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We consider  the decomposition of a teflon thermal  protective coating along the genera t r ix  
of a blunted solid of revolution for  various Mach numbers  and p re s su res  of the incident 
flow. On the basis of pre l iminary  pa ramet r i c  study of the equations of a l aminar  boundary 
l ayer  with p r e s s u r e  gradient,  calculation of the teflon decomposition pa ramete r s  is reduced 
to solution of a sys tem of nonlinear and transcendental  equations. It is shown that the 
tempera ture  distribution and decomposition rate along the generat r ix  of the solid of r e -  
volution have a monotonic charac te r ,  and that the effective enthalpy of the mater ia l  remains 
constant along the body. A simple approximate formula is proposed for calculation of the 
teflon decomposit ion rate .  

1. Teflon can serve  as a strongly ablative low enthalpy coating mater ia l ,  which a lmost  completely 
blocks convective thermal  flux because of the draft  of mater ia l  in the vapor  state into the boundary layer .  
It is a s sumed  that decomposit ion does not disturb the laminar  flow mode in the boundary layer .  

A study of teflon decomposition at the crit ical point with simplifications was per formed in [1, 2]~ 
Experimental  studies of effective enthalpy values were made in [1, 3]. Numerical ealeulations of the de- 
composit ion of sublimating coatings along the generat r ix  of a sphere were  per formed for graphite and a 
textolite type mater ia l  in [4, 5]. 

We will now consider  the formulation of the problem of decomposition of an ablative coating along the 
genera t r ix  of a blunted solid of revolution~ The problem of the decomposition of a thermal  protective coat-  
ing which does not form a liquid phase reduces to simultaneous solution of the system of boundary l aye r  
equations and the thermal  conductivity equation in the solid. Boundary conditions are  set at the outer  edge 
of the boundary layer ,  at the decomposition front, and within the depths of the solid phase.  The conditions 
at the decomposition front are  derived from the laws of conservation of mass ,  momentum, and energy,  
adapted to a surface of strong discontinuity [6]~ For  completion of the problem the equations of chemical 
equilibrium and conditions defining the kinetics of coating decomposition a re  used. Fo r  mater ia ls  decom- 
posing by pyrolys is ,  such a condition is 

= f g ( T )  dg (1.1) 
0 

where K(T) = B exp (- E/RT) is the pyrolysis  reaction constant, and S is the decomposition front displace-  
merit rate.  It may be said that in light of the low thermal  conductivity of the mater ia l  and the sharp depen- 
dence of pyrolys is  rate on tempera ture ,  that decomposition is localized in a narrow subsurface l aye r  and 
all chemical  reactions may be r e f e r r ed  to the body surface~ Assuming that 3T/Oy >> OT/3x, we will con- 
s ider  the equation for  thermal  conductivity in the one-dimensional  formulation.  Fo r  the established de- 
composit ion regime the boundary problem describing the propagation of heat within the solid phase has the 
form 

~'1 d~T " dT 
dYl - ' - Y  = - -  p lCp lS  " ~ 1  "~- A p l K  (T) 

T(0) = To, T(--c~) = T-~ (1.2) 
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Here Yl = Y -  St is the coordinate connected with the decomposition front, and A is the heat l iberated 
upon pyrolysis  of a unit mass  of the mater ia l .  Integrating Eq. (1.2), we have a formula for the thermal  
flux pass ing into the solid phase 

dT Y~ 
--  X , - ~  = plS' [A + cp,(T o - -  T_~)J --  hpl I K ( T ) d y  (1.3) 

0 

Fur ther  integration of the thermal  conductivity equation may be per formed with the thin reaction 
zone approximation.  Using the f i rs t  two t e rms  of an expansion in a Tay lo r  ser ies  of the fnnction 1/T we 
obtain the tempera ture  profi le within the solid and the relationship between the decomposition rate and 
the mater ia l  surface tempera ture  

T-- T~ o C 
To - -  T_= To- -  T =  ( 1 . 4 )  

~ BR / E - ~/~ kl plop, ~ k -- ETo' __t~_~ [ Toe-E / ~RTo 

C =  9~h,~ / ~,x = ARTo21E (1.5) 
k~-~-kl C p l ( T o - - T _ ~ o - - R T o ~ / E ) ~ A  ' 

k,k'--s = - -  ~ To - -  T_o~ + A 

F o r  a surface  tempera ture  T O ~ 8004000~ (E = 8.104 kca l /mole ,  A = 411 cal /g;  Cpt = 0.4 ca l /g  - 
deg) k2/ki >> 1, C/(T 0-  T_r << 1, and thus, considerat ion of chemical reactions within the depths of the 
body has a weak influence on the t empera tu re  profile within the solid phase.  

Using Eq. (1.3) at Yl = 0, we write the boundary conditions on the decomposition front [6] in Dorod- 
nitsyn-- Lize var iables  

= P,,aeU, r~dx, ~l = ~ p d g  (1.6) 
0 0 

These conditions have the form 
- -co  

= P*S = Pl f K (T) dg l  ze'/z Y ~  ~ (1.7) 
N o 

(~) (c,* - c;% + Y, m,~s% (a%~ = N k=~ \0~10 0, l = i , 2 , . . , N - - I  (1.8) 

,~ ~ = l (1.9) 
k = l  

N - - N *  N 

. ( 1 ) \ .  i 0%'] -i--- h~ T t { 0%1 

I ( Oh T ~ r 1/'2-( l,/, ( 1 . 1 0 )  

Here x, y, a re  coordinates directed along the genera t r ix  of the soIid of revolution and normal  to the 
body; r is the distance of a point on the body surface from the axis of s~mmetry;  u, v are  the project ions 
of the velocity vec tor  on the axes x and y; l = PP/Po#o;  ot = (PV)o 2~r/e /2/~ x is the dimensionless draft  
pa ramete r ;  ek, el* a re  the mass  concentration of the k-th component and the l - th  element; ta lk  is the mass  
fract ion of the l - t h  element and k-th component; Qk is the heat of react ion for format ion of the k-th com-  
ponent from N* independent components; af is the effective Schmidt number;  h T is the enthalpy of the ideal 
gas state.  The indices 0 and e denote the surface  of the body and the external edge of the boundary l ayer  
while the upper index (1) denotes pa r ame te r s  in the solid phase. The t r ans fe r  coefficient notation is that 
general ly  employed. 

The f i rs t  equation of the sys tem is a combination of the law of convervation of mass  and the equation 
for  decomposit ion kinetics . Equation (1.8) is the law of conservat ion of elements .  Equation (1.10) is the 
law of conservat ion of energy at  the decomposit ion front.  To this sys tem we must  add the equations of 
chemical equilibrium for  the reactions occur r ing  at the decomposition front 

In the system (1.8)-(1.10) the ef fect ive Schmidt number  Sk = # p / D  k ,  appears defined by the ef fect ive 
diffusion coefficients Dk in the multieomponent mixture;  pD i = J i /Vei  [7]. The coefficients of heat mass  
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t r ans fe r  (~hT/Oh)0, (Oc k/3,j)0 are  obtained by factual solution of the system of boundary- layer  equations. 

We will divide the problem of determining mass  loss pa ramete r s  into two par ts .  We shall integrate 
the boundary- layer  equations with fixed values of draft, temperature ,  and composition at the decomposition 
front.  By pa rame t r i c  study of the boundary- layer  system of equations it is possible to obtain formulas 
approximating the coefficients of heat mass  t r ans fe r  as functions of the defined pa rame te r s  of the problem.  
Using such an approach heat mass  t r ans fe r  in the boundary l aye r  is descr ibed by pa ramete r s  subject to 
definition such as the draft  a ,  wall enthalpy, etc. As a result ,  the problem of determination of mass  loss 
pa ramete r s  is reduced to solution of a system of No + 3 nonlinear equations (1.7)-(1.11) for  the unknown 
quantities S, ~, To, ci0 (i = 1 . . . . .  No). The basic system includes the supplementary equation (1.3) o r  (1.4) 
for  definition of the tempera ture  profile in the solid and calculation of the l inear  displacement rate of the 
decomposit ion front as a resul t  of pyrolysis  of the solid phase (1.1), (1.7). 

2. We will now consider  heat and mass  t r ans fe r  in a l aminar  boundary l ayer  with a rb i t r a ry  p re s su re  
gradient  distribution in the presence  of a draft  of some other gas through the body surface.  The basic 
system of boundary- layer  equations was considered in the local se l f - s imi la r i ty  approximation. This pe r -  
mits  examination in the most  general  form of the dependence of the heat mass  t r ans fe r  coefficients on 
p r e s s u r e  gradient,  draft,  and wail tempera ture ,  while not setting concrete  flight conditions and the form 
of the body. 

There  exists a large  number  of studies which indicate the applicability of the local se l f - s imi la r i ty  
model for  calculation of heat mass  t rans fe r  coefficients even in the case of flows with sharp change in the 
p r e s s u r e  gradient [8]. 

By solving the sys tem of boundary- Iayer  equations [9] for  the heat mass  t r ans fe r  coefficients the 
following approximate functions a re  obtained 

0o'(~)=00,'(~)% ~ /z~~ = (~)~~ ]b} (2.1) m 

\ l o , /  [ 

Here 0o.' (a) is the hea t - t r ans fe r  coefficient with a draft  of a gas mixture close in its propert ies  to 
the gas flowing around the body, while r is a correc t ion  for the differences in proper t ies  between draft and 
flow gases .  The p a r a m e t e r s  m and b are  functions of the p re s su re  gradient and draft 

m = 1.05 ~- (1.6 --  0.7~7A) a, b ---- 0.075 + g o ' / ,  - -  2.04a (2.2) 
- -  (4.5t--4g)a 2 
d in u e H T h T -~- u~/2 

A~ 2,din~ ' g ~ H e T  ~ h e T q L u e ~ / 2  ' O - -  g - g ~  - -  l - g o  ( 2 . 3 )  

The values of 00" (a) may be calculated from the equation 

000' = [0.4696 ~- (0.0253 § 0.0867go -0.195go~)~VA] a~ s~-~ (2.4) 
% (a) = a (0.568 § 0.176(~), % (A) = t --0.t5A(~.5+~) -', 

(~,)0 7 3 + 0 0 8  r %(z) = 

Comparison with numerical  solutions shows that in the interval 0.5 -> cr ->-1, 0 -< A ~< 1, 0.4 -< (r -< 1, 
0.2 -< le  -< 1.2 the accuracy  of Eqs. (2.1)-(2.4) is no less  than 5%. 

Fo r  the case of a draft  of a gas mixture with different proper t ies  a general ized analogy between the 
heat mass  t rans fe r  coefficients is established in a formula 'anaIogous to the case of draft  of a mixture with 
s imi la r  heat capacities [9] 

[ 0O ,~, 0)] -I L~~ (2.5) 
. Cie - -  CIO 

k = 0.35 H- (t.35go -~ -- 0.67 A (z.o~+:~)-x) a (0.325--1.35 a) (2.6) 

The functions for determinat ion of the dimensionless  hea t - t r ans fe r  coefficient 0' 0 and the general ized 
analogy a re  obtained f rom the example of a draft  into a i r  of gases with various numbers  of atoms and va r -  
ious molecular  weights (H2, He, N, CH4, H20 , O, C2H~, HCI, CallS, C2HsOH, CF4, Br2). Equation (2.1) is uni-  
formly  accura te  for  all draft  gases and agrees  with calculations of the heat mass  trar/sfer coefficients for 
the forward cr i t ical  point [5, 11]. 
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To calculate the effective Schmidt and Lewis numbers  the method of [7] is used. The components 
existing in the boundary l ayer  and on the wall m a y b e  divided into four groups,  at the limits of which the 
binary diffusion coefficients for each group differ by no more  than 1%. As a result ,  for given composition 
and draft  f rom the body surface the problem of determining effective diffusion coefficients on the wall 
reduces to solution of a sys tem of nonlinear a lgebra ic  equations ~ 

The general  method of finding m a s s - l o s s  pa rame te r s  reduces to solution of Eq. (1.10) by the i terat ion 
method by selection of surface  tempera ture  T 0. For  a fixed value of To from Eq. (1.7) we define the draft 
into the boundary layer .  The sys tem (1.8), (1.9), (1.11) together  with the equations defining the effective 
diffusion coefficients and heat mass  t r ans fe r  coefficients (2ol)-{2o6) permits  calculation of the gas compo-  
sition on the wall, and thus determinat ion of the left side of Eq. (1.10). 

3~ We will consider  in fur ther  detail the resul ts  of teflon mass  loss  calculations.  Teflon (Ftoroplast-  
4) is a po lymer  of te t raf iorethylene (C2F4)n, a typical low enthalpy ablative mater ia l .  It has been established 
that teflon decomposit ion commences  at t empera tures  above 415 ~ C. The thermophysica l  proper t ies  of 
teflon a re  as follows: density Pl = 2.14 g /cm ~, thermal  conductivity X1 = (5.5-6) �9 10 -4 ca I / cm � 9  deg; heat 
of pyrolys is ,  A = 411 ca l /g .  The thermal  capacity of teflon is t empera tu re  dependent a n d m a y b e  calculated 
from the equation 

%, = 0.t539 q- 3.36.J0 -4 T cal/g.deg 

Teflon decomposit ion occurs  according to the formula (C2H4)nT ~C2F4g, while the pyrolysis  react ion 
constant is descr ibed by the equation 

K = / ~  exp ( - - E / R T ) ,  E = 8.3.104 kal/mole B = 3.i019 ce~r -~ (3.1) 

The composit ion of the pyrolys is  products depends on p ressu re ,  however,  there are  no reliabIe ex-  
perimental  data. It is known that at low p res su re  over  the entire t empera tu re  range the monomer  C2F4 is 
formed.  In pyrolys is  in mixtures  with an oxygen excess the final react ion products will be CO2 and CF 4. 
It follows f rom analysis  of the equilibrium constants of the group of react ions possible that in the surface  
t empera tu re  range up to 1200 ~ K the monomer  appearing as a resul t  of thermal destruct ion will part icipate 
in two react ions 

C~F4 + Oz ~ COz + CF4 
C02 --+- CF~ ~-~ CFzO (3.2) 

Thus, in decomposit ion in a flow of dissociated a i r  on the wall seven components may part icipate ,  
02, N2, C2F4, CF4, CO2, CF20 , Ar.  

Numerical  calculations were  per formed for the decomposition of a teflon therm_al protect ive coating 
on a sphere  1 m in d iameter  over  the Mach number  range 10-20 and incident flow p ressu res  p~  = 0.001- 
0.1 atm.  Figures  1 and 2 present  typical dependences of surface t empera tu re  and decomposit ion rate 
along the genera t r ix  of the sphere for various p r e s s u r e s  in the incident flow at M= 15. Curves 1-3 c o r r e -  
spond to p re s su res  p = 0. t ,  0.01, 0.001 atm.  It is evident that with removal  from the cri t ical  point the 
surface  t empera tu re  and decomposit ion rate decrease  monotonically.  Calculations pe r fo rmed  show that the 
dimensionless  decomposit ion rate c~/l el/2 and effective enthal~/y 2 Hef = q0/plS a re  constant along t'he la teral  
surface and independent of p r e s su re .  The dependence, of o~/l e Y on Mach number  is shown in Fig. 3. The 
resul ts  of numerical  calculation of the quantity o~/ le  i/2 in the range 10 < M < 20 may be approximated to 
an accuracy  of 3% by the formula 
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Compar i son  of the resu l t s  of this calculation 
with theoret ica l  and exper imenta l  data fo r  the fo rward  
cr i t ica l  point [1, 21 was made for  the effective enthalpy 
va lues .  The dependence of effect ive enthalpy on flight 
veloci ty  is p resen ted  in Fig. 4. Also shown a re  the 
data of [2] (curve 1) and the resu l t s  of exper imen t s  
on teflon decomposi t ion in ins t ruments  with e lec t r ic  
a r c  heating, used in [1]o The dashed line II is the 
computed curve  of the p re sen t  study. F rom Fig.  4 it  
is evident that theory  and exper iment  ag ree  s a t i s -  
facto r i ly .  

We offer  an approx imate  formula  fo r  calculat ion 
of the decomposi t ion in the vicini ty of the cr i t ica l  
point 

= 3. io -2 ~ , ,  1/'-D--" cm/sec [R] = cm [P~] = atm 

The fo rmula  approx ima tes  the decomposi t ion 
ra te  well  over  the range of caIculated p a r a m e t e r s  
0o001 -< P~ -< 0.1 arm and M~ < 12. 
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