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N O T I C E
This repcrt was prepared as an account of work
sponsored by the United States Government. Neither
the United States nor the United States Atomic Energy
Commission, nor any of iheir employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the accuracy, com-
pleteness or usefulness of any information, apparatus,
product or process disclosed, or represents that its use
would not inlfingc privately owned rights.

STABILITY AND NONEXPLOSIVE HYDROGEN FLUORIDE
PRODUCTION IN ATMOSPHERIC-PRESSURE
HYDROGEN-OXYGEN-FLUORINE l&XTURES

by

Richard W. Getzinger

ABSTRACT

The behavior of atmospheric-pressure mixtures of H 2,0 2, and
Fj at ambient temperatures was studied to determine conditions
under which the reagents can be combined nonexplosively. An
HF probe laser monitored the formation of HF during the mixing
process and for the following 30 min, under conditions where
<5% of the reagents had disappeared. Hydrogen fluoride formed
relatively "promptly" during mixing and at an essentially cons-
tant rate thereafter. Evidence is presented that heterogeneous
reaction steps significantly influence the slow deterioration of
prepared mixtures.

INTRODUCTION

Recent increased interest in the use of gaseous H 2-
F2 mixtures in pulsed high-energy hydrogen fluoride
(HF) chemical lasers has focused attention on the
problem of unpredictable explosions. The problem is
compounded by the pressures (S i atm at ambient
temperatures) required for laser fusion applications
in which short pulses are essential. Consequently,
there is little use for small-scale laboratory
procedures involving low temperatures1'2 or using
extreme dilution by an inert additive, such as
helium 3 (both frequently with the addition o! oxygen
as a chemical stabilizing agent). Recent experiments
with concentrated, atmospheric-pressure H2-O2-F2-
diluent mixtures at 300 K in a small-volume (40-cm3)
flash photolysis-initiated HF laser vrere plagued by
unintended explosions and steady deterioration of
the laser output with mixture storage time. These dif-
ficulties emphasize the need to characterize belter
the behavior of H2-O2-F2 mixtures under the
conditions of interest.

This report summarizes the results of many ex-
periments concerned with the problems of mixture-
making and short-term storage of various com-
binations of gaseous H2, O2 , and F2at atmospheric
pressure and near-ambient temperatures. The work
was carried out in support of pulsed HF chemical
laser experiments (some now complete) in which an
electron beam ignited large-volume (< 30-/) samples
of initially stable mixtures of H2, O2 , and F2-

The thrust of the present work has been to
characterize explosive behavior with respect to H2-
O2-F2 .. ixture composition, density, and various
construction materials. Part of this work is a continua-
tion of compatibility studies (carried out with rods,
foils, and other samples of materials) reported in Los
Alamos Scientific Laboratory 1973 chemical laser in-
ternal reports. In addition, a pulsed low-energy HF
probe laser was used to monitor the formation of HF
in the test cells during and after successful admission
of the final reagent.



EXPERIMENTAL PROCEDURE

The experimental apparatus is shown schematical-
ly in Fig. 1. Mixtures were made directly in 10-cm-
long test cells of selected diameters and construction
materials. Ultra-pure hydrogen and extra-dry ox-
ygen were taken from commercial cylinders. To
remove HF, Air Products F2 was passed through an
activated NaF trap before being diluted to 90% with
O2 and stored for subsequent use. The test cells,
which in all cases had been prepassivated with F2,
were filled by the successive addition of H2, O 2, and
the F2 /O2 mixture at flow rates determined by preset
Brooks #8744 flow controllers. When H2and F? /O2
weie interchanged in the filling order the stability
was reduced only in marginal cases. Pressures in the
test cells were monitored with a Validyne DP7
pressure head connected to a Hewlett Packard
7128A strip chart recorder.

Preliminary experiments were carried out at am-
bient temperatures. However, normal day-to-day
fluctuations, although having no apparent effect on
mixability limits, significantly influenced HF forma-
tion rates in stable mixtures. Thereafter, a
thermostat-regulated circulating air bath was used to
maintain the test cells at 305 ± 1 K.

Test cells were made of Teflon (nominal 2.54-cm
i.d.), 6061 aluminum (8.94-cm i.d., 630 cm3) and 304
stainless steel (1.93-and 8.94-cm i.d., 29 and 630 cm3).
Sapphire windows (2.54-cm diameter and 2.0-mm
thick) were axis-centered at both ends of the test
cells. Explosions were audible and visible, and
generally occurred during the addition of the final
component. In addition, explosions were clearly in-
dicated by rapidly decreasing pressure and by com-
plete attenuation of the Pi (7) HF line from the probe
laser described below.

The HF radiation for ihe probe laser was
generated in a longitudinal 30-kV discharge through
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Schematic diagram of the experimental apparatus.

a flowing gas mixture of BrF5:H2= 1.5 at ~0.27kPa
(2 ton). Brewster-angle end windows on the Pyrex
discharge cell were made of CaF2. The laser cavity
was defined by a 300-groove/mm grating (blaze
angle 22.03°) and a 10-m radius of curvature gold-
coated spherical mirror containing a 2-mm axial hole
for output coupling. The laser beam was split; a
reference portion (~ 15% of the total) went directly to
a Jarrell Ash 82000 monochromator containing a 295-
groove/mm grating blazed at 3.7 iim and coupled to
a liquid nitrogen-cooled Ge.Au detector. The other
beam passed through the test cell before reaching an
identical monochromator-detector combination.
Detector outputs were displayed on a Tektronix 556
dual beam oscilloscope. The laser pulse rises to a
maximum in < 0.5 JIS and decays to half peak intensi-
ty m ~30 /us.

The Pi (7) HF line at 3644.26 cm"1 provad most
suitable for use with a 10-cm absorption path length
and the range of partial pressures of HF found in
nocexplosive test-cell experiments. The use of two
dispersing elements in each beam path assured com-
plete isolation of the P; (7) bom other HF lines at the
detectors. Pi (7) output energy from the laser was
<20 a.

The optical system was aligned daily to maximize
the output irom each detector. The ratio of reference
output to iranamitted intensity with the test cell
evacuated was determined twice daily. With careful
alignment, scatter in this ratio from pulse to pulse
could be held to less than 5%.

RESULTS

Mixture Stability Measurements

Efforts to mix hydrogen, oxygen, and fluorine, and
in a few cases argon, at near-atmospheric pressures
yielded reasonably reproducible boundaries in com-
position and density beyond which explosions always
occurred. On the opposite side of such boundaries
were regions with marginal stability next to a region
with a wide range of conditions where, except in rare
instances, the mixtures were always stable. These
observations appeared to be independent of Ihe
nature of the test cell.

The results of many experiments, generally
carried out with near-stoichiomeiric (1:1) amounts of
H2 and Fz, ate summarized in Table I. A certain
minimum amount of O2(~5%) is required for
stability. The addition of ~25% of the inert diluent,
argon, appears to compensate for the absence of O2,
although trace amounts cf O2 in the F2 (Ref. 1) are a
stabilizing factor. Section C of Table I describes the



TABLEI

SUMMARY OF MIXTURE STABILITY OBSERVATIONS

H2

Partial
Pressures

(kPa)

O 2

A. Influence of O2
40.0
40.0
40.0
40.0
40.0

. . .
1.33
2.67
4.00
8.00

B. Influence of argon
40.0
40.0

4.00°
26.7°

F 2

40.0
38.7
37.3
36.0
36.0

40.0
40.0

C. Influence of Total Pressure
40.0
33.3
26.7
20.0

53.3
40.0
26.7
20.0

4.00
3.33
2.67
2.00

21.3
16.0
10.7
8.00

36.0
30.0
24.0
18.0

48.0
36.0
24.0
18.0

D. Influence of H2/F2 Ratio
64.0
40.0
16.0

40.0
16.0

5.60
8.00

10.4

16.0
18.4

1.4.4
36.0
57.6

36.0
57.6

Total
Pressure

(kPa>

80.0
80.0
80.0
80.0
84.0

84.0
106.7

80.0
66.6
53.4
40.0

122.6
92.0
61.4
46.0

84.0
84.0
84.0

92.0
92.0

H a / F 2

1.0
1.0
1.1
1.1
1.1

1.0
1.0

1.1
1.1
1.1
1.1

1.1
1.1
1.1
1.1

4.4
1.1
0.28

1.1
0.28

O 2

(%)

0.0
1.7
3.3
5.0
9.5

0.0
0.0

5.0
5.0
5.0
5.0

17.4
17.4
17.4
17.4

7.7
9.5

12.4

17.4
20.0

Result

Explosion
Explosion
Marginal
Generally stable
Stable

Explosion
Marginal

Generally stable
Generally stable
Marginal
Explosion

Stable
Stable
Generally stable
Explosion

Stable
Stable
Explosion

Stable
Marginal

"Partial pressures of argon.

influence of total pressure at two fixed compositions.
Clearly, an explosion boundary is being approached
as the pressure is lowered, indicating the increasing
influence of the well-known second explosion limit
for this system.5 However, evidence that the true
second limit has not been reached comes from later
experiments in which a stable combination of 43-5%
H2 -17.4% O2 -39.1% F2 (the second mixture in Table
I,C) was pumped down slowly to 6.7 kPa (59 torr) and

stored for 15 min without exploding. Evidently factors
other than the total pressure play a role in the higher
density experiments, e.g., proximity of the vessel
walls or the dynamics of the mixing procedure, in-
cluding rapid changes in the instantaneous, localiz-
ed ratio of H2 /F2.

The influence of the H2:F2 ratio (0.28 ̂  H 2 /F 2 <
4.4) is shown in Table I,D at two fixed total
pressures. In both cases the percentage of O2



required for stabilization increases with (H2/F2)"1.
Clearly fluorine-rich mixtures are the most difficult to
make.

Several other observations are worth noting here.
Compatibility of the mixtures with 1.27-cm-o.d.
tubes of 347 stainless steel and 6061 aluminum was
examined in several different experiments, without
any detectable influence on mixture stability. For
some experiments a 3.2-mm slot had been machined
along the full length (~9 cm)of the tubes to produce
rough, previously unexposed edges; in other ex-
periments a full-length stainless steel weld
was exposed to the gas mixture. Variation by a factor
of about 3 in the flow rate of the final component into
the test cell also had no apparent effect. The in-
fluence of pump-down time (ultimate vacuum),
between successive fillings of the test cell, on the
preparation and storage of one stable mixture [40.0
kPa (300 torr) H2-I6.O kPa (120 torr) O2-36.0 kPa
(270 torr) F2 ] was explored. No difference was found
between the behavior (including that during subse-
quent storage described below) of mixtures prepared
after pumping to ~ 13-47 Pa (0.1-0.35 torr) and those
after several hours' pumping to ~6.7-8.0 Pa (0.5-0.6
torr).

On rare occasions the probability of an explosion
occurring during preparation of the H2-O2-F2
mixtures increased abruptly, and even large
amounts of oxygen (~2Q%) did not ensure stabiliza-
tion. At such times the following techniques were
successfully used to bring the system back to its "nor-
mal" behavior: thorough cleaning of the cell and
repassivation with F2; trapping all the gases with
liquid argon; and thoroughly evacuating the F2 /O2
mix tank and preparating a fresh 90%-10% mix.

Absorption of the Pi (7) HF Line

For the experiments that were free from ex-
plosions, time-resolution of the HF formation in the
test cell was possible by measuring the probe laser
beam's absorption at selected time intervals after the
final component was added. Typically, the laser was
fired and an oscillogram was taken at 3-min intervals
over a 30-min period beginning 1 min (to allow for
reasonably complete mixing) after filling was com-
plete.

The ratio of incident to transmitted intensity, 10/I,
is given by

(1)

where (V| /V2) is the ratio of reference to transmitted
beam detector outputs as determined in volts from

each oscillogram. The ratio (Vi/V2)o for the
evacuated cell was the mean value determined twice
daily from a series of oscillograms. Assuming as a
first approximation that the Pj (7) line from the probe
laser is very narrow compared with the Pi(7)
absorption line in the test cell (thin source line ap-
proximation, TSLA), Beer's law can be extended to
describe absorption over the entire width of the
source tine

(2)

where P is the absorption coefficient at the center of
the absorption tine in cm"1 kPa1, pufis &« partial
pressure of HF in the cell in kPa; and, in these ex-
periments, the optical path length, /, is 10.0 cm. If P is
independent of PHF/ a n approximation discussed
more fully below, it follows from the TSLA that In
(Io/I) is directly proportional to PHF. <"><* knowledge
of the appropriate value of P permits evaluation of
PHF at all times of interest. The TSLA was used in
reducing all the HF absorption data taken in this
study.6

In the mixtures of interest here, P is a function of
the initial composition and density, since pressure
broadening by H2, O2, and F2contributes to the total
absorption line profile. Eventually, with increasing
extent of reaction, self-broadening by the product HF
also influences P, destroying the simple relationship
between hi (IaI) and PHF described by Eq. (2). The
influence of self-broadening is examined first in Fig.
2, a semilogarithmic Beer's law plot of Io/I against
optical density (PHT •/), incorporating a large number
of calibration data obtained with pure HF in the test
cell. Because HF adsorbs strongly on the vessel walls,
producing a rapid initial decrease in PHF. t°e HF
pressure always was allowed to stabilize before the
oscillograms were taken. The curvature, represen-
ting a nonconstant value of P, is interpreted as self-
broadening in the manner described below.

The absorption coefficient at the center of a tine
that is both collision (pressure) and Doppler
broadened is given by the equation7

«_ f w e x

OO

dy (3)

where P' is the absorption coefficient at the center 01
a purely Doppler broadened line, and the
parameter a is proportional to the ratio of collision,
be, to Doppler, bo, b.r^dened half-widths (i.e., full-
width at half maximum, FWHM)

•—( In2 ) l / 2

bD
(4)
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Fig. 2.
Graph of In [I oil) against optical density, PHF' I,
for P, (7) line and pure HFat 305 K in 1.93-cm-i.d.
stainless steel test cell with I = 10.0 cm. Dashed
curve was computed for P' = 0.68 cm'1 kPa"1 and
bHF=4.3xl0'3cm'lkPa''.

Here be is taken as

(5)

where the sum is taken over all species i presont in
the system, and bjand p*are the pressure broadening
coefficient and partial pressure of i, respectively. For
HF at 300 K, bo for p> (7) is computed to bo 0.0101
cm'1. The right-hand side of Eq. (3) has been
evaluated numerically for a range of assumed values
of a.

For pure HF, be becomes bm PDF- H &i>
quantity is not <Kboit produces a nonzero value of a,
and, through its influence on the right-hand side of
Eq. (3), a dependence of P on PHF- The actual value
of P at any optical density is then determined by the
two constants, P' and bm. The dashed curve in Fig. 2
was computed using the combination of these two
quantities that appeared to besi describe the data,
0.68cm 1 kPa"1 (0.090cm1 torr1) and4.3x 10'3cm1

kPa"1 (5.7 xlO'4 cm'1 torr"1), respectively. The
resulting value of P is 0.53 cm"1 kPa'1 at 0.67 kPa (I
torr) HF and 0.43 c m 4 kPa'1 at 1.3 kPa (10 torr]
HF. The corresponding values of ?/P' are therefore
0.78 and 0.63, respectively.

For a gaseous mixture of HF dilute in a selected
broadening gas M, be is bnf P H F + I'M P M . when
P M » P H F For a fixed PHF. b M

 can be evaluated
from the measured dependence of P on p M , because
bfjF and P' are now known. Data obtained from the
addition of large amounts of H2 to a fixed pressure
(0.78 kPa) of HF in the test cell are shown in Fig. 3
From the falloff in P/P' with increasing PH 2 , fc>H2 car
be evaluated. The predicted relationship for a value
bH2= 2.7 x 10 cm'1 kPa is shown as the dashec
curve in Fig. 3.

The results of these and similar experiments with
O2 and F2 are summarized in Table II, which shows
that HF is greater than a factor of 10 more efficient a<
broadening its own absorption line than is H2, O2,
or F2 . The right-hand column in Table II gives the
computed FWHM for 1 c t n of pure HF (b^") or foi
HF dilute in 1 atm of each M (b£?).

No published values of the quantities in Table 11
have been found tor direct comparison. Herget el
al.,8 using a mote conventional line-shape measure-
ment technique, have measured b £ at 373 K for the
lines Pi (1-6) and Ri (0-6). At the highest I" theii
values decrease monotonically with J", and at J" = 6
the values are 0.343 cm'1 for Pi (6) and 0.316 cm"1 fev

600

200 400 600
Total Pressure (kPa)

8 0 0

Fig. 3.
Influence of pressure broadening by hydrogen on
absorption coefficient. P. at center of Pi(7)
absorption line. P1 = 0.68 cm'1 kPa'1. Abscissa is
sum of partial pressures of HF. fixed at 0.78 kPa,
and H: in 1.93-cm-i.d. stainless sleet cell at 305 Af.
Dashed curve is computed for buF — 4.3 x IQ'K-nf1

kPu' ami hHt= 2.7 x I0"4 cm'1 kPa'.



TABLE II

COLLISION BROADENING PARAMETERS FOR HF
Pi (7) LINE0

b.
M ( 1 Q - W 1 kPa'1)

b*?atlatm (101.3 kPa)
(cm'1)

HF
H2

o2F2

43.0 (57.0)
2.7 ( 3.6)
3.8 ( 5.1)
1.2 ( 1.6)

0.430
0.027
0.038
0.012

aThe Doppler half-width (FWHM) for HF P i (7) line
at 300 K is 0.0101 cm1.

^Values in parentheses ar
1 in uni

torr'

Ri (6). Similarly, Smith9 reports ratios of b^ /b^"
(M == H2, O2, and F2, as well as many other
substances) for the lines Ri(0-4) at 373 K. Smith's
ratios also decrease monotonically with J" and at
I" = 4 are 0.063, 0.051, and 0.071 for M = H2, O2 ,
and F2, respectively, compared with the
corresponding ratios computed from Table II
(J" = 7) of 0.063, 0.090, and 0.028. Extrapolation of
Smith's results to higher J" is complicated by differ-
ing, and variable, dependences on J".

In the actual H2-O2-F2 mixtures for which rate
measurements were made, be must be evaluated by
summation, in Eq. (5), over the reagents and, at
significant extents of reaction, over HF. In practice
measurements were confined to small extents of
reaction, where P M ~ (PM)O»PHF. <»nd be was
computed by summing contributions of only H2, O2,
and F2 taken at their initial partial pressures. For a
typical mixture, 40.0 kPa H2-4.00 kPa O2-36.0 kPa
F2, P becomes 0.24 cm1 kPa1 (P/P' = 0.36). The
influence of HF on P at these large initial densities is
less than for the case of pure HF (Fig. 2). This results
from Eq. (3), where the dependence of P/P' on a (or
be) decreases steadily with increasing a (or be),
with the ratio approaching (av T ) ' , in the limit of
large a. Thus, for 1.3 kPa HF in the above 80.0-kPa
mixture, P is computed to be 0.19 cm'1 kPo1, down
21% from the value for PHF = 0, compared with the
37% reduction described above for 1.3 kPa of pure
HF.

HF Formation Rate*

Determining the partial pressure of HF present at
any time following mixing of the three reagents is

possible with the oscillograms and synthesized ab-
sorption coefficients, P. Representative results for
three selected mixtures, including one "blank" with
44.0 kPa O2 and 36.0 kPa F2, are shown in Fig. 4. The
right-hand ordinate scale in kPa HF, for the 40.0-
4.00-36.0 mixture, is approximately correct for the
40.0-12.0-36.0 mixture as well, because the effect on
P of the added O2 is small. Two features are
particularly noteworthy: the significant amount of
HF present 1 min after mixing ("prompt" HF) and
the essentially constant rate of formation of HF over
the following 30 min. The "blank" experiment,
presumably influenced by desorption of HF from the
test cell walls, provides an indication of the
background A In (Io/I)/At in this experiment. This
background rate is always small, but variable, and
no effort was made to correct the rate measurements
for its contribution.

The formation of prompt HF, found to vary with
mixture composition, is examined as a function of
partial pressure O2 in Fig. 5. Its magnitude varies
between ~20 Pa (0.15 torr), or less, and 1.3 kPa (10
torr). Within the considerable scatter of the data, the
HF magnitude shows a marked decreasing trend
with increasing (poj)o- Most of this prompt HF is
probably formed during addition of the fuel compo-
nent, F2, and its magnitude can be used as a crude

- 2.00

10 15 20 25
Time (min)

Fig. 4.
Graphs oj In 11,,/It for Pi (7) line and pin vs time
for three experiments in the 8.94-cm-i.d. stainless
steel lesi cell at 305 K. Time zero is point when
addition of final component, F:, is just complete.
Compositions and slopes, S In (I,,/I)/At fs'1) and
-fyw St (Pus), for solid lines are: circles-40.0
kl'u H:-4.(H) kPa O;-36.0 kPu F2. 4.03 x I03,
and 0.S40; squares-40.0 kPa H2-12.0 kPa O2-
36.1) kPa F2, 8.83 x H)'4, and 0.38; trianeles-0
k Pi H: -44.0 k Pa O: -36.0 k Pa F2.8.3 x 10*, and
0.041.
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4 0 0 8.00 12.0
POz(kPo)

16.0 20.0 24.0

Fig. 5.
Semilogarilhmic plot of partial pressure HF pre-
sent 60 s after completion of F: addition against
initial partial pressure O2 in mixlu/es containing
40.0 kPa H2ancl36.0 kPa F:in large stainless steel
test celt (8.94-cm i.d.j at 305 K. Circles are mean
values between 4 and 14 experiments, and bars in-
dicate the computed standard deviations.

measure of how near to exploding the mixture came
as it was being prepared. Large extents of reaction
during mixing imply large heat release rates and
temperature increases, which must be minimized by
transfer to the cell walls to avoid thermal explosions.

The essentially constant (steady-state) subsequent
rate of formation of HF is examined as a function of
( P o l a n d total density in Figs. 6 and 7, respectively.
Typical rates, -0.2-1.1 Pa/s (0.1-0.5 ton HF/
min), increase with decreasing ( p o , ) o and density
(i.e., as mixture stability becomes marginal). At the
smallest (Po2)o/ A PHF/A* i* nearly proportional to
(POi)o'1. a relationship closely approximated for
several other (PH2)Oand (PF2)O combinations In Fig.
7 .ipHF /.it is nearly oc (p)"1 over a factor oi 2 change
in density.

The influence of initial H2/F2ratio on Spm/M is
shown in Table III. The reaction rate, while quite
small for large excess H2, increases markedly as
H2 /F2 is lowered.

24.0

Fig. 6.
Steady-state rates of formation of HF, A pup /St.
as a function of initial partial pressure O2 for
mixtures 40.0 k Pa H'2 and 36.0 k Pa F2 in 8.94-cm-
i.d. stainless steel test cell at 305 K. Circles and
bars have same meaning as in Fig. 5.

600 600 100.0
Total Pressure (k Pa)

120.0

Fig. 7.
Steady-state rate of formation ofHF, ApHf/St, as
a function of total pressure for mixtures con-
taining43.5% H2-I7.4% O2-39.l% F2. Circlesare
mean values between 3 and 22 experiments, and
bars indicate computed standard deviations.

\ Aluminum test cell at 305 K.



TABLE III

INFLUENCE OF H2/F2RATIO ON STEADY-STATE
HT-PRODUCTION RATE"

Alixtur*
Ha
(%)

47.6
765

435
17.4

Comnosition
O2

(%)

9.5
6.7

17.4
20.0

F2

(%)

42.9
17.1

39.1
62.6

Total
Pressure

(kPa)

84.0
84.0

92.0
92.0

H 2 /F 2

1.1
4.5

1.1
0.28

At
(Pa/a)

0.56
0.12

0.27
0.36

)HF/At
(torr/min)

0.25
0.052

0.12
0.16

"Measurements in the aluminum test cell at 305 K.

Figure 8 illustrates the dependence oi Apm/At on
temperature for a limited number of experiments
over the narrow range from 295-306 K. The slope of
the dashed line on this Arrhenius-type graph
provides a rough measure (151 kj/mol) of the activa-
tion energy of the overall reaction.

22.5

3 26 328 330 3.32 3.34
IO3/T(K"')

336 3 38 3.40

Fig. 8.
Semilogaritlmiic plot of &PHF/M against
reciprocal temperature for experiments in 8.94-
ctn-i.d. stainless steel test cell with 40.0 kPa Hi-
4.00 kPa O2S6.O kPa F2mixturts. Slope of solid
line, converted into an activation energy via the
Arrhenius expression, yields 151 kJ/mol (36
kcat/mol).

All of these experiments were plagued by the same
irreproducibility of results apparent in Figs. 5-7.
Although individual experiments like those in Fig. 4,
or even a series of experiments performed on a par-
ticular day, gave no indication of misbehavior or in-
consistency, comparison of rates measured over a
period of tin. e showed disturbingly large amounts of
scatter. The stalisHcal summary presented above was
therefore unavoidaMe. Evidence that the observed
rates were influenced significantly by wall reactions,
and therefore by the presumably variable
microscopic condition of the wall surfaces, is
presented in the next section.

DISCUSSION

The detailed time history of slowly reacting H2-
O2 -F2 mixtures under nonexplosive conditions has
been the subject of several investigations.10'11

Additional chemical kinetic information concerning
this system has been obtained from analysis of
behavior near or at the second explosion limit12 and
from more traditional studies of the pertinent elemen-
tary reactions.13

Under concentrated, ambient temperature con-
ditions, the chemical mechanism by which reactants
are converted to products must include at least the
following elementary steps.

2

F + H 2 - H F + H

(a)
(b)
(c)
(d)
(e)



Thermal equilibrium is assumed for all species.
Reaction (a) includes contributions from both the
homogeneous and heterogeneous thermal dissocia-
tion of F2, whereas the other reactions are treated as
taking place only in the gas phase. Reaction (d)
provides the inhibition path by which O 2 participates
in the removal of intermediates and therefore in
stabilization of these mixtures. The fate of HO2 in not
specified. Evidence11 that at ambient temperatures
HO2 is removed from the system (possibly
heterogeneously) without regeneration of in-
termediates indicates that details concerning its fate
can be ignored in this discussion.

Differential equations describing the time evolu-
tion of the present system can be simplified con-
siderably by applying the steady-state approxima-
tion to [F] and [H], and by employing the following
reasonable assumptions. (1) [H2], [F2], and [O2J
remain close to their initial values because extents of
reaction are small. (2)The chain length.expressed as
the ratio kc {F2 ]/kd [O2 ][M], is »1. (3) Reaction (e) is
only a minor source of HF. The expression for RHF
(=d [HF]/dt) then becomes

RHF = kd[Ojl[M] (6)

where Ra and R, are the rates of initiation Reactions
(a) and (e), respectively. The brackets in Eq. (6)
represent either concentrations or partial pressures,
with rate coefficients expressed in compatible units.
Equation (6) predicts a constant rate of formation of
HF inversely proportional to [O2 J- The rate's density
and H2/F2 dependences are unknown until Ra and
Re are specified and compared.

To estimate the magnitude of RHF. consider first
the case where Ra»R« and Reaction (a) is the
homogeneous decomposion of F2(Ra= ka[F2][M]).

4k a k c [F 2 ] 2

kd [O21
(7)

ka (300 K) is obtained from the product of the
equilibrium constant Ka and the recently measured
value14 of k.a for F-atom recombination. kcandkdare
reasonably well known at ambient temperatures.13

The resulting value of RHF from Eq. (7), 1.1 x 10"9

Pa/s (5 x 10"'0 torr/rnin), computed for a 40.0-4.00-
36.0 mixture, is so low as to confirm that the
homogeneous decomposition of F2W an unimportant
source of atoms in the present experiments.

Considering the case where R . » Ra,

R HF = kd[O2l[Ml
(8)

With k« taken as 105 cn^mol'V1 times the fraction of
H2 molecules in the v = 1 state12 (2x 10s), RHF
becomes 0.13 Pa/s (0.06 torr/min), a value within an
order of magnitude of the experimental
measurements. (Compare the 40.0-4.00-36.0 mixture
in Fig. 6.) The difference could be accounted for by
uncertainties in the rate coefficients. However, Eq.
(8) has the wrong dependence on total density,
thereby leading to the conclusion that Reaction (e)
cannot account for the experimental observations.

The mechanism described by Reactions (a)-(e)
predicts a minimum rate of formation of HF in the
sense that steps involving chain continuation, via
subsequent HO2 reactions, and chain branching,
via supraequilibrium populations of vibrationally ex-
cited HF or Hz}2'15 have been omitted. Inclusion of
such additional reactions will bring predicted rates
into better agreement with experimental ones.
However, no obvious combination of these additional
steps will account for the observed behavior with
respect to total density, H2/F2 ratio, and O 2 partial
pressure.

In addition, the experimental results apparently
were influenced by heterogeneous (wall) reactions,
providing yet another means of enhancing the
overall rate above the one predicted by
homogeneous Reactions (a)-(e). The unusually
large day-to-day scatter in steady-state HF formation
rates is believed to be an indication of this influence.
The importance of wall reactions is further evidenc-
ed by examining the influence of test cell diameter
and wall material on the reaction rate. The mean
rates observed in two 304 stainless steal cells at 297 K
for a 40.0-4.00-36.0 mixture were 1.93 cm- 0.69 Pa
HF/s and 8.94 cm-0.24 Pa HF/s. The larger rate
corresponds to the smaller diameter (larger sur-
face/volume ratio) vessel. At 305 K mean rates
measured for 40.0-8.00-36.0,40.046.0-36.0, and 40.0-
24.0-36.0 mixtures in the 8.94-cm-i.d. vessels were
0.71,0.40, and 0.42 Pa HF/s for the 304 stainless steel
and 0.56, 0.27, and 0.20 Pa HF/s for the aluminum.

This dependence of rate on the nature of the vessel
wall material was most apparent in a series of ex-
periments in the aluminum cell. On two occasions,
following several low-density (~46.7-kPa) ex-
plosions, the rate dropped by a factor of ~10 from
the "normal" behavior described above. Normal
rates could be restored by removing the white deposit
found on and imbedded somewhat below the inside
wall surface, or by deliberately utilizing ~80.0-kPa
marginal mixtures to generate a series of higher den-
sity explosions upon filling. The presence or absence
oi this deposit appeared to have no effect on the loca-
tion of explosion boundaries. No evidence was found



of similar deposits in the stainless steel cells, and no
abrupt changes in rate were ever observed in these
vessels.

The conclusion from these results, is that wall reac-
tions played a significant role in the generation, and
perhaps the removal, of intermediates in the present
experiments. Rapid heterogeneous dissociation of Fz
in Reaction (a) was probably a major contributor to
this process. When applied to the larger vessels of in-
terest in e-beam experiments, these observations
suggest slower mixture deterioration and, perhaps, a
somewhat greater range of conditions for which H2,
O2, and F2 can be reproducibily mixed without
unintended explosions.
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