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ABSTRACT

The burnup rate of teflon powders in a shock-heated argon
bath has been studied with the use of a shock tube. The rate of diz~
appearance of the ablating particles was monitored by measuring

the absorption, at 2536X. of CFZ' which is the end product in the

(assumed) reaction

. . i
depolymerization A dissociation
(Teﬂon)solid vaporization (0254’gas (CFZ) gas.

The data, which was obtained over the temperature interval of
1600-3100°K, was interpreted to deduce the thermal accommeodation

coefficient for argon/teflon collisions. The coefficient was found to

be of order unity.
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: 1. INTRGDUCTION
The development of a facility to ablate submicron-size
particles in gases behind a normal shock wave has bee described
in References 1 to 3, and anaiyses of the dynamics of a particle in a
shocked flow have been described in References 1, 2, and 4. As was
discussed in Reference 4, the utility of a device for ablating powders
of selected materials in a shocked flow is demonstratec only when it
§ can be shown that the powders selected do, indeed, ablate in a time i
short compared to the characteristic testing time in the shock tube

flow. In addition, for such a facility to be used to make chemical

o

kiuetics measurements, there is the further restriction that the I

powder ablation time rnust be short compared to ali subsequent

chemical reaction times in the gas phase.

Having demonstrated that it ig possible to inject pywders of
selected materials uniformly and reproducibly into the driven sec-
tion of a shock tubeﬁ. it is necessary to then show that these powders
burn up in a time that is short compared to experimental testing
times, and is comparable to computed burnup times. In this Note,
we discuss the measurement of burnup rates for teflon powders behind
r.ormal shock waves in argon, and deduce an average thermal

accommodation coefficient from the data.

RN25, 6-65 1
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2., TECHNIQUE FOR PARTICLE BURNUP MEASUREMENT

In order to measure the disappearance rate of small particles
in & shocked flow, it is necessary to either measure the rate of
change of siz» of the particle directly, or indirectly, by measuring
the abeorption of a gaseous decomposition product of the partirle,
Light scattering techniques can be used to directly measure the rate
of disappearance of a particle, baeed on the rate of change of
scattered intensity. However, zince the particles considered are in
the Rayleigh scattering regime, the change in scattered intensity with
particle size goes as the sixth power oi the particle size. Therefore,
for a change of only a factor of two in the particle size, the scattered
intensity is lowered by almost two orders of magnitude. Since it was
not possible to cover such a large dynamic range with the instrumen-
tation available, we chose, inst=ad, to measure the rate of disap-
pearance of particles via a measurement of aksorption of one of the

gaseous decomposition products of the particle.

The material chosen for initial studies was teflon. Numer-
ous studies of teflon have indicated that the initial decomposition
product is the monomer, CZF4. Using this information, the rate of
disappearance of teflon particles can be determined by measuring

the absorption of C F4, or any of its subsequent decompesition

2
products.

The molecule CF2 has been asl{owrx6 to have an extensive sya-
tem of many-headed bands in the spectral interval from approxi-
mately Z3OOX to SOOOX. Modica:7 has determined the absorption

coefficient of CFZ at 25364 over the temperature interval 17006 to

RN25, 6-65 3
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3700°K. Ie made ihis measurement by measuring the absorption of

CF, behind shock waves in 2 mixture of gaseous C_F , highly diluted

2 . 2" 4
in argon. The conceutration of CFZ was deduced from the known
initial amount of CZF 4 and the calcula. equilibrium of C,F 4 and.-

CFZ at the equilibrium temperature behind the shock wave. With

this technigne, he showed that the absorption coefficient at 25363 is

nearly constant over the temperature interval measured.

Using the measured absorption of CF, at 25364 to determine

2

the avnount of CJ‘Fz present, Modica7 subsequently measured the rate

of dissociation of CZF 4 to CFZ over the temperature interval 1200

to 1800°K. This reaction takes the form

kpm

i M+CFZ+CFZ, (1)

M+ C_F
Z4k_M

where M is any collision partner, and kM’ k-M are the forward and

reverse reaction rates, respectively. From Eq. (1), the rate of
disappearance of CZF4 may be written as

d(CzF4)

T = K (MIC,F )+ k_ (M)CF,)", (2)

or, if the reverse reaction is ignored,

d(C,F,)
N TER = -kM(M)(CZF4). {3)

RN25, 6-65 4
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From the initial slope of the absorption curve behind the shock wave,

Modica determizned a second order rate consiant for CZF 4 dissocia~-
tion in excess argoh. Cver the temperatur> interval covered, this

reaction rate constant has the value

' i
k =7.8X 1015‘1'1’2 e;np(—

A T ,em —mole-l-secﬁl. {4)

55, 690) 3

Using a similar technique, Modica  studied the CFZ dissociation

reaction in excess argon as given by

ky

A+CF21;-AA+CF+F,. {5)

The observed data was interpreted by a second order mechanism

{ignoring the reverse reaction) as

d(CFz}

—p = R, (ANCF,), (6}

yielding 2 reaction rate constant given by

. 14_1/2 (913_,_300
k, =2.07X10 T eXP\"TRT

) cmsmmole-l secnx' {7)
A ’ c

in order to use CFZ absorption ag an indicator of the rate of
disappearance of teflon particles in a shock-heated argon/tefion

mixture, the following restrictions on test conditions are required:

RN25, 6-65 5




a. The temperature and density behind the shock wave muat

be chosen eo that the rate of disappearance of the
particles is short compared to the available experi-
mental testing time, but not shorter than the experi-

mental resclution element.

b. The décompcsition of C2F4 to CFZ must be {ast com-

pared o the teflon particle buraup rate.

c. The temperature and density behind the . vck wave must
be such that the C«F2 formed from CaF4 dissociaticn
does not substantially decompose to CF + F during the

testing time.

d. The mass fractiun of teflon powder iu the shock heated
argon must be small ensugh that the conditions behind
the shock wave are not strongly influenced by the
chemistry of burnup of the particle: and subsequent yas

pbasc decomposition.

Using the results of Reference 4, the calculated burnup

times of 1 micron diameter teflon particles are shown in Fig. 1,
and comparsd with computedg and measured experimental testing
time for a shock tube with driven dimeasions of 3 inch diameter and
15 fecet length to the observation station. Tue teflon burrup time
calculations were made with an 2ssumed thermal accc araiodation
coefficient equal to unity. The calculations were made for teflon in
air, for which tiiere was a subs{antial amount of experimentzl test
time data available for the present facili'y. However, there wculd
be no qualitative difference for argon, except that the ex erimental

test time available would be somewhat larger. Since the calculated

KN25, 6-65 6
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burnup time i8 approximately an order of magnitude smaller than
the available experimental testing time, 1t 18 seen that criterion (a)

above is satisfied. .

If we integrate Eq. (3) and use the rate constznt of Eq. (4),

we find that the time requirec for thc initial CZF 4 concentration to

be reduced to 1/e of its original value is given by

128 x 1" 1607172 exp(ss}.{;‘ao)
(t, ;) = = . (8)
/e k (A) (A)
,F, A

Similarly, if we integrate Eq. (6) and use the rate constant of

Eq. (7), we find that the time required for the initial CF_ concentra-

2
tiocn to be reduced to 1/e of its original value is given by

-15..-1/2 98, 300)
4.84 X10 7T exp(———RT

1
= = . (9)
cr, Fa® &)

(tl/e)

Equations (8) and {9) have been plotted in Fig. 2 for the range
of conditions covered by our tests. It is seen from Fig. 2 that for
the temperature interval from approximately 1750°K to 3000°K, the
CZF 4 concentration decays rapidiy while the CFZ concentration
remains nearly unchanged. Therefore, criteria (b) and {c) above

are satisfied.

RN25, 6-65 8
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An estimé.te* of the equilibrium temperature behind a shock
wave in an argon-teflon mixture may be made by calculating the
energy absorbed in vaporizing the teflon powder, and subsequently
dissociating the C_F completely to CF

274 2°
tion of approximately 40 kcal per mole4, and a dissociation energy

With a heat of vaporiza-

of approximately 75 kcal per mole7. the effective dissociation
energy is approximately 115 kcal per mole. For the'.test conditions
considered in these experiments, thic results in a reduction in
shocked gas termperature of approximately 150 to 350°K. Since the
CIE‘z absorption coefficient does not change substantially over the
temperature interval ccwered7, this reduction in ternperature due to
vaporization and dissociation woutd not alter the data interpretation.

Therefore, criterion (d) above is satisfied.

*At the present time, a computer code is being developed which
accounts for all of the mementum and energy transfer processes
in & powder-laden gas. An initial report on this subject is pre-
sented in Reference 10.

RN25, 6-65 16

g

. S AR i



3. EXPERIMENTAL PROCEDURE ]

We have run a series of 15 tests on teflon and argon in our
shocic tube. The temperature covered by these experiments ranged
from approximately 1600°K to 3100 °K behind the incident shock
wave, as calculated for pure argon from the measured shock velo-
city. The initial driven pressure in the shock tube was kept constant
at a value of 4 cmm Hg, and the amount of teflon injected into the tube

varied from 1/2 to 1-1/2 mole percent

The optical equipment and the test section of the shock tube
used for these experiments is shown in Fig. 3. With the exception
of the powder injection subsystem, the shock tube is of conventional

i . design having driven section dimensions of 3 inch diameter by 18

| foot length. The driving gas used for the experiments reported
herein was helium. CFz absorption behind the incident shock wave
in the argon/teflon mixture was monitored at 2 station 16-1/2 feet
from the diaphragm, with the use of a Bausch and Lomb Model 5
monochromator (see Acknowledgment), utilizing a deuterium light

source and a 1P28 photomultiplicr dotector. The windows and

lenses used were quartz and quartz-fluoride combinations.

The general features of the absorption records obtained are
shown in Fig. 4. The zero and 100 percent transmission traces
were put on the film shortly before the teflon/argon mixture was
admitted to the driven section of the shock tube. The teflon/argon
transmission before shock arrival at the observation station does
not coincide with the 100 percent transmission lire, due to the

scattering loss of light from the source by the teflon powder. A

RN25, 6-65 11
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Fig. 3

View of the shock tube test
section showing the grating
monochromator (vertical).
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Fig. 4 CF, absorption record (Run No. 3). Total molar
density = 8.1 X 10-6 moles/cm3; teflon molar
concentration = 5 X 10-8 moles/cm3. Equilibrium
temperature = 1980°K. Shock velocity = 1,44
mm/ usec.

ShnckArrivoI__“ —'l l'sof““

Fig. 5 CF, abscrption record {(Run No. 2). Total molar
density = 7.9 * 10~6 moles/cm3; teflon molar
concentration = 7.9 X 108 moles/cm3, Equilibrium
temperature = 1930°K. Shock velocity = 1,42
mm/ usec.

RNZ5, 6-65 13
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fa“pid increase in Cl?‘2 absorption is shown upon gheck arrival,
followed by a period of aimost constant absorption, indicating the
uniformity of the teflon powder concentration along the length of

the driven section of the shock tube. The termination of testing time
is indicated by the contact front arrival. The apparent noisiness of
the signals arises from the fact that the cathode ray tube was

blanked at a 100 k< rate with a time mark generator.

The dstails of the leading edge of an absorption record are
shown more clearly in Fig. 5. The bright spots on the traces zre
timing marks at 10 psec intervals, From a record such as that
shown in Fig. 5, the burnup time is deduced to be that at which the

absorption record attains a steady state value.

In both of the figures shown, the absorption is caused by CF2

a: a wavelength of 25363, and a spectral intarval of approximately

102,

RN25, 6-65 14
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4. DATA INTERPRETATION

As has been shown in Reference 4, if the bulk of the material
i ablated from a particle comes off while the particle is at ~est with

respect to the shocked fiow, then a simple expression for the particle

S g,

burnup time may be deduced. This time is given by

| 3 } /Ty
t = E_.Eyp (If:) [hv = CP(TV TO)J 2 (i)x 4.185 X 107 cec
p 3 pﬂ: U(” TV o ’ ]
Tm
(10)
wliere the appropriate quantities for teflon and argon are given by

7/ = shocked gas specific heat ratio = 5/3

T _ = shocked gas initial temperature = 300°K
N ¢ % 4 o -3

pp = particle density = 2.2 g-cm

hv = pa. .le heat of vaporization = 410 ca\l-g-l

Tv = particle temperature of vaporization = 900°K

Cp = particle specific hea: = 0. 25 cz:tl-g-1-°K-l

. M_ = shocked gas Mach nuinber
UQ = shocked gas velocity, cm-seec
-4
P, = shocked gas density, g-cm -
c T _ = shocked gas temperature, °K
a = initial particle radius, cm
a = thermal accommodation coefficient. (1}
RN25, 6-65 15
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Substituting the values of Eq. (11) into Eq. (10) gives

3
M
= 10f = 1 a
tteﬂon = 9,25 X 10 (-f—U ) -—-—————( 900)(a),sec. {12)
© pﬂ ?_

For a given set of experimental conditions, the burnup time
cailculated from Eq. (12) will scale linearly as the ratio (a/a). This
time should then be equal to the experimentally measured burnup
time, suitably adjusted for the difference between particle and lab-

oratory time as is shown in

Pe
) = —{t

{t
calculated P 1 teflon

) ) {13)

tefign laboratory

where (pmlpl) is the density ratio across the shock wave.

From Eq. (13), it is seen that if the initial particle size, a,
is accurately known, then the present measuremments can be used to

determine the thermal accommodation coefficient, &, as is shown in

AVLAY
(a) ] -11( m)( w) ( 900)
—=}= 1.08 X 10 ot | vl IR EIEE—d [ £ +CiTie
= pl/ M, Ta (teﬂon)iaboratory
(14)

Since the teflon powder used in the presently reported experiments
did not have a single size but contained a distribution of particle

sizes, it was decided to reduce the exnerimental data according to

RN25, 6-65 16




Eq. {"4), in order to deduce the ratio (a/a). Itis seen from Fig. 6 |
that the average value of (a/2) for the data presented is appraximately

2 to 2-1/2 microns.

An electron micrograph of the teflon powder used in the tests
reported herein is shown in Fig. 7. The teflon powder used in
obtaining the micrograph shown in Fig. 7 was taken from the shock
tube after a normal injection into the shock tube {but without passing
a shock wave through the mixture). Since each particle produces an
amount of gaseous decomposition product thut is proporticnal to the
cube of the particle size, it is seen that the large particles dominate
the rate of pr *duction of CFZ and, hence, it is the burnup of the
large particles which is principally measured by this technique.

From Fig. 7 it is seen that the larger particles, or agglon.-
erates of smaller particles, fail in the size range of from 3 to 5
microns in diameter. This, then, leads us to conclude from the data
shown in Figs. 6 and 7, that for the temperature and density rarge
covered by the experiments reported herein, the thermal accommo-
dation cocfficient for argon collisions with teflon is nc~rly unity.
Indeed, nder no conditions could the accommodation coefficient be
less than 0. 1 since, in the powder used for thece tests, no particles

smaller than 0.2 micron were ever observed.

Since the magnitude of the thermal accommodation coefficient
is the largest unknown in the computation of particle burunup times,
its determination is exceedingly important for the abiatior. material/
air chemistry program described in Reference 4. The fact that
these initial measurements with teflon and argon yield a value of the

accommodation coefficient of order unity is very encouraging.

RN25, 6-65 17
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MICRONS

@
Fig. 7 Electron microscope picture of 1/2 micron teflon dust as obtained from
the material in bulk. Magnification is 5000X., The white circles and
extremely fine dots are imperfections in the mask on which the powder
= is dispersed. Note the scalloped edges on some large particles. These

24 large porticles are either agglomerations of small particles or rela-
= tively large pieces covered by small particlec.
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Based on the results, we show, in Fig. 8, a comparison of
calculated and measured burnuﬁ times, using an average partic:ie
radius of 2 microns, and an accommodation coefficient equal to

unity.

While the scatter in the data shown in Fig. & may be ade-
quately accounted .or by ‘he randomness of particle size distributions

in the teflon samples used, several questions remain t- be answered.

a. Is there a systematic variation in accommodation

rocfficient with temperature ?

b. I8 the accommodation coefficient nez.ly unity for ail
of the matexials to be considered in this ablation

material chemistry program?

These, and other related questions will be studied in more

detail in future studies with this facility.

RN25, 6-65 20
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