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20. ABSTRACT

of the HF vibrational levels from 0 through 6 were monitored as the mixture
flowed through a 5 cm diameter tube through the use of a gain probe, fundamen-
tal band IR emission spectroscopy and Av=3 overtone emission spectroscopy. In
the pulsed-reaction experiments a predetermined mixture of Fp, Hp and Ar was
sealed in a small constant-volume test cell. The reaction was initiated by
the dissociation of a small fraction of the F, with a frequency doubled pulsed
ruby laser. Pressure changes were monitored with a Kistler gauge and ground
state HF with a probe laser. Vibrational levels 1 through 6 were observed by
fluorescence measurements. In addition, gain was measured on the 1-0 and 2-1
transitions and laser tests performed which achieved lasing as high as the

5-4 transition.

The results of the study indicate no significant changes need be made to the
rates normally used for the hot and cold reactions. Vibrational deactivation
rates must be scaled up rapidly with quantum number, however, to adequately
describe the measured distributions. A viable deactivation model is presented
and possible improvements discussed. It appears that the HF chain reaction is
of limited usefulness as a cw laser device.
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SUMMARY

In order to better understand the physical mechanisms important in chain
reaction lasers and their effect on performance, a basic study was initiated,
comprised of identification of the problem areao, experimental testing, and
subsequent improvement of theoretical models.

The major problem areas were identified as uncertainty of the values for
cts of (1) the chemical pumping reaction rate coefficients (H + Fp -

, F + B, » HF + H), (2) HF-HF vibrational deactivation, and (3) H atom

deactivation of HF. Potentially significant problem areas also included wall
effects, back reactions, hot-atom effects, and chain branching.
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The laboratory experiments to study these problem areas fell under two
ies: cw flow-tube experiments and stationary-gas pulsed-reaction

The cw flow-tube chain-reaction experiment was initiated by the thermal
dissociation of small quantities of F5, subsequently mixed with FE’ E>, and
Ar in a flowing situation. As the reaction progressed through the flow tube
population distributions of the various v and J levels were measured.

Initial F-atom concentrations were measured with met
and HF probe laser absorption. This technique was verified by
spin-resonance tests performed under the subject contract.
profiles were measured with a thermocouple probe, and velocity profiles with a

(@]

pitot probe. These results were incorporated in the analysis. Ground state
was measured with probe laser absorption, whereas for vibrational level popu-

ons in v = 1, 2, 3, 4 absolute IR, Av = 1, emission spectroscopy was used.
Vibrational levels v = 3, 4, 5, 6 were determined with overtone emission

5

Tests were performed over a range of nj/F: ratios with a fixed initial
F-atom concentration in order to obtain reaction rate and vibrational
deactivation information. Some HF was added initial ly to enhance self-
ation of the initial

deactivation effects. Subsequent tests involved vari
F-atom concentration while trying to maintain the same net HF production rate
in order to isolate the influence of H-HF collisions.
The pulsed reaction experiments were used to study H--F, chain reaction
kinetics in a *ld,-l volume ntaining premixed K, and F,. The reaction was
initiated by i toms in the mixture by iissociating F> with
pulsed UV radiation from a doubled frequency ruby laser. Three types of
e ————— e —— . « G B i




experiments were performed: First, a study was made of the temporal development
of populations in vibrational states of HF produced from the reaction. Fluo-
rescence measurements were used to track excited state populations and absorption
of cw radiation to follow ground state formation. Second, small signal gain

was determined for v(1-0) and v(2-1) transitions by use of a gain probe. Third,
pulsed laser radiation from the reacting mixture was studied using a laser
configuration.

The rationale for these experiments was that they would serve as an
experimental check on the laser computer program as modified by results from
flow-tube experiments and other available data. Pulsed experiments were chosen
as being relatively simple in that the problems attendant with mixing and flow
are not present, the reaction is initiated over the total volume in a short
tme period ard changes in temperature and pressure could be monitored in a
constant volume cell.

Analysis of the data from the two sets of experiments has indicated that
no drastic changes need be made to the chemical reaction rates now in use. The
cold reaction rate was found to lie between 1.0 and 2.0 times the nominal value,
and the hot reaction rate between 0.5 and 1.3 times its nominal value. Other
effects (back reactions, chain branching, hot-atom enhancement) could not be
asily isolated, but appear to be of minor importance. Under some circumstances
such as these experiments) wall effects can be nonneg igible.

~—~~

The original vibrational-deactivation model was found to be inadequat
in describing upper level vibrational populations. Much better agreement has
been achieved by adopting a model allowing for rapid deactivation of upper
vibrational levels via multiquanta V-T transitions. Single gquantum V-V
exchange is then found to be somewhat slower than expected, but in any case to
weakly influence the population distributions. Remaining deficiencies in the
fit of the model to the data indicate, however, that multiguenta V-V exchange
may be the key to even better agreement. Such a poésibility should be explored
further.

The direct influence of H atoms on vibrational deactivation proved
difficult to isolate due to the strong influence of HF self-deactivation,
which is still not completely understood, in the test conditions feasible in
these experiments. Hence, no new conclusions were reached with regard to such
rates, now believed to be very rapid for v 2 3.

The laser model as modified was employed to predict the performance

potential of chain-reaction lasers. It was found that operation in a fl

rich condition tended to give the best gains and powers, in agreement
t

:rimental observation. Nonetheless, the enhanced vibrational deac

ufficient to reduce predicted output power to the extent that chain-reaction

v

are not competitive with cold-reaction lasers for high altitude
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SECTION I.

INTRODUCTION

The work described in this report covers the research carried out under
Phase I of the subject contract.

of Phase I was a technology d=velopment program
designed to improve the ability to prrdict analyti:ally the pe i

g performance potential
of chain reaction lasers, and to assess their feasibility, particularly with
respect to high altitude missions. Th» program comprised three tasks: (1)
identification of kinetic problem areas in qu@l predictions, (2) experimental
testing to study those problem areas, ( ) analysis of the data and resultant
modification of existin omputer models to assess performance potential.

The details of the various experiments, the subsequent analysis and code

modification, and the resulting conclusions

will be presented below.




SECTION II. CW FIOW TUBE REACTOR EXPERIMENT

Introduction

The CW flow tube reactor was selected as one of the experiments to
conducted because populations in the various V and J levels and the grou

state are readily obtained under steady state conditions (Refs. 1-3). Re:;lts
of Task I, Problem Area Identification (Ref. 4) indicated that the chemical
and relaxation processes probably account for a major share of the observed
discrepancy between predictions and experiment. Results of Task I also indi-
cated a practical range of conditions over which flow tube results likel
provide rate information for the overall reaction and molecular energy t
fer processes that are occurring. A discussion of the flow tube research
conducted to obtain this information is presented in the following se

al, significant data results on vibrational level p

g o t
total HF formation are included in the discussion under Section IV of this
DO

be

employ es S
scribed in References 1 through 3 with suitable modifications of a minor
nature to achieve additional required data and improved accuracy of resul
] . -

Fluorine mixed with a constant purge flow of argon makes t passes in
0 =

a nickel tube assembly through the hﬁaf 2d 2

l. UTRC Report P-R89, "Proposal for Long-Range HF Chain Laser Studies
o

1

;
rt I, Technical Proposal,” and "Part II, Addendum," East Hartford, CT,

o
3. DBoedeker, L. R., J. F. Verdieck, and R. J. Hall, "HF Chain Reaction laser,
Contract NOOOl4-T74-C-0379 (NRL/ONR), UTRC Report
ford, CT, May 1975.
4. = Chain Laser Studies, Prou ch Plan,"
UTRC Report R75-952108-5, Xy Gy
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working level for nickel. The hot, partially dissociated F, passes rapidly
out of the heated zone through an array of seven holes and the translational
temperature is reduce pidl room temperature by mixing with argon
introduced through a 1 the end of the

tor ring placed close to
heated length. This a

A ported by length of copper pipe whictk
is water cooled (not shown in Fig. 1) and does not touch the hot nickel tube
assembly except at the flange int 3C cm downstream of the heated zone and

5 j o)

tside the tube heater where all components are water cooled. The t
tional temperature of the F, is lowered rapidly enough here to preserve F
o

ms in flow from the mass heater to the Hy injector (Refs. 1-3
o adjust the overall level of di

SS

argon diluent flow which thus bypasses the mass heater.
An auxiliary injector ring was located in the F,

through which metered flows of EF or HCl were added upstream of the E

injector.

reaction tube and transition were

bination on the wall (Ref. 5).

5 tion results contained about 13
Substantial reduction in H atom ination would be ex
compared to pure copper based on d surface area of tests
are also at a factor of 4 higher re than previously ( s
bxperimental results must be exam losely, however, to om
5. Wood, R. J. "Kinetics of Atom Re n

Surfaces, s 85, 1970,
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TABLE 1. INSTRUMENTATION

Probe Laser Absorption: v =0, initial F

Overtone Spectroscopy Av = 3, EMI S5-1 Photodetector (T = -50°C
controlled): v =3, 4, 5, 6

IR Spectroscopy 4v = 1, PbS Detector (LN, cooled): v =1, 2, 3, 4
Pitot and wall pressure distributions: gas velocity and pressure
Gas Temperature Radial Distribution

Gas feed rates, inert argon, Hp and corrosive Fo, HF, ECl: species
concentrations.
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ONDITIONS

TABLE 2. SUMMARY OF

Q

\

I) Chemical Rates and HF additive

= 20.0 * 0.4 torr T. = 308 £ 4°K

v = (graph given) +

nitial Conditions

Lo Ho Ar F/2F,
st . [ . -
Case F sce/min (torr) sce/min (torr) sl/min
1 O.0023 = (002 1130 *= 40 I35E3 238 /& 1P 0.011
(.0950) (.0113)
2 0.0021 £ 002 oho = 200 £ 5 238 = 12 0.020
o 68)
(.0538) (.0168)
3 0.0021 £ .002 250 £ 15 HEONE 10 238 * 12 0.050
(.0210) (.0336)
4 0.0021 £ 002 60 £ 5 800 = 20 238 * 12 0
(.0050) (.0672)
*These conditions are the average values and maximum uncertainty of quan-
tities that were recorded as each case was repeated for the separate probe
laser, overtone emission, IR emission and F atom titration measurements.
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twc resulting cases are summarized

vibrational level changes are given

e 3 o e L2ome Avry '\ C? +
vacuum SJumpling Arrangement

The experiment was connected through a 4 in. vacuum line (with in-line Lip

trap, isolation valve and throttle valve) to a 3000 CFM mechanical blower backed
by two 450 CFM trochiodal pumps.

i
oL

frgon was selected as the diluent for the experiment in
because its higher molecular weight at constant velocit
lds number flow, thinner boundary lay rs and a mor
profile in the reaction zone. This minimizes corrections
applied in the analysis to account {
the flow having different veloci
enhanced for the e t

lengt D/L = Ol

injector flow.

sults with more

s 0 11 Tar Aa ] =, R +ha - =<
he annular dead zone between the F» di

was thought to be necessary, but had to

19994 s yooms 4 4o % as JdamimanA b [ e 3
uniformity as discussed later in

HF(HC1) injector assured attainment

- . - $7Te 3 - . = - T ————— g g - ——




TABLE 3. SUMMARY OF CONDITIONS
II) H Atom Deactivation

P=2 % 0.k torr Ty = 308 £ 4°K

v = (graph given) + 0
_6%

Initial Conditions
F oo By Ar F/2F
Case torr sec/min scc/min sl/min

n

w
0
1+
S
o
n
o

G 0.0019 + .0001 410 = 20 210" £ 10
0.03L 0.018
+10% +10%

P

6 0.0052 * .0003 ko * 6 21O £ 10 238 = 12 207
0.012 0.018
+10% +10%

*These conditions are the average values and maximum uncertainty of quan-
tities that were recorded as each case was repeated for the r
laser, overtone emission, IR emission and F atom titration m

##%Reduce HF(v=1) from Av = 1 spectra. Since F, hot and cold feseds were each
<
about 5 percent too high. Hence FsH, product was 10 percent too high for

that data.




TABLE 4. ARGON FEED DISTRIBUTION TO FLOW TUBE

Location Rate (calibrated Rotometars)
std liters/min

1l Mass Heater Inlet 3
2 T, Dilution Injector 68 = 3
3 Ho Injector 146 £ 5
4L Purge between mass heater and 3

Fy dilution stage
5 Steady purze of HF(HCl) Injector 5% 3
5 Total viewpoint purge 135 1

238 = 12
13
o ™y T R R A T i e isatmes




zero reference. Such purge flow could not be much higher than the HF (and
probably EC1l) flow rates in order to achieve steady and accurate HF absorption
signals due to the additive; this condition is probably indicative of an unstable
chemical wall effect in the copper feed lines at high dilution. (&) Purge to
each set of viewports was controlled separately with needle valves. The total
flow to all eight sets is given in Table 4. The purge flow through each port
into the flow tube represents a 0.0036 fraction of the total flow passing by the
slot inside the flow tube; a small disturbance to the velocity profile. Such
small purge proved adequate, however, to remove ground state HF from the window
volume and establish stable levels of absorption insensitive to changes in !
purge flow about this wvalue.

m

Gases F5, HF and HCl were metered with monel mass flow transducers
obtained from Matheson. These flow transducers were calibrated and checked
on a regular basis using a standard volume in the feed system, isclation
valves, a pressure gauge and a stopwatch. For H (UrP grade) 2 rotometer
gave reliable calibration results at the feed pressure employed and was |
preferred over the slow responding mass flow transducer. Commercial T F5 ‘
was used directly from 1A cylinders with a UTRC safety enclosure system; an
in-line sodium bifluoride trap was used to remove HF from >+ Distilled
HF was obtained in a monel cylinder from Ozark Maho oning and was cooled with 1
Ijb and pumped on prior to use; HCl1l was used directly from a #3 cylinder

+

of technical purity. |

12
X

Pressure Distribution in Flow Tube

The pressure data shown in Figure 4 include repeatability obtained from
tests on separate days. Data were obtained with a wafer fluid scanner and 2
pressure transducer. Reactants have only a small effect on the flow pressure
for these very dilute cases. As discussed above, the pressure in the mass
heater is maintained at a level above the value in the Fp dilution section.

A small pressure rise 4p ~ 1 torr occurs across the Hy injector which indicates
that a very small ejector effect exists with this angled injector (Fig. 2).

ure in the reaction zone is relatively flat with an average value of
.0 torr. (Calibration of pressure was with a Wallace and Tiernen

Velocity profiles at several stations along the flow tube were measured
with a 1/16 in. diameter pitot probe and a MKS Baratron differential transducer.

14
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N
s

radial traverse assembly was used as shown in Figure 5 that could be installed
t each set of viewports. Data were obtained in nonreactive flow. Pitot
pressure results Ap ~ 1.5 torr maximum corresponded to a subsonic core Mach

number in argon, M ~ 0.3 Probe results were converted to velocity using
standard compressible flow tables. The probe was long encugh in
direction and alignment was accurate enough such that little probe
is needed and none has been applied. A check was made with argon
or one case as discussed below.

Results

gure

at x = 11, 20, 40 cm are shown in Figure 6 and at x = 76 cm,
T. Results were very steady and repeatable. In general, the profiles
were as uniform as desired and steepest velocity gradients were within cne
probe diameter of the wall. Close to the injector the data show a local
peaking in velocity, probably a complex characteristic of
mixer and flow tube geometries.
for by incorporating this profile in the analysis, the
correct it by altering the geometry has not been made. The probe wa
guently located at x = 76 cm downstream of the reaction zone of inte
but where the tube diameter was still D 5 cm. Velocity results
large uniform core flow. The average velocity obtained by a ten
gration over this radial profile was 0.88 x 10* cm/sec which for p = 1.
the pressure at x = 76 cm corresponds to a flow rate of 253 std liters/min,
very close to the metered flow rate 240 std liters/min.

™
- & CS

the details of th
Since such a perturbation could be account

effort required to

ed

subse-

Gas Te

[}

emperature Uniformity

Gas temperature was measured with a simple thermocouple probe inse
through a port in the transition section about 4 cm upstream of the H
(Pig. 1). With the aid of relations in Reference 6, the error
probe conduction was estimated to be only 2°C,
experience has shown that temperature unifor
flow purging the annular region between the
This purge enters near the downstream end
mass heater wall is cold, flows in the up
flow through the small gaps between the s
heater and the cold F F5 dilution injector
Figure 8, show that this purge flow must
perature uniformity provided by high Fp

xhaust ports

« Temperature

walls.
€. Rizika, J. W. and W. M. Rohsenow, "Thermocouple Thermal Error,"
Industrial and Engineering Chemistry, 44, 1168, 1352.
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the mass heat:
relatively unif

e 3 at
which indicates reasonably uniform mixing has occurred. For actual conditions
Tables 2, 3, and 4, this gas temperature measurement rose to about 62°C (335°K)
and unif o"mi+" while not checked was probably +4°C., When mixed with room
temperature argon in the H, injector, the flow tube initial temperature is

estimated to be T = 308 * 3°K.

o]

-4

HF Prob

D

w.ser Absorption

L

o

Measurement Tech-1~u°

08
.

An HY probe laser absorption diagnostic (Fi 10) was assembled under the
present program employing a CW HF single mode pr aser similar to the
e

ot
in Reference 7. The probe laser was mounted on an optical table

one described

isolated with an air suspension system with well regulated table height. The
sensitive, stable, double beam, single detector arrangement of Figure 10 was
selected based on the expected mquirements for the F atom titration measurement.
A large area room temperature PbS detector coupled with 2 5 cm diameter

aluminum sphere provided adequate si gpal and was relatively insensitive to
small angular perturbations in beam position. The overall arrangem
components on the 4 ft. x 12 ft. optical table is shown in Figure 3. When
driving the PZT stack on the laser cavity with a ramp, a stable powe i

over the doppler broadened gain region was achieved as viewed on the t
tor (Fig. 11). A Lamb dip is clearly evident, further indication of a stable
single longitudinal mode. In general for absorption measurements here, the
cavity PZT voltage was set manually near line center; the output freguency

G

would remain within the Lamb dip region for periods of minutes without active
feedback. Generally, frequency was stable to *30 MHz, sufficient for about
~ Do )

3 percent accuracy 1ln absorption (Re

The operational characteristics of this dual beam absorption technigue
I Figure 13 that

with a single detector are shown in Figures 12 and 13. DMNote in
t S

was

flow

.
(« Hinchen, J. d., ob
HF and DF by Use
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HF(0) ABSORPTION: A-B (F5) OFF—F, ON)

preep= 1O RECORDER

=4 | OCK~IN

3 BLADE CHOPPER: f~10-50 Hz

PbS DETECTOR ‘
(RmT)
*
—
1 mw 8 - \
> &5
i
ﬁ 2 My =i
HE (0) ————a
(I FOCUSING
MIRROR
/
0.2x0.4 IN.
SLOT IN
WINDOW d REAGEUR
TUBE = WEDGE BEAM
SINGLE—""] ~ SPLITTER
-
SECTION MODE Ll \ POWER METER
50 mw
/ } COLLIMATED
_/ ¢ SINGLE LINE FROM
OPTICAL TABLE HF PROBE LASER
P, (4,——)

FIGURE 10 HF PROBE LASER ABSORPTION DIAGNOSTIC




P, (4) TRANSITION
VARIABLE CAVITY LENGTH

CHOPPER OFF, REF. BEAM ONLY

PZT STACK
VOLTAGE

PbS DETECTOR
INTENSITY

l=—0.017 SEC —am]

TIME

FIGURE 11 PROBE LASER ABSORPTION SIGNAL
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P, (4) TRANSITION

FIXED CAVITY LENGTH

CHOPPER ON (10-50 Hz TYPICAL)

PbS DETECTOR
INTENSITY
(UPPER BEAM)

PZT STACK
VOLTAGE
(LOWER BEAM)

PbS DETECTOR
INTENSITY
{UPPER BEAM)

PZT STACK
VOLTAGE
(LOWER BEAM)

b) REFERENCE AND PROBE BEAM  ~a——0.01 —--—g

TIME — cm—i SEC TYPICAL

FIGURE 12 PROBE LASER ABSORPTION SIGNAL
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Results of tests in which HF was added to the flow tube through a separate
injector ring (Fig. 1) are shown in Figure 1l4. These measurements are pretty
much in the linear range of the absorption and agree very well with calculations
using Hinchen's data for doppler broadened line center absorption coefficient
(Ref. 7) with the 10 cm total absorption length in this double pass arrangement
(Fig. 10). Pressure broadening due to Ar does not seem to be a factor here at
p = 20 torr and based on results of pulsed experiments, Section III, would be
at most a 5 percent effect. Such data (Fig. 14) suggest also that there is
little loss of ground state HF to the walls between the HF injector and obser-
vation point x = 41 cm. HF diffusion would be slower than H and even for total
disappearance at the wall would probably be limited to a 5 to 10 percent effect.
Titration for F Atoms

The HC1l titration technique for F atoms was checked out with ESR tests
as part of this program (See Section V). This technique was applied in th

1 ’ HF wi e pro
C g v

is abso Ve
expected (F g 3) and at the expected levels Very little
% § tur £l ) vh

o,

"l HA.HJl
T
- - Jha

that at
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such

atoms.
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FLOW TUBE EXP

MASS HEATER T = 700°C

5 —
41— S
LINEAR RESPONSE
(@)
£ 3 Fo HOT =140 scc/min
wn
g
x A
© JAY
e Avay
E; F ATOM LEVEL, “\2}
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Q.
A
AV.N
1k~ |
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microns

REACTION TUBE PRESSURE p = 20 torr

ARGON DILUENT FLOW V 5, = 238//min

4

/ MASS HEATER T = 740°C

| i | I |-

i
20 40 60 80 100 120
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2 4 6 8 10

PF2 microns

FIGURE 17 INITIAL F ATOM CONCENTRATION FROM HC! TITRATION
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Emission Spectroscopy Measurements

The emission spectroscopy instrumentation is discussed extensively in
References 1, 3 and the addendum to Reference 1. The same principles apply to
the fundamental spectra obtained here and further discussion is contained in
Reference 8. Note that in general, it was planned to compare the experimentally
determined Einstein A coefficients for overtone transitions determined experi
mentally by Sileo in his Ph.D. thesis at Cornell, January 1975, and published
in Reference 9 with those calculated by Herbelin and Emenuel (Ref. 10) by
comparison of Av = 1 and Av = 3 results for v = 3, 4 in the present experiment.
In general, Herbelin and Emanuel values gave excellent agreement, while
values quoted by Sileo and Cool (Ref. 5) are closer to Herbelin and Emanuel's
values than they had been at the time of the thesis work.

ibrational-rotational level populations obtained from the data are
presented in Section IV.

Contaminants

Possible contamination of the gas mixture has been considered from the
standpoint of total leak rate of the experiment and purity of gases. The
ystem could be pumped to less than 0.001 torr blank-off pressure through an
in-line LN> trap to reduce condensable pressure even further.

mn

With respect to hydrogen bearing contaminants, e.g., HEO and CxHy types
it is possible to use the probe laser to estimate total H contamination by
noting the HF absorption level that occurs when Fo is added to the mass heater
but Hy or HCl are not present. Any HF formed indicates some of the F atoms
have reacted with a hydrogen bearing contaminant. Generally such spurious
HF formation is below 0.0003 torr and was checked for all tests. Hence, such
ontamination generally is less than 15 percent of the lowest values of initial
used. Total leak rate into the experiment was at or below 0.0004 torr for
operating flow and pressure, and since this leak is primarily No the spurious

p—
P

8. Lynds, L., "Investigation of Master Oscillator Power Amplifier Systems
for Chemical Lasers," Final Report, Contract F29601-73-C-0072, UTRC
Report N911653-24, East Hartford, CT, August 19Tk.

O

. Sileo, R. N. and T. A. Cool, "Overtone Emission Spectroscopy of
DF: Vibrational Matrix Elements and Dipole Moment Function," J. Chem.

Phys., 65, 117, 1976.

10. Herbelin, J. M. and G. Emanuel, "Einstein Coefficients for Diatomic
Molecules," J, Chem. Phys., 60, 689, 197k.
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ithin the scope of this program sets of data were repeated, principally here
the probe laser absorption for cases 1 through 4 of Table 2. Some emission
spectra for cases 1 through 4 were repeated during the course of HF additive

tests since the zero HF additive condition was referenced again. Results gave
reasonable agreement with prior data. Repeat data for the H atom cases, 5 and
©, were not acquired.

Nevertheless, the above procedures are difficult to follow in order to
arrive at a set of experimental results with the degree of internal consistency
required to evaluate both production and vibrational level povpulation at various
stages of the development of the chain along the flow tube in analytical terms
as related to the conditions of the experiment. Such a procedure was followed
here because it was justified relative to the level of analytical understanding

of Ho/IFs chain reaction kinetics at the time and was consistent with the experi-

=

mental stage of the art for the thermally initiated flow tube.

In terms of the methods employed to acquire the data, the experimental
state-of-the-art and the scope of the program, the results obtained here and
from data analysis, Section IV, are very encouraging. Of particular signifi-
for absolute measurement interpretations are the good calibration
probe laser with known HF addition (Fig. 14), the near 1:1 co
HF formed and HC1l added during the metered titraticn tests
, and the agreement between ultimate HF levels predicted from me
ions with measured ultimate levels of HF using the probe laser (
or case 1). Absolute emission measurements have been checked several
and the agreement between Av = 1 and Av = 3 for v = 3, 4 is encouragi

iy nt understanding of transition probabilities (Refs. 9 and 10

-
%
ng sin

the prese 9 ) seems to
have narrowed the discrepancies a great deal. For the present cases a large

fraction of the total production of HF early in the flow tube close to the Hp
injector is in vibrationally excited levels v = 1, 2; hence, the accuracy of
emission data is important in determining total production as well as the
accuracy of probe laser data. At the end of the reaction zone ground state HF

is dominant and the probe laser is of greatest significance. In between, both
measurements are relevant. Further work could be done to scale cases such as

3 and 4 with pressure and velocity to obtain chemical rate information based more
extensively on probe laser data only. Probe laser studies with the HF additive
at one downstream station showed a simple sum relation and such measurements
earlier stations should show enhanced reliance on probe laser data for HF p
duction because of enhanced deactivation to the ground state. Data at various
levels of initial F should be extended as a simple check on HF production results.

In this regard, case 6 results need to be repeated and an experimental check made

on the ultimate HF level.




s give a good indication of the detailed type of physical
behavior of HF:HF interaction that is occurring and do indicate a chemical rate

on. In light of the present state of experiment 1
(Table 3), however, and the

es
modeling, “he identification of an overall role for H atoms in the chain is

incomplete at this time.

For the future, further analytical work is needed t

9xpe.*men*al results. When defining future experiments

hanges are more or less obvious, particularly the HF level very close to the
i =

J

<

o

I injector must be examined to document the level of HF that may be present
carly in the chain due to small recirculation patterns in the wake of the
injector bars. 1In this regard slight modification of the Es injector should
be possible to purge such recirculation zones. It would also be desirable

i1

ab
peed up the data acquisition, take all types of measurements during the sam
run and to automate the data acquisition. In addition, scaling of res
with diluent pressure would be desirable. However, beyond ti
that further progress will be linked to the ability to provi
and control of overall conditions on close to an instantane
of this type as well as automated data acquisition could bes
linking the experiment to a small computer in the laborator

Summary and Conclusions

o
processes that were uncertain.
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Initial F pressure was measured with metered HCl titration and H
laser absorption. Ground state HF was measured with probe laser absorption.
Vibrational levels in HF v = 1, 2, 3, 4 were measured with absolute IR

3]

Av = 1, emission spectroscopy. Vibraticnal levels v = 3, 4, 5, 6 were measured
with overtone emission spectroscopy using Av = 3. Temperature profiles were
measured with a thermocouple pro be. Velocity profiles were measured with a
pitot probe and results incorporated in the analysis. Partial pressures of
reactants Fp and Hy were calculated from measurements of total pressure and

+

Fo and Hp, and argon flowrates using calibrated mass flow
meters. Pressure distribution along the flow tube was measured with a trans-
ducer and wafer scanner.

The objectives of the flow tube experiment were sought in two series of
tests: (1) operation over a wide range of Fo/Hp with fixed F and HF addition
to obtain reaction rate and H‘.Hr 1nteraction information and (2) setting of
higher F maintaining constant H, and nearly constant HF production to enhance
the effect of H:HF collisions.

The desired conditions and data accuracy were obtained to a large extent
except within the remaining uncertainty in modeling of HF:HF interaction the
HF production was not close enough for the two cases selected in (2) to draw

s time.

e

any definite conclusions about H:HF interaction at th

Results as analyzed give a so,d indication of the detailed type of
physical behavior of HF:HF interaction that is occurring on both a short and
long time scale in the development of the chain and allow a conclusion to be
reached about the type of modeling that must be employed. For chemical rates

s give a strong indication of a lower limit to the hot reaction rate of
out 1/2 the present value at room temperature. Further investigati
ear up a2 small 1neerta1nty about initial HF levels very close to th :
and some extension of the conditions investigated could narrow the chemical x
mcertainty even further.
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volume cell momentarily closed off with sclenoid valves. The cell, made of
Kel-F, was 15.2 cm long, 1.2 cm in diameter, and was fitted with sappnire
windows. The Kistler gauge was calibrated against a capacitance manometer
using pressure pulses over the pressure range of interest. A sample trace
of the gauge outputs is shown in Figure 20.

b

ne _issociation was accomp
up to 0.6 Joules of pulsed radiation at 69&23 within 50 to 70 nsec. The

ncy of this radiation was doubled using a temperature tuned RDA crystal
to provide up to 0.18 Joules of energy at 34T1lA. Pulse energy was measured
with a Scientech energy meter calibrated with a blackbody using a shutter.
The pulsed beam had a diameter of 10 to 11 mm which closely matches the cell
12 mm) for excitation of the whole gas volume. The concentraticn of F

atoms produced was determined by carefully measuring the energy (with correc-
5 :

ished using a ruby laser that delivered

tions for window losses) and calculating dissociation using the absorption
coefficient for F_ determined by Steunenberg and Vogel (Ref. 11). The value

fig L.21 % 10 at 273 K; corrections to this value were made
actual experimental temperature. Attempts to determine F atom content
1 and measurement of HF produced from the reaction were
ssful. In a Kel-F cell the degree of reaction with HCl was found to
be variable. In an aluminum cell the reaction did not go. Although this
method was successfully demonstrated as described in Section V, it appears

t suited to small volume - static flow experiments and wall inter-
actions apparently have a significant effect.

s and He or Ar first through a
(= . 2 e . ~
aluminum tubing in the form of

o
|13
L

Gas mixtures were made by flowing 52,
mixing section consisting of three meters of
a coil, next through the fluorescence cell fitted with Kel-F solenoid valves
with a by-pass valve and finally through a calibrated orifice t
pumps. The fluorine was passed through NaF to remove HF. Analysis of the
F e

a is
. by gas chromatography showed 0_ content of less than O.l1 percent. Gas
p?essure was measured with a capacitance manometer which had been calibrated
with a mercury manometer. The best defined fluorescence data were obtained
using premixed FD in argon and H; in argon. These mixtures were made by
adding argon to IL.T psi F_ for a total pressure of 300 psi and adding argon
to 14.7 psi H. for a toctal pressure of 500 psi.

lowing system where one gas is added after another

concentration becaus

boundary layer cha
el

flow system was calibrated for t

- 1 > = ’ » =} M NP e " '3 N
Lls steunenoerg, r. L., aNd R, s YOEEL . \Dsorption cpectrum OI
A ~ o - A1
J., Am., Chem, O0C . 2y UL, L1L7D0,
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FIGURE 20 CALIBRATION—KISTLER GAUGE VS CAPACITANCE MANOMETER




ducing argon through two valves in sequence, turning the valves off in
the opposite sequence while reading pressures. The dependence of flow rate
on pressure was ob

btained in the following way:

]

test cell static pressure
exit valve effective throat area
= molar flow rate

L2 W e}
I

Now for choked flow through the valve
f = Cp
/a

where C is a proportionality factor depending on

e D ies of the gas.
If the gas properties remain essentially the same, this factor will remain
constant. Similarly, the effective throat area (dependent on boundary layer
thickness) will then depend only on the pressure. To find A = A(p) consider
the following:

Add a gas mixture (say Ar + F2) to a known pressure p. Then we have

£ = CpA
Suppose another valve is opened to allow another mixiure (Ar + 12,,
raising the pressure to p'. Then
:‘" :CE:I‘I
Now f

and f' are not known absolutely but

-
Suppose fy is the flow rate of the first gas added 1

I to the cell and f2 that
of the second. Then
£ = £
)
' = fl + f2
Also let p, and Py be the partial pressures of the two gases in the final
mixture. Now
Lo
- ’ o
. - e |
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and
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Thus if the partial pressure of the first gas in the final mixture is

known, the change in effective area is known. A se

various pressures were run to obtain A = A(p) and t
r

rection curve shown in Figure 21.
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HF and HF diluted with 100 torr Ar as the laser frequenc]

linewidth. A sample measurement of I and I for 0.33 to

Hj
[

Figure 22. Similar measurements for HF at 0.43 torr in
that for pure HF a plot of &n I/I vs. frequency produces an absorption

¢ at the laser v , '%ereas for the sample containing 100 to
of argon there is a frequency shift 65 MHz from v and considerable pres-
sure broadening. These results are in agreement 3ith previous measureme
of line shifts and broadening (Ref. 13). In the latter case, measurement of
absorption at the laser line center results in a value over 50 percent lower
than the value for pure HF. By making many such measurements for laser lines
1P4 and 1P6 the plot shown in Figure 2L was constructed and used to interpret

absorption measurements. Using these corrections to the absorpti
ments, the HF produced by a cw arc lamp from H9 rich and F_ rich
with 100 torr Ar was determined. In an aluminum cell only 50

of the expected HF was found, indicating that the aluminum walls
the reaction. Up to 95 percent of the expected HF was found in

cell, and this cell was chosen for the pulsed fluorescence studies.

O
o]
H
(19
w
[#7]
1]

|

the fluorescence experiment were obtained
detectors for pressure (Kistler gauge),

l, v =2, and v 2 3, and for intensity of
r v =0). An example of these traces, wh

shown in Figure 25 for a gas mix containin
torr Ar. The formation of HF (v = 0) is

ity of transmitted probe laser radiation which
time of milliseconds. Immediately after th
can be rmat

seen in this trace. Also the fo
i ) and the change in pressure due to
increase from the reaction are on this long time scale. However

decay of HF (v = 2) and HF (v 2 3) curs in a much
v

d z oc
In Figure 26, fluorescence traces for the individual vibrational transitions
/)

b
\ m * = 2 *h
5=2) These pictures which were taken in three
the same pulse energy
extremely fast vf HF in levels above (v = 2) and the very fast

relaxation of these levels.




Ar 100 torr

HF 0.33 torr

HF (0 33 torr)

FIGURE 22 ABSORPTION OF 1P4 RADIATION BY HF AND HF IN ARGON
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cglibration. Also attempts to measure
g »

er were no

Fluorescence experiments were run with four kinds of mixtures
mixtures of H, and (2) m
f Hy and F, with argon added, and (
Qan'Mu For the experiment
ure composition was accurately known and the dilution was
to keep the temperature increase within moderate limits of
These two criteria were not met for the ! tur

reason the data for the premixed gases will be pre

]
ones compared with the computer model. The other mixtures wi
discussed below.

tent using mixtures containing (&)

) 2.0 torr Byy; 1.0 torr Fs, 97

5 torr Ar; (D) 0.5 torr H,, 0.5

torr F5, 98.5 torr Ar. For each

the initial F atom concentrations

An example of the HF (v = u) number density

and gas temperat own in Figures 27, 28, 29, 30, 31
and 32. These gr ‘aces such as Figure 25 where
temperature is calc essure rise, and absorption of
the cw beam is u nsity with corrections for line
broadening and tem the absorption coefficient. Generally,
it 1s found that or before the maximum HF production.
ror mixtures A, reasonably approximates that of the
meximum amount g reaction. For cases D, E and F,
the HF amount is somewhat less. t was found that for each mixture the

able O contains a summary of the experiments that were run for th
other kinds of mixtures excluding premixed gas mixtures. The first experi-

e 6-A) were with undiluted H, and

a
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