
egT~ (~z/Cp)o Hp + O 

He+O.21Hcomb--Hw 
0.6[ Me o.z4 ; He ' ,o.o~ 

+ ,Mo) 
The heat  t r a n s f e r  coeff icient  for  the i m p e r m e a b l e  su r face  (~/Cp) 0 was de te rmined  f r o m t h e  F e y - R i d d l e  

equation [12] 

(a/Cp)o=O,92(pel~e)~ (pw~tw)~ [ l q-O, 19 ~~ ] r  V 2 (Pe -- Pc,) 
Pe 

We evaluated the equation G = f(H e) for  Pe = 0.1, 1, and 6 ba r ,  which co r re sponds  to the stagnation 
p r e s s u r e  obtained exper imen ta l ly  in a number  of paper s  [2, 6, 9, 10], the resu l t s  being shown in Fig. 4. 
I t  follows f rom Fig. 4 that  the values  of G computed by the p roposed  method agree  quite well  with the ex -  
pe r imen ta I  data f rom a number  of authors  for  var ious  stagnation p r e s s u r e s  and enthalpies.  

Mv 
(~/Cp) 
G 
G 
e 

N O T A T I O N  

is the mean molecu la r  m a s s  of injected products;  
is the heat  t r a n s f e r  coefficient;  
is the nondimensional  ra te  of m a s s  remova l ;  
is the m a s s  r emova l  rate;  
is the subsc r ip t  denoting conditions at  the stagnation point; 
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w is the subscript denoting conditions at the body surface; 
Pv is the pressure of decomposition products; 
p, ~ are the density and viscosity of air; 
H 0 is the enthalpy of dissociation of unit mass of air; 
5M is the molecular mass of (CF~) group; 
R is the radius of blunt body. 
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