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ABSTRACT 

HF(0) + M - HF(1) + M 

and gave a value of 

^F ' " x 
(tp)-l . xo

9-"0-^ (^3) am^sec-1 

w „ »..•ic for fiD^' was found to be inaiijni- 
for M - HP. The corresponding result J« ^r ™' obtained for the 
ficant in comparison to this result. Data were also °«axn 
effect of F atoms upon the relaxation rate, i.e., it was 

(TP)HP/(TP)F -  18 
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SECTION I 

IHTRODUCXIOH 

12 3 
The current interest in chemical lasers  ' * has generated a need 

for kinetic information concerning energy exchange processes that govern 

excited state lifetimes. We report here some results for one such piccess, 

i.e., that concerning the vibrational relaxation of UF. Tne only data 
4 

currently available for this molecule are the indirect result of Talrose 

concerning its deactivation by H, and some preliminary results of Airey 

concerning its self-natalyzed de-excitation. 



SECTION II 

EXPERIMEMTAL PROCliUURE 

The sliock tube was of conventional design and has been described 

adequately elsewhere.6 Shock detection was by neans of ionization gauges. 

The shock tube and gas handling system were foumi to have a leak rate of 

less than lü'3torr per minute. Absorbed water was removed from the walls 

by repeated treatment of the shock tube and gas handling system with 

fluorine gas. 

The relaxation process was followed by monitoring the infrared emission 

intensity as a function of time. Spectral isolation was accomplished by use 

of a NaCl prism monochrometer (Perkln-iilraer Model 98). Detection of radiation 

at 2.5g was by means of an IiiSb photovoltaic detector coupled to a low noise 

broadband (10 Mlii;) amplifier. The detection system was found to have a 

risetlme of less than 0.4p8. 

The slit function for the spectrometer system was determined by 

monitoring the emission intensity from the spin reversal reaction, 
2
P   * 2P , . of Br atoms (at 3680 cm'1) which had been shock heated to 
1/2    3/2 -1 

450f)±50K. The latter measurement gave a half width of 300 cm . 

Argon and hydrogen fluoride having stated purities of 99.998% and 99.9X. 

respectively, were purchased from flathieson. The Ar was used without further 

purification. However, the UF was further purified by evacuation to 1 torr 

at -750C followed by warming at 0eC at which temperature the HF was slowly 

distilled from the container. Fluorine for this study having a measured 

purity of 99.9% was prepared at Stanford Research Institute . 

Mixes of Ar. UF. and F2 containing 0.9% HF. and 0-3% F2 were prepared 

and stored in stainless steel tanks. Immediately before using a gaseous 

mixture its HF and F2 contents were determined by reading its optical 

densities at 2.5 and 0.285u. respectively, on a Beckman UK-2 spectrophotometer 

equipped with a stainless steel absorption cell having sapphire windows. 



A calibration of the apectrophotometer for UF waa affected by titratlon 

of a atandard baao solution with binary mixtures of HF and Ar. A 

correaponding calibration for F2 was obtained by measuring abborption 

coafficiente of freshly prepared mixes. All pressures were measured with 

Wallace and Tiernan gauges with a precision of +U. 



SKXTIC;. III 

CAIXUUTIUU8 

Hie emission Intensity,  K,  behind the Incident shock wavt   Increases 

exiJimentlaUy with  time and was  treated In a manner analoijoiis to that Riven 

In reference 8.     For those data havlnp, a relaxation time under 3u sac, a 

correction for the preHence of  the detector was made by means of a solution 

of  the equations 

where  t   is the molecular  relaxation time,  T    Is  the relaxation time of the 
9 

monitoring system,  and 0  is  the observed volt.ii.e.    Ueclus    has shown that, 

Av -  t I  transitions,  tiie emission Intensity summed over several states Is 

a correct measure of the  total vibratlonal enerKY of  the molecule.    In the 

temperature ranse of the present study,  only contributions from u«l states 

are of major consequence. 



SECTION IV 

RKSULTS AND DISCUSSION 

Values for the vibrational relaxation  time at one atmosphere pressure, 

tp,  are presented as a function of temperature in Fiyure 1.    In an attempt 

to separate the effects of UF and Ar as collision partners,  the following 

expression was fitted to the data: 

^L X +     l^C (2) 

where X Is the mole fraction for UF in the mix.    The results show that 

(xp)      >  >   (TP)11F,  disallowing an accurate measure for  (Tl>)Ar.    Indeed, 

the data can   all be treated as though Ar were not present.    The result of 

this assumption is Illustrated in Figure 1.    The relaxation data for all 

binary mixes of liF and Ar can be described by means of the following equation: 

109.2t0.1expr6*+4 j (3) 

(TP)11F 

The experimental reaults described by equation (3) have been compared 

to the theory of Schwartz, Slawsky, and Herzfeld (SSH)  and the rotation- 

vibration theory of Moore11. Method B#wa8 used for the SSU calculation with 

the parameters e/k - 360'K and o - 3.3A for the Lennard-Joncs potential. 

The latter values correspond to those tabulated for UC1 by Hirschfelder 

et al12. The comparison la shown in Table I. 
Although the theory of Jlooro more closely approximates the experi- 

mental data, both theories give relaxation times that are too loag by more 

than an order of magnitude. Furthermore, neither theory gives , good 



description of the observed temperature dependence of the relaxation 

process.  The very large discrepancy between the SSH theory and the data 

may be due in part to an underestimate of the potential parameter, e/k. 

Nevertheless, this theory is also in error when compared to the analogous 

data for UCl13. 
Finally, the effect of added fluorine upon the relaxation rate is 

illustrated in Figure 2.  Calculations based upon the results of Diesen 

give a half life for F ranging from 1 to 100 usec under the conditions of 

our experiments. Consequently, the effects illustrated in Figure 2 suggest 

that the catalyst in the present instance is the F atom. In an attempt to 

evaluate the efficiency of F atoms relative to that of HF in relaxing the HF 

molecule, entire relaxation profiles have been reproduced by means of a 

nonequilibrium computer program15 which solves the rate equations simultaneously 

with the conservation equations. The following mechanism is assumed: 

HF(0) + HF - HF(1) + HF (*) 

F2 + H =■ 2F + M (5) 

HF(0) + F - 11F(1) + F M 

the rate constant for equation (4) was estimated initially from equation (3), 
14 

and k,. was taken from Diesen . 
The occurrence of reaction (5) causes the temperature to drop by as 

much as 2009K during a typical test. Consequently, account must also be 

made of the temperature dependence of the process 

1IF(1) > HF(0) + hv (7) 

Values for the quantity t^/HlFd)] have been computed from the experimental 

data and are found to have the following temperature dependence: 



10"8'lino/[HF(l)l - 0.6+0.1 +  (0,lliO.()4)xlü"3(T) (8) 

Althougli  [HF(1))  varied by a factor of 20,  uo concentration dapendeuce of 

these apparent  radiancies could be detected.    Reference to equation  (8) 

shows that for a temperature change of 2U0°K there is no sigulf leant caange 

in E /[11F(1)1.     Consequently,   the true voltage,  li,   is a direct meaaure of 
CO 

[IlF(l)).    Finally,  equation  (1)  is used to compute li from tue observed 

voltage, 0. 
Computed relaxation profiles and experimental data are shown in compari- 

son In Figure  3 for several  tests.    The best fit of  the experimental data 

resulted when the  following rate constants were employed: 

k4 - 0.7xlü'Vll,a70/ltT cc/.nole/8eo CJ) 

and 

K,  - 18k. (ll)) 

The mathematical  form of k4 is dictated by  the input  required for  the computer 

program. 1(j 

At aOÜO'K,  k.   is 1.6 X 1012 cc/mole/sec.    Haver and Sciiieler      nave 

used the hard-sphere collision theory coupled to the Johnston-Parr      method 

of estimating activation energies to obtain a rate constant 

k » 0.35xl011(T)e"UO(,/R'r cc/mole/sec 

for the rate of  the ll-atom-abstraction  reaction 

F + UF - Fll + F (11) 

At 20Ü0oL,  the rate constant, ku - 3.3xl()13 cc/mole/sec.  i»  indicated. 



Therefore,   if vibrational enerRy transfer occurs by il-atom-abstraction, 

approximately  37. of all collisions between F atoms and 11F molecules 

must be effective.    This compares favorably  to the fraction of such 

collisions(ca.^6%) which have sufficient energy  to cause a vibrational 

transition in HF.    Accordingly,  It  is reasonable to assume that reaction  (6) 

proceeds    by h-atom-abstraction. 



SECTION     V 

CONCLUSIONS 

The vibrational  relaxation of HF in a binary mix of HF and Ar proceeds 

predominantly by collisions between liF molecules.    The current theories of 

vibrational energy  transfer were unable to describe the data with satis- 

factory precision; however,  the assumption of  rotation - vibration interaction 

does  give an order-of-magnitude estimate. 

The high efficiency of  F atoms  in vibrationally relaxing HF can be 

plausibly explained on the basis of H-atom-abstraction by translationally 

"hot" F atoms. 



Table 1 

Comparison of Theory with Experiment 

for  HF - UF Collisions 

Vibratlonal Relaxation Times  (wsec.atm) 

■1"K                                     Moore  (V-R) SSU(V-T)                      Obs. 

2.2 690                           0.18 

0.8 140                           0.11 

0.4 44                           0.08 

0.2 18                           0-08 
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Figure 1.    Relaxation Data for HF in an Ar Bath 
as   a  Function of Temperature 

11 



T0K 

3500     3000        2500 2000 1500 

10.0 

8.0 

6.0 

4.0 

E 
% 

a. 
a. 

— 4.8% HF/95.2% Ar 
A   4.8% HF/0.8% F2/94.4% Ar 

■   4.8% HF/3.0% F2/92.2% Ar 

0.41. 
0.07 0.08 

iToKr' 1/3 
0.09 

Figure 2.     Vibrational Relaxation of  HF in 
the Presence of Added F^ 

12 



o 6 
H    fJ 

oj co 

T3 s a 
rj 

fa 
-o 
1) 

XI 
T3 
< 

OH öO 

o a 

— y 

gu 

U   V-l 

0) 

3 
00 

Ui I UJ 

13 



00 

(O O» s§ E CM in 
CM i^ 'N 

CO O o o 
Q- 

o 3 CO CM CM 
1— to o> CO 

CM CM 

CO 

in 

CO 

CM 

01 

d 

ft.« 

(!) 

01 [i, 
ai 
-0   4) 
« -0 
> -o 
4)  ^ 

n   C 
n u 
o o 
•a *< g « 
rtPU 
•o o 

<u    • 3" 
a so 

0 Ö 

0 § 

01 01 ffi 

0   Jj   u 

H 

LU| LU 

14 



AUTHORS' BIOGRAPHIES 

WAYNE C.  SOLOMON 
Born in Boise,   Idaho,   1933 
B.S.  Chemistry,   Idaho,   19b3 
PhD,  Chemistry,   Oregon 1963 

Development Chemist,  Shell Chemical 1955-1958 analysis of bio-active 
organic materials and process development. 

Teaching and research fellow at University of Oregon 1959-1963, 
research on kinetics and mechanism of cycloaddition reactions. 

Senior Project Scientist at Air Force Rocket Propulsion Laboratory 
1963-1967,   research on kinetics and combustion of fluorinated compounds. 

Exchange Scientist at Institute fur Physikalische Chemie,  Gottingen 
1967-1969,   research on atom-molecule kinetics in combustion reactions 
of rocket nozzles. 

Chief. Kinetics.   AFRPL,   1969 to present,   combustion kinetics of excited 
states and reactions in chemical lasers. 

JAY A.  BLAUER 

Secondary education, Burley, Idaho, to 1952 
B.S.  Chemistry, Brigham Young University, 1956 
PhD. Physical Chemistry, University of Maryland, 1961 

Research Chemist and Statistician, Naval Ordnance Laboratory,  1958-1960, 
electrochemistry. " 

Project Scientist, Maremont Corp., Pasadena, California, 1961-1965, high- 
temperature thermodynamics. 

Project Scientist, Air Force Rocket Propulsion Laboratory, 1965-pre8ent, 
high-temperature,  gas phase kinetics. 

15 



AUTHORS'  BIOGRAPHIES (Cont'd) 

T. W.  OWENS 
Received B. A. ,   1%2,  from Los Angeles State College. 

is He was employed by Aerojet-General Corp.   from 1952 to 1967.    He is 
currently a chemist at AFRPL working on shock-tube kinetics problems. 
Mr.  Owens is the author of five technical papers in the area of propellant 
combustion. 

JAMES G.   HNAT,  Capt,   USAF 
USAF Academy,   B.S.  Engineering Science,  June 196o 

Ohio State University,  M.S.  Aeronautical and Astronautical Engineering 
(Propulsion),  December 1969. 

Project Scientist,   AF Rocket Propulsion Laboratory,  Edwards, 
California.    Current area of research includes hydrogen-fluorine kinetics 
and chemical halogen lasers. 

16 



RKFtRiaCKS 

1. Parker, J.  11.,  and Pltuentel,  (J.  C.,  J.   Cliem.  l'hys.,  51.  yl  (1968). 

2. Cohen,  N.,  Jacolis,   T.  A.,  limamiel,  (!.,  and Wilkins,  R.   L.,  Int.  J. 
CUem.  Kln.,   I,  51)1   (1909). 

3. Bowen,  J.  R. ,  and Overlioiser,  K.  A. ,   Astronautica Acta.,  U,   ^75  (1969), 

A.        Vasiljev, C.  K.,  Makarov,  K.   F.    I'apin,  V.  G.,  and Talrose,   V.  L., 
International Conf.  on Üiem.  Lasers,  Moscow,  Sept.  2-A   (1969). 

5.        Alrey,  J.  R.,  Fried,  S. S.,  and ilcKay,  S.  F,  Unpublished results  (1970), 

fi.        Hlauer, J.  A.,  J.  Phys. Cliem.,   U,   79  (1968). 

7. Prepared by Or. Tolberg, U.,  of Stanford Researcli Institute.     Tlio gas 
was purified by repeated vacuum distillations at liquid nitrogen. 
temperatures. 

8. liowraan,  C.   T.,  and Seery,  I).  J.,  .1.   Chem.  Phys.,  50.   19(K.  (1969). 

9. Dccius, J.   C, J.  Chem. Phys.,  12,   1262  (1960). 

10. Herzfeld,    K.  F.,  and Litovitz, T.  A.,  "Absorption and Dispersion of 
Ultrasonic Waves",  Academic Press Inc.,  Hew York,  1959. 

11. Moore,  C.   B.,  J.  Cl.em. Phys.,  A3,  2979  (1965). 

12. Ilirschfelder,  J. 0.,  Curtiss,  C.  F.,  and Uird,  R.  li.,  'Molecular 
Theory of Gases and Liquids ",    John Wiley and Sons,  Inc.,  New 
York,  195A. 

13. lireshcars,  W.  D.,  and liird,  P.  F.,  J.  Chem.  Phys., 50,   333  (1969). 

1A.        Diesen, R.  W., J.  Chem. Phys., A4,   3662  (1966). 

15. Furnished by l)r.  Jacobs, T.  A., Aerospace Corp.,  Kl SCRUIUIO,  Calif. 

16. Mayer, S.  W.,  and Schleier,  I,., J.  PUya.  Chem.,  72,  236  (1968). 

17. Jolmaton,  II.  S.,  and Parr,  C,  J.  Am.  Chem.  Soc,  35,   25AA   (1963). 

17/18 



UNCLASSIFIEO 

Air Forcu Rocket Propulsion Laboratory 
Edwards,  California   93523 

DOCUMENT CONTROL DATA    R&D 
( <(hsfr(,, ,  , ,„,/,.,,nf- annaHillvn nitjst Ju' wiferad when ll>*- uwt.il! report is clBasilitd} 

tiO.  REPORT  SECURITY   CLASSIFICATION 

UNCLASSIFIED 
2b,    GROUP 

.. 

THE VIBRATIONAL EXCITATION OF HF BEHIND INCIDENT 
SHOCK WAVES 

cwiRivc NOTt.s tTyi'f .i( rvporl .md IncluHiVB dn 

He search -July 1970 to November 1970 
MOMiSi (TirTt ii .lilli- initial,  lam 

W.C.   Solomon,  J.A.   Blauer,  T.W.   Owens,   J.G.   Hnat 

REPOH T    DATE 

February 1971 
Hn.   CONTRACT   o F-i   GRANT   NO 

ROJEC T   NO 

314803BCB 

TOTAL   NO.   OF   PAGES 

26 k vi 
lb.   NO.   OF   REFS 

17 
aa.   ORIGINATOR'S   REPORT   NUMBERS 

AFRPL-TR-71-9 

9b.  OTHER  REPORT NO(SI (Any other numbers that may be assigned 
Ihia report) 

DISTRIBUTION   STATEMENT This document has been approved for public   release 
and sale;    its distribution is unlimited. 

SUPPLEMENT 
12    SPONSORING  MILITARY   ACTIVITY 

Air Force Rocket Propulsion Laboratory 
Air Force Systems Command,   USAF 
Edwards,  California    93523 

j ABSTRACT The vibtational excitation of UF occurring behind incident shoik 
waves has been  stuJied  in the temperature range of UOO'K to 4100 K. 
The extent of excitation was determined as a function of time by con- 
tinuously monitoring the emission intensity from the 1-0 band of UF 
centered at 2.5u.    The data were interpreted in term» of the process 

HF(0) + M - HF(1) + M 

and gave a value of 

,-1 (Tp)-; - lO9-240-^ (^3) atm-W1 

for M - HF.    The corresponding result for  (xp)      was found to be insigni- 
ficant in comparison to this result.    Data were also obtained for the 
effect of F atoms upon the relaxation rate, i.e.,  it was found that 

(TP)Hlf/(
TP>F'('18±   "l 

'HF' 

DD ,1473 25 UNCLASSIFIED 
Security ClaRsification 



UNCLASSIFIED 
Security Classification 

KEY    WORDS 

Vib:.-ational excitation 
Incident shock waves 
Chemicdl laser 

26 UNCLASSIFIED 
Security Classification 


