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ABSTRACT

Ultraviolet absorption was used to measure the rate of formation of difluoro-
methylene (CF;) from decomposed CF3I, CoFg, and CF4 in excess argon behind shock
waves. 1In some experiments pure CF, was shocked. Data were taken over a_temp-
erature range from 1700° to 3000° K at total concentrations between 2(107>) and
5(10“6) mole-cm™3. A chemical, nonequilibrium shock-tube computer program was
developed to analyze the CFy kinetic profiles. By curve fitting the data, rate
constants for a number of fluorocarbon reactions are obtained.

Unclassified report

A copy of this report is available at Reports Distribution Center, Room 1126
and will be held for a period of three weeks.

EDITED BY:
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INTRODUCTION

The role of fluorine in the high temperature oxidation chemistry of tetrafluoro-
ethylene (CyF4) is little understocd. For example, among the reaction products
of CyF4 and ite polymer with oxygen, there have been identified CF4 and CFj
species.(1,2) It was suspected that these molecules resulted from the reaction
between fluorine and the difluoromethylene radical (CF2). Support of this
hypothesis was noted when shock heated mixtures of CF5I, C2Fg and CF4; in argon
diluent as well as pure CF, were found to decompose to CF3. Experiments were
carried out to detect the CF radical by its absorption in the ultraviolet. In
the present paper, measured kinetic profiles of this species are analyzed with a
computer program. The computer program solves simultaneously the Hugoniot reia-

tions (mass, momentum, and energy) and the chemical rate equations for a chemically

unrelaxed shock wave. The calculated rate profiles of CFy are compared with ex-
periment. Some of the rate constants employed in the analysis were taken from
literature sources, some were determined empirically and others were estimated
from theory or deduced from JANAF equilibrium constants.




EXPERTMENTAL MEASUREMENTS

The shock-tube apparatus has been described previously.(l) It consists of 1.5-
inch inside diameter stainless steel sections provided with light screens for

shock velocity measurements and an cptical station for ultravioiet absorption
spectroscopy. Gas mixtures of CF4 (Matheson, 95 percent purity), CF3I (Air Products,
98 percent purity), CyFg (Air Products, 99.9 percent) in excess argon (Matheson,
99.999 percent purity§ were prepared for study. A few tests were conducted in
undiluted CF4. The CFs radicals in the shock-heated reaction irr_..tures were fol-
lowed photometrically in absorption at 26608. The absorption coefficient,

1.15 x 106 (210 percent) cubic centimeter per mole-centimeter, was used to calcu-
late concentration from Beer's law.(3 Oscillogram records shown in Figure 1 are
typical of the CFy absorption from these gas mixtures. The CF3I and CyFg molecules
were studied since CF3 radicals are immediately formed behind the shock wave,
making the rate determining step for CF, appearance the dissociation of CFj.

With CFy4, the complete fluorocarbon chemistry involving CF,, CF3 and CF; is given.
By studying the decomposition rates leading to CFj, the kinetics of the fluorine
vxidation reactions mgy thus be ascertained from detail balancing with appropriate
equilibrium constants.

B e T —




NONEQUILIBRIUM SHOCK TUBE PROGRAM

The equations governing a moving one-dimensional inviscid fluid in a shock tube
are the so-called Rankine—Hugoniot(4) relations expressing conservation of mass,
mcmentum, and energy,

dlpu)/dt = 0 (mass) 1)

pudfu+ i )/dt = 0 (meomentum) ' (2)
pu _

pudfh+1/2u2)/dt = 0 (energy) _ (3)

where p is the density, s is the flow velocity, p is pressure and h is the en-
thalpy per unit mass. For a multi-component gas k is defined by

Zci hi

Zciﬂi

(4)

The quantity c¢; is the concentration of the ith species in mole per cubic centi-
meter, h; is the molar enthalvy and M; the gram molecular weight. The ideal gas
equation

pIc;

RT . (5)

is used to relate the thermodynamic temperature T to pressure and density where
R is the universal gas constant per mole. The tolar enthalpy is ther expressed
in terms of temperature by a power series,

L, T2 Ly 13 by 4

-] ¢
hl’ - LI T + 2 + 3 + “"5—'— - LsT + Lﬁ/‘ o (6)

A curve fiv of the molar enthalpy of each spzcles was generated from JANAF thermo-
chemical data.{5) The variation in species concentration resulting from chemical
reaction and volumetric change behind the shock wave it given by

a:
- — —— - . . ! E.. j
o X b3 nvk} v‘:kj Af] T exp (t[}/RT/

n.
- Z ” v,, Cil Ar} T ! exp (Erj/RT) ’ (')
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where the positive term on the right of the equelity reflects the sum of the
chemical rates leading to species production and the negative term, the rates for
removal. Subscripts f and r denote the forward and reverse processes, vg; and

v;j are the stoichicmetric coefficients for the kth and 1th gpecies in thé jth
reaction; 4;, n; and Ej are the pre-exponential factor, temperature exponent, and
activation energy of the rate constant for that reaction. To solve this set of
differential equations for a multicomponent, chemically relaxing shock wave, a
Runge-Kutta integration scheme(6) and an IBM 360 computer were employed. The in-
puts ¢o the calcuiation are the shock velocity, state of the gas ahead of the
shock wave, the chemical reactions to be considered, the forward and reverse rate
constants, anc coefficients of the enthalpy curve-fits. Typical machine times

for solving the fluorocarbon chemical kinetics problems .an between 1 and 2
minutes. Before using the nonequilibrium shock-tube program to analyze the nresent
data, a progrz~ check was made against an air chemistry, stream tube program
developed by :* namin and O'Brien.(7) Figure 2 shows that calculations from both
programs for electron density behind a shock wave into alr agree numerically to
within 3 percent.




CHEMICAL MECHANISMS AND KINETICS

The reactions considered in this study are qhown in Table 1.

CF3I and C,F; Decomposition: A bimolecular rite constant for Rl was estimated

from classical collisioa theory(sl assuming e¢nergy comiributi-ns from half the
number of vibrational modes and a steric factor of 0.1, The dissociation rate
constant of R2 was obtained from the JANAF equilibrium constant and the rate
constant of Ayscough(9 for trifluoromethyl radizal recombination. Calculations
based on these rate constants (Figures 3 and 4) showed that within a few micro-
seconds after shock passage CFqi was dissociated by several orders of magnitude
znd that CyF, was about 80 percent dissociated with R2 and R2' in equilibrium.
Under these conditions, the apparent rate constant for CF, formation by CF,
dissociation (R3) is given by

d[CF,)

—_—— = k3 {expt’t) l[CF3]0 -(l+y) {CFz] } £4r) (8)
P21 Y

where y is zero if R4’ << R3 and one if R4°>>RJ, i.e., for each CF, produced one
CF3 radical is removed when fluorine attachment is slow and two CF3 radicals are
removed when fluorine attachmert is fast. The concentration of CF4 initially
behind the shock wave is [CF3]1, The density ratio py; is multiplied in
Equation (8) to raference the event to laboratory time (¢7). In calculating k3
(expt'l} by means of Equation (8), y was taken to be unity for the lower tempera-
ture data, and was assumed zero for the higher temperature data. Calculations
(Figures 3 and 4) indicated that when analyzing the low temperature data after
50 percent decomposition, the above approximation was good to within 90 percent.
AJnother feature brought out by the calculations was that after CF,X a-d C,F
chemical relaxation, the shock temperature prcfile was nearly consStant, 86 that
little temperature uncertainty was introduced in evaluating the rate constant
for R3 during reaction. With the higher temperature data, k3 (expt'l) was
determined from the initial CF, absorption slope. As seen in Figure 5, the
rather good agreement obtained within the scatter limits of %, (expt'l) in the
CF3f and UyFc experiments tends to uphold the data reduction method. Examples
of tne CF3l and CpFg study are givem in Table 2.

CF, Decomposition: In thz tempsrature range 2200° to 3000° K, the CFq dissocia-

tion rate is three orders of magnitude faster than the rate of appearance of CF
in the oscillogram records of CF, decomposition. Hence these observations sug-
gested that the rate determining step for CF; formation starting with CF, was

R4. Calculations (Figure 6) showed that under the experimental conditions chosen
the CFq conrentration would be much less than that of CFp and CF; in the reaction
mixture, aiiowing an apparent rate constant for R4 to be evaluated from the
initial CF; slope measurements according to :

d[CF )

———— = ky (expt'i) 1[CF g - (CFy1} T4r). - (9)
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Examples of the experiments are shown in Table 3. The temperature dependence of
the apparent rate constants obtained from 1:100 and 2:100 CF4;-Argon gas mixtures
is shown in Figure 7. The kinetic profile of CF2 measured in a pure CF

run (Figure 8) 1is compared to that calculated from the nonequilibirum shocktube
program using the rate constants in Table 1.  The results indicate that the
collision efficiencies of CF, and argon appear to be quite similar. Another
aspect of the pure CF, experiment is that the intermediate CF, chemistry becomes
important and serves as a check on its rate constants in the calculations. The
rate constants for RS and R5' were obtained in gn earlier study of the thermal
decomposition of the difluoromethylene radical(10),

Finally, for a number of shock conditions, measured and calculated kinetic pro-
files cf CFy from dercomposition of the three fluorocarbon molecules investigated
are shown in Figure 9. It Is seen that the rate constants given in Table 1
would appear to be adequate in describing the experimental data over the tempera-
ture range of the study. '
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DISCUSSION

The heat-of-reaction for R3 was obtained from JANAF thermochemical data and used
to fit the experimental rate constants of the CF4I and CjFg data. The large
temperature exponent (1-9.04) 4etermined appears to be inconsistent with the
classical collision treatment for a polyatomic iike CF,. The maximum number of
internal degrees of freedom not counting rotations which eould coatribute energy
for reaction would be 6. Rotational and translational participation, if included,
would increase the temperature exponent to only (T‘8-5). It was found that in
calculating the CF, rate profiles, good agreement with the measurements could be
obtained with the JANAF equilibrium constant multiplied by 16. With the equili-
brium pr~-exponential factor kept constant, a factor of 16 gives a heat-of-reaction
of 81.2 kcal/mole at 2000° K (average temperature range of data). By refitting
the rate constants of R3 with the revised heat-of-reaction, a temperature ex-
ponent of (T-6.21) {s obtained, which is more ir accord with theory.

&

Besides the reactions shown in Tsble 1, the rate data were also analyzed by add-
ing the reactions

R6,6' CF, + Fa® CFy +F,

R7,7' CF, + F2 CF, + T,

R8,8' F,+ MR F+F+M
Calculations based on rate constants from classical collision theory and JANAF
equilibrium constants showed that R6,6' and R7,7' were about three orders of

magnitude slower than the decomposition reactions and had negligible effect on
the measured CF; kinetic profiles.
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APPENDIX A

Formulation of the Nonequilibrium Shock-Tube Program

The nonequilibrium shock tube program solves simultaneously the Rankine-Hugoniot
conservation relations and the chemical rate equations expressing variation in

e wiles concentration. The program 1s organized te integrate the rate equations
stepwise, an iteration scheme to satisfy the conservation relations being repeated
at each step. It differs from the average ordinary differential equation program
chiefly in that the equations themselves are not fixed. Instead, only rules for
generating the equations are fixed.

The input quantities include the shock velocity; the temperature, pressure, and
species mole fractions ahead of the shock; the chemical reactions to be considered;
the preexponential factor, temperature exponent, and activation energy of the rate
constant for each reaction; and coefficients of the enthalpy curve fits. A library
tape of species data (molecular weights and enthalpy fit coefficients) may be
gsearched for quantities omitted from the regular program input. The chemical
reactions are entered directly in equation form, a maximum of four species allowed
on each side of an equation, with each species allotted a maximum of eight alpha-
numeric characters. For example, consider the simple system

C2F6+ M = CF2 + CF2 +M
CF2 + CF2 + M = C2F4 + M

Crz + M = CF + F + M
CF + F + M = CF2 + M

where M will be taken by convention to refer to the sum of all species concentra-
tions.

The set of equations is analyzed by the program, the species in each equation
matched against an input list of all species occurring in the problem, and a
matrix M of indices set up to represent the original equations. If, in the ex-
ample above, the species are arbitrarily ordered,

C2F4 CF2 CF F

1 2 3 4

and M is assigned the index 5, the 4x8 matrix generated by the program is

i |
1 500,2250
|
2 25011500
M= !
I
2 500,34 50
|
|
|34 50!2 50 0]

-10-




The rules for generating the set of differential equations are then as follows:

For the i® species the change in the concentration {;(t) as a function of time
is defined as

Ny .
d .
= €0 = z: Ri (3 + 8) I1 A S
j=d K=1

where

Ng 1is the number of species

rh

NR is the number of reactions
R. 1is the rate constant corresponding to the jm equation

(’-n if the ﬁh species occurs n tiues on the left
side of equation j

8, =
1 1f the i species does not occur on the left
Lo side of equation j
+n  1if the i gpecies occurs n times on the right
side of equation j '
I
T
/ if the i‘k species does not occur on the right

o side of equation j

and by definition

c = a.
Ns 41 Z J
1=

Again, for the example, the equations are

4

d :E :
T C] = (_RICI + Rz 622) Ci

i=1

-11-
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4

d 9 = 2

= C2 = (2R Cp - 2Ry C2 — R3Cy + Ry C3Cq) ;
i‘l

4
iﬂ]

4
d

i=1

To find initial conditions for the system of differential equatiomns, the con-
servation relations are first solved for values of the temperature Ty (0) and
density p2(0) . A false position iteration for temperature is used in the solution.
Then, since the mole fractions X; (¢) are known (input) quantities at time 0,

the concentrations may be found from the relation

X; () py (1)

Ci(l)=—NS.——-—— i=1,----,~s

i=1
where M; is the molecular weight of the iM species.

To solve the differential equations a fourth order predictor-corrector method,
sometimes called the Modified Adams-Bashforth Method, is used. This method is
generally available for computer use in an Avco library subroutine which was
partially reprogrammed for purposes of the problem. The technique is particu-
larly attractive because of its computational efficiency and the relative ease
it affords in maintaining accuracy requirements. The one major disadvantage is
that it is not self-starting.

Before the predictor-corrector algorithm can even be applied, values of all the
concentrations C;(t), i=1,..., Ny and of their first derivatives 5L C;(t), i=1,Ng
t
must be known at each of four points in time. Information at the first point
t,=0 can be obtained directly from the initial conditions. Values at three
additional equally-spaced points ¢;, t», and t3 are obtained by a fourth order
Runge-Kutta integration process, thz interval A¢ between the points being con-
trolled ty program input. Runge-Kutta is particularly appropriate as a starting
method since results at each step depend only on conditions at the last previous
step. In addition, a high degree of accuracy can be estsblished with a suffi-
ciently small interval. (However, Runge-Kutta would present serious disadvantages
if used over the entire time period. A relatively large number of derivative

-12-
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calculations are required, and no immediate estimate of the truncation error is
available.) In the fourth order Runge-Kutta method the derivatives are evaluated
at four points in the interval and weighted to give agreement with a Taylor Series
expansion through the fourth order term. For a comprehensive discussion of
Runge-Kutta integration see chapter 9 in Mathematical Methods for Digital Com-
puters, edited by Ralston and 111£(6),

Given the starting values obtained from Runge-Kutta, the predictor-corrector
algorithm operateg as follows. For each concentration C;,i=1,..., N,, a third
degree polynomial F,-(c) approximating d/#C;1s fitted through the four available
derivative values. This polynomial is then integrated to give an exprapolated
or predicted concentration

¢
4 o
E:'(l4) = Ci(t3)+ / E(t)dl i-l,...,Na

5
at ty_ = t3+ At From the set C, ()i =1 ..., N, approximate derivatives
d/dt %(t,,) are calculated directly. Then a new polynomial B (t) is fitted

through d/de C;(¢;) , d/dt C;(¢y), and d/dt C;(¢3), and d/dtC(;4), and interpolated
or corrected concentrations

¢
4.
Ei(t4) = Ci(‘3) + [ -F‘ (t) dt i'al,...,N‘s
t3

are computed.

Since the truncation errors for the extrapolation aud interpolation formulas are
of the same order, the difference C;(t4) - (?‘-'(q) provides an estimate of the
actual truncation error incurred by the integration scheme in the interval from
t3 to t4. In fact, it can be shown that, neglecting higher order terms, the true
value C; (ty) lies between C, (t4) and C; (t;) . Again, see reference (6), chapter
8 for a general discussion of predictor-corrector techniques.

In the algorithm the quantity |C; (t4) - q {t4)] 18 tested to ensure tkat the
integration is sufficiently accurate. A relative tonlerance specified through
N,
program input, multiplied by 2 G (0), is taken as an absolute upper limit for
i=]
|C,- (tg) - C,- (tg)|. If for any i this limit is exceeded, the time interval At 1is
halved and the integration retried. The process of testing, cutting the interval,
and reapplying the predictor-corrector step is repeated until |C; (t4) - C;(t4) 1is
sufficiently small. Then the predicted values a (t4), i=1,..., N; are taken as the
result of integration, and d/dt E',-(t,;). i=1l,..., Ny as the set of corresponding
derivatives. (The predicted rather than the corrected results are accepted to
void computing the additional set of derivatives.) 1f, for each i, |C; () -
i (z4)| is at least one hundred times smaller than the limiting criterion, the

-13-




interval A: will be doubled before the nest integration step is begun. The whole
process is then repeated over successive intervals, at each step the latest A:

and conditions at the last four points entering the computation, wntil the end of
the time period i{s reached.

The program was coded in FORTRAN IV for use on the IBM 360 series of computers.

Execution times for typical problems on the 360 model 75 compuier range between
one and two minutes.

14-




TABLE |

FLUOROCARBON REACTIONS AND RATE CONSTANTS®

RL CP.I+M + CF,+ 1 +M 1 s = 2.27 x 1030 774.0 exp(-57385/RT)
R2 CpFg+M » CFy + CFy +M | kp = 8.40 x 1020 105 exp(-76500/8T)
R2' CF, + CPy +M » CoFg +M | k' = 7.14 x 1017 103 |
R} CFy+M o CPy + F+M k3 = 1.57 x 1047 T =904 oxp(-92254/RT)
R3' CF, + F + M » CFy +M | k3" « 1.49 x 10°6 1 ~9:04 oy (-2287/RT)
Ré CF, +M o CEy +F+M kg = 6.15 x 1034 T ~4-8% oy (122421/8T)
R4' CFy + F+M + CF, + M ke = 9.79 x 1031 174-6% oxp(2519/RT)
RS CP,+M + CE+F+M ks = 4.20 x 1026 7°2-85 o (~106000/R1)
RS' CE+F+M + CF, +M ks” = 6.57 x 1026 172:85
M| = collision partner (Argon)

8units in calnries, cubic centimeter, degree Kelvin, mole, second.

-15-
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TABLE2

. EXAMPLES OF CF3I AND CaFg SHOCK TUBE EXPERIMENTS
Shock 2Shock Total Apparent
Experiment Velocity Temp. P21 Gas Comc'n Rate Constant
No. (mm/u sec) (°K) (mole/cm3) 108 (k3,cm3/nole sec) .

1:100 CF3I - Argon Data

1 1.322 1804  3.66  7.94 2.28 x 108
2 1.382 1928 3.75  8.16 9.08 3 108
3 1.441 2060 3.82  8.22 4.95 x 10°
4 1.478 2143 3.87  8.45 5.08 x 10°
5 1.510 2214  3.92  8.56 7.73 x 10°

1:100 C2F6 - Argor. Data

6 1.347 1735  4.00 10.8 9.09 x 10’
i 7 1.395 1850  4.02  8.72 5.69 x 108
. 8 1.440 1560  4.03  8.76 1.20 x 10°
b 9 1.456 2000 4.046  B.76 1.38 x 109
| 10 1.533 2205  4.06  8.82 4.88 x 107

acpnditions for complete dissociation of CF4I and C,F¢ at shock fromt.
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TABLE 3

EXAMPLES OF CF4 SHOCK TUBE EXPERIMENTS

Shock 2Shock . Apparent
Experiment Velocity Temp. P21 Gas Cong'n Rate3Conatant
No. (mm/psec) (°x) (mole/cm3)10° (k4 ,cm”/mole sec)

1:100 CF, - Argon Data

11 1.559 2410  3.75  1.82 7.96 x 107
12 1.623 2590  3.78 1.63 3.22 x 108
13 1.643 2640 3.795  1.42 5.61 x 198
14 1.670 2720 3.808  0.518 1.04 x 107
15 1.715 2850  3.83  0.422 1.89 x 10°
16 1.795 2970  4.05  1.09 4.70 x 10°

2:100 CF4 -- Argon Data

17 1.507 2260  3.81 1.84 : 2.91 x 107

18 1.544 2350 3.845  1.76 6.12 x 107

19 1.591 2460 3.87  1.67 1.34 x 108

20 1.623 2550  3.89  1.57 3.53 x 10°

21 1.66 2650 3.91  1.39 8.20 x 108
'CFQ Data

22 2.005 2145 19.1  0.515 5.10 x 10°

23 - 2.075 2248 19.4 0,521 2,42 x 10/

—

_'aRace congtant evaluated at 40 pércent decomposition.
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(B)

—— ABSORPTION ————

(C)

27- 365!

Figure 1 Difluoromethytene ultraviolet light absorption
behind shock waves into

(a) 1:100 CF3l-Ar, shock veloc. =1.377 mm/isec, Temp = 1984° K
{(b) 1:100 CpF¢-Ar, shock veloc. = 1.456 mm/sec, Temp = 2107° K
(c) 1:100 CFg-Ar, shock veloc. = 1.782 mm/.sce, Temp = 3050° K

at'4 cm Hg initial pressure. Osciltogram writing = 20 psec/cm
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