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Retrodustion

The interchange of energy between external degrees of freedou (trunse
lation} and the internal dagrees of froelo (vibration and rotation) o a
nolecvie vhen it wdergoss a oollisiom, ic o mbject of great importance,
because of its intrincie interest, becawse of ito significonce in the r»n-
eral fisld of ehexdoal kineties, and becouaw of its bearingc on various (a3
dynsmieal and eambustion problsms. When o gas 10 suddenly heated, us far
exmmple, by & shock-wave, or suddenly ecoled, as b, a rapid expansion, it
wilergoes a repid change in tewperature. In owr normal usage of tho tem
"tempersture” ve rman that the kinatie onergy of translation of tha Lole-
culas has changad. If the change 1is very sulden, the nev distridution of
molacular veloeitiss oy inctontoansous)y even no longer follov the Maovelle
Boltzmann lov. A nev Boltzzmmn distrilution is eotoblinhed in the tiie of
s fov eallisicns. To ashieve complate thermodynmenie equilidrium, it 4c now
nosessary for the ensriiec of the rotstional and the vitretionul ocrees
of freedox to becam aijusted. This vill involve u furtdher changs of tene
serature as interchange of emergy betweon tremslation and rotation an:
vilration talms place. e eollisionul j-ocesses by vhich this equililrs-
tion 1s effecte] are called rotational '@y vibrational reluxation.

Rotational relax:itim weually ¢t n- ..L HY fcw trv‘\hn- o' ele

1tsims, erresamyi. %' % tlm of @ ot "
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transletion may, for moct¢ purposes the.efore, be grouped together as
external degrees of ‘reedom. The transfer of energy between vibratiouc
and external degrees ot freedom, on the other hand, often turns out to
be & very inefficient process. This 1o ecpecially so for sinple stiff
diatomic molecules such as nitrogen, where many hundreds of thousands
or even millions nf collisions may be required. The relaxation tire
is long enough to meke the question of vibrational relaxation asswume
practical importance. It affects, for example, the state of a pgas undere
¢oing rapid expansion in a4 rocket nozzle or suffering rapid corpression
behind a shock-vave.

With increasing rolecular couplexity, vibrational relexation is rore
rapid, less than 70 collisions being required for propane at 20°C and ' atm.
It {s still not uneocron, however, to find several thousand collisions
necessary and in special cases, as in E:o_-, at room tempsrature, the relaxe
ation time may still be as long as several microseconds.

These statements apply to the pure gas. The study of molecules ivitn
long relaxsiion times is almost alvays complicated by the fact that polye-
atomic molecules usua'ly make mueh more efficient eollision partners for
relaxatioc. than another molacule of the pure gas. !Minute smounts of polye
atomie impurities may therefore reduce the observed tires by several orvers
of magnitude. The comnonest contaminant 123 wvater vapor and the nrobdblen of
its removal vwill be dicecussed later om.

A number of methods have been employed for measuring relaxation timcs.
These inelude: (1) the Aispersion and absorption of ultrasonic vmu,l
(2) the ixmpmet tubo,l (3) interferometric measuremsnts of density changes
behind shockevavest’’ (4) & direct method invclving infra-red radiation,

ealled the speectrophons taehniqm,’ (5) the infre-rel enission method doe
seribed here.

r—
&
.
# o
- - %




-3.

In the present work a now technique fcr neasuring vibraticnal relaxotiou
times has been developcrl.h The rate of population of & particular vibra-
tionally excited state in a gas that has been rapidly heated by the pacsape
of a shocke-wvave {8 followed by observing thc emission of infri-rel radia-
tion fron this state :th a datestor o short response tize.

In the particular appiication described here, we observe the rate of
population of the 2 d vibrationil state (v = 2) of CO fror the time da-
pendence of the emission of the first overtone (P «$ 0) radiation at 2.735 .
(To some extent, of course, one is also looking at the transitions, 5 =» 1,
4 «» 7, ete., and hence at the population of these upper otetes.) The red-

[

{ative lifetime for the 2 «» O transition 15 1.l sec.” At equilibriw. at

3

1 atm at 1500°K the calculated emission 1s 7.7 x 107~ watts ee -, which,

‘1 the oxyerimental arrengement, is realily detected. It i3 diffficult to
calcul: te self-absorption accurately, hut approximate calculations according
to the method of Penner and Haber6 indieate that it is small or negligidble
(Actually, the amount of radiation is proportional to the population of the

v = 2 gtate even 1f there is self-absorption provided that the amount of
sslf-absorption 15 fairly constant; ani specifically 4if it is not large in
the boundu'y layer vher the density and temperature are quite different
than that of tb? bulk gao.) The lifetine for the 2 = 1 transition is

0.015 pee”; in our sxperiments, the 1ifetime for the 2 =» O overall trance _

-3

1tion by collision 18 10 ° sec or less. Therefore, the radiative roocesses

serve to indicate the population of the state vithout significantly afeete

ing 1t.
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The Shock Tube. "he use of the shock tube in this laboratory as o
tool for studying cherical reactions at high temperatures has alreedy been
dcscribed.7 In all of our previous work the progress of a chruical reacs
tion has been followed by the absorption of visid) . or ultraviolet light.

The length of owr shock tube has been increased in order to improve
the quality of the shocks and 0 intrease the time available for oboerva-
tions. The dismster 18 15 cm; the driving section 13 a 27C cn length of
aluninun pipe; the shock vave ssction consists of a 140 em length of alwde
nun pipe and two 150 &n lengths of pyrex pipe.

Part of the motivetion to lengthen the tube was the desire to rmie obe
servations in the region behind the reflected shock frort vhich would hawe
previously been terminated far too soon by the arrival of disturbances from
the driving section. Reflected shock stulies have several advantages. 1In
the first pIace, the gns behind the reflected shoek 1s stationary, so that
thc time-eompression effect associated with the fact that the gas behind the
incident shock 48 moving, does not occwr. The removal of this penalty vus

— important since owr & tector vas alreedy @ limiting factor and we could 111
B afford to sacrifice any of its limited response time. SOecondly, almmst a
millisecond vas availsble before the arrival of the cold fromt. PFinally,
o dus to the doudle ocopression and hesting, high tempsratwres and prescwres
== could be reached vithout excessively high driving pressures and using less

oarbon monoxide. All of the experimental results presented here were made

using the refleeted shock technique. %ihe observation station vas cet wp as
close a3 possidble to the ende-plate to rLini:dse distwbdances dus to the growth
of ths boundary layer and to get the maxiiax cbservation time. The distance
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chosen wvas 5 cu. With the optieal syste:n emple ., this was enough to
prevent the dateetor seeing possible radiation from the end-plate.

The ;nﬁ'&-red Cell. A lead sulfide photoconductive detector .adc by
The Ele;:tronica Corporuation of America wans uced. The sensitive element
wvas 3 mm by 3 mu. The response time wvac 17 + 5 psee; the cell resistaqce
was 6 megohms; the sensitivity wvas 1.5 x 1024 vclts/watt; and the nolse

1 vatts. The associated elec-

equivalent pover (at © cps) vas ca. 3 x 10°
tronies d4d not increcse the rise timm. The output of the deteetor wus

fed into a preamplifier and then to an oscilloscope. The cell wae mwountad
in a turret setting with three-wvay moversnt for focussing. A germaniw:
fil%er cut off radiation belov 2.0 u and the pyrex wall of the shoek tube
absorbed redistion larger than 2.3 u. In addition, a Corning filter Iio.

3454 vith a long vave length cut off at 7.6 p vas used. This effectively
1soMted rediation from the O < 2 transition in earbon monoxide vhieh ir
centered at 2.335 pu. In control experizents with dry nitrogen, lecs than

4 pereent erdssion vas observed. The exnerimental layout is shown in Pig. 1.

Pig. 1 here

This also shovs schemitically the schlicren systems vhich were used for b
starting and stopping the timer and triggering the oceilloscopes.

The removal of iumpurities. Early work served to emphasire the irpcre
t ance of excluding vater vapor and other irpurities frou the systern due to

the very high efficiency of these molecules as collision partners for the e
relaxation process. T o measures wvere 5cosssary: (a) the use of carbou
monoxide of very high purity, (b) the redustion of the static pressure of

Hp0 or COp in the shock tubg caused Ly desorption fram the wallg to as

lov a lewl as possible.
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Oue series of experiuents wvas rede with 'atheson Assayed Beapent
Crade CO. Maos spectrometric analyses were supplied and listed the
main impurities in twvo carples as earbon dioxids, C.04 and 0.7 mole pere
sent, and hydrogen, 0.03 and 0.0” nmole poroent. Most of the work s done
vith samples prepared oy frartionul distillation of Matheson C.P. grade
carbon monaxide &n & ood low temperature colwm vith a reflux head ree-
frigarated vith punped down liquid nitrogen. This gave quite pure CO,

A typical mass spectrorcter analysis (Consolidated Blectrodynamies Cu.)
i8: Op, 10'“ mole parcent, Ho0, less than .0l mole percent, all other
impurities less than .00) role peroent.

The other sowrce of irpurities wac the wulla of the shock tube. o
corbat this three measures were adopted. (' T whole lowepressure section
of the shock-tube, except for the observation area, wvas vound vith a heate
ing elemant. A tempersture of 50 to T0°C could then be maintained while
punping out the tube to facilitate outgassing. (b) A false endeplate wvas
designed fitted vith a re-entrant cold finger vhich could be refrigerated
vith 1iquid nitrogen or othsr ecolant. During evacuation a hole in the
false end-plate gave access from the main volwe of the tube to the cold
fingsr vhieh lay between the trus end awxl the false end. DBefore starting
a run, this hole vas filled by pushing in a plug, the shaft of vhieh extended
through the tube end-plate via a hole oealed vith an O-ring. The end-plate
also carried a mownting for a Phillips ionization gauge. (¢) The puuping
arrangsments for the tube, vhich nov haz a volume of about A0 1liters, were
improved by installing a three-stage oil diffusion pm'p connected to the tube
via 8 high-speed, oneeinch aperture baffle valve.
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With the aii of these improvermento, it was possible to achicve
& pressure of sbout 10”7 mn Hg vith 1iquid nitroge. in the cold finger.
™e pressure rise with the shocketube isolated was less than 10.6 I per
mninute. Since & run tauwes about 10 mdnutes, this 1s negligible vith the
amouts of gas wsied. For experiments vith added CO., the cold finger wus
f1lled with dry ice anu trichlorethylene, anu & control experiment wvas
nade under theue conditions without added CO». Mixtures of CO and CH-
vere made up befo:rehon. in & storege bu'b. For experimsnts with added 1.0,
either dry i1ce as above or methylene brudde &t its freezing point vas ene
Ployed. The technique wiopted vas to wirdt exocess wvater vapor to the
tube first and then ‘et in the CO. About 1% rdnutes was allowed for the
1»C tO cae to equilibrium wvith the iee on the euvid lliger auwd to rdx with
the CO. The vapor pressure of Hs0 is 0.6 p at =TC°C (dry foe) and about
0 pat «50°C (melting methylene bromidc). Control runs without added 10
wvere douve &t each te:perature.

Cleculation of Tooperature and Prescure. The temperature an:
density of a shocked gas can be calculated from the shock veloeity and the
infitial conditions if tae enthalpy of th: gas is knovn as a funetion of tem=
Peratuze. As vibrational relaxation occurs behind a strong shock, the teme
porature decreases ani the density increases. The situstion 41s nore coow
Plicated for reflected shocks. ‘e have caleulated the conditions behind the
xefletted shoek frow toc measured welocity of the ineident slock. '+ 2le
sSwme, in ascordance vith the evidence, that the gas bshind the inctile:nt

shock 1s mrelaxed. C .lculations bazve been made for the unrelaxe!] incident -

,’o
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unrelaxed reflecte¢ condition. This is strictly applicable to the re-
flected shock very cloce to the end plate. Calculations could also be
made for the unrelaxed inecidenterelaxed reflected conditions. This would
be appropriate for the steady state shock after a long period of tire.
One 15 however observing the process of vibraeticnal relaxation elose to
the end plate. Neither of the above lirdting steady flov conditions
therefore applies. Thc gas behind the shock is contracting and the ree
sulting revefaction vave is moving out to mergs with and slov down the
shoek. A correct ealculation would be very oomplicated. We have there-
fore used the unrelaxsd-unrelaxed ealculations  temperature and density.
Portunately, the vihrational enthalpy 1c not too large and the uneertaine
ties are cmall.

Bxanples of reflected shoek calculations are given in Table I.

- e ot A B . o o AR 51, s . Ao

S e SEYe. o« s




Teble 1. Typical Shoek Purareters in C7
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o/ nsec

A

G .97
3T

1097

115.k4
1000 124.0
1100 172,
1700 1ko.?
1300 147.6
1400  154.3
1500 161.6

RAEY

L Lk

60?"‘

A

2.GY
5.1
3.57
3.6
4,09
4,2
L.43
k.56
4,67

L.717
L,

™
2

%

-
g,
1m0

1k

35,13
37.7°
e ko
43,06
45,61
33,07
50 .
£3.TT
.01
56 .20

%337

8, T
APES T I ¢
AP AP
270 T
AT IS
Pl L0
el A P8
7,00 b

507 L1oW0
3.0 1k, .
Z.14 lzﬂjo‘)

3.17 1AL .0

T, terperature of heated gus behind shock; § shock veloeity; 11,

pressure ratio across chock; O, density ratio across shock. Subscrint

{ refers to ineident shock, subseript r refers to reflected sumoek, an:

subseript t refers to tutal change.
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Results

The vibrational relaxation time of carbon moncxide has been measured
between 1400°K and 3000°K and over a range of final pressures from 1 to
3.5 atm. A preliminary study of the effect of amall amounts of CO- anl
H»o0 has also been nadic.

A typical experinental record of inrreered emission due to the
2 e 0 transition ic chown in Pig. 2.

Pig. 2 here

As indicated previously, it is believed that the intensity of the
enission 18 directly pronortional to the concentration of molecules in
the upper state. A™ter a srall initial wmgicn o gradually increasing clope,
the trace rises almost linearly for avout half the total amplitude and then
approaches the equilibrium valus asymptotieally.

gﬁomuﬁm. Ona may conceive of any one of three poscibilitiecs
as being the most important path for populating the state v = 2,

There {8 the direct O =) 2 excitation

K
L ) )
€n + €O .-g: o + CO (1)

There 1s & two step proocess, O «Hp 1 = 7,

¥
o + CO == CO 40D (7

»
There {8 also the 78sibility (3), in vhieh two CO moleeules reuct to

give CO 4 CO, in vhieh no eomnversion - translational emergy to vibra-




elle
tionnl enerisr oceurs, bat in wiieh the vibrational ener.sy Ls reedidistrlbuted,

for this process the forward nnd reverse ruote wonatants, o, are equal,

k *
CO 4 CO gmad=2 C0 + CO (%)
210
* ¥ e * %
CO +CO w2 €O +CO (3a)

| 2 3 ¥
For siuplieity, make the approximation (CO ) (( (co) L (co) .

*%
lypothesis (1) ves a sirple exponential growth of (C> ).

»*¥ *%
= - - )
(cr ) (co )ao (l exp [ 5{?0{':0’3'-]} (1a)
In the tarmonic oseillator exproximation, 1‘-1 - 5"501 » Koy = ?EL o
Then hypothesis (2) gives
i 3 2
(€)= (60", i - exp[ - (et ]} (7a)

If in hypothesis (3), we assumes e is very large, expression (°a)
ezein results, Thus, (1) gives a simple exponential growth, beginning with
a finite slope, vhereas (~) and (3) give growth beginning with zero slope,
then rising steeply, with a rice time of the order of 1/1_Lm(co), narely
the relaxation time of the first vibrational cstate.

Hypothesis (3) can be discussed in further detail as follows. Reac-
tions like (3a) are "energy transfers ev exact resonance.,” The complete
set of such reactions do not ereate vibrational enercy, but they redise-
tribute 1t in such a way that the population of the n'th level, (CO™ ),

is related to the population of the first excited level by

E . >
(™) = (co™)? vib by
hv *El b Ny + 7
- l —— ={bd
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That 18, there is a Boltzrann-like distribution determined by the total

arount of vidbrational enerry, the syster.. Given such a Boltz=-

By 19

mann-like distritution, reactiones like {(3a) will be proceediny Lackwari

and forwvard at equal rates and will not further affect the distributicn.

Now, Montroll and Shulcr9 have sl'ovn that if one considers the eorpplate

set of ejuations like (2) in the hartonic oscillator approximetion,

then a sycten vhich starts with a Boltzmann distribution of vidbrational

statec appropriate to one terperature relaxes to the Boltzmann distri-

bution appropriate tu the translational temperature via a set of Boltzmann

distributions appropriate to interrediate temperatures., Under these

cireunstanees, the reaction system (3a) makes no contridution to the

vibrational distribution even thouch its rate constant may be large. ;
Plots of 1n {1 - (C0)/(€0)g § vs. & end of m{l - [(co“)/(co**&]"?}

vs. ¢t are shown in Fig. 3. The latter relation gives a better straight

line, thuc favoring hypothesis (2) or (3). The situation is not perfeetly

Fig. 3 here

cleer cut hovever because the finite rise tine o” the detector tends to

pake & curve like (1a) look ltke ("n), Ve believe this effect is small,

A rore detailed examination of this point will be made in a later paper.
Accept equation (”a). Define the relaxation time, 7, as 1/;_10(00).

From the ecuation there is a point of inflection, d"’(co")/df' =0

at (€O ) = (€O )oo/k+ On both sides of tils point, the eurve 1s almost

linear ond the slope is 2/¥. Values of 7 50 obtained are presented in

Tadble 2,

R PP N R XL e e '
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mable 7. Relaxation “Le Measurerentc

nitix) P essure
of CO atm

0500
O0h33

"y
i’

210

1012
1015
1100
1100
) R

1k

-

1446
1446
1505
1453
1847
1433
1455

53T
557
50.6
ol 0
55.7
57 ")
5.
55.6
5k .
27.0
T0.3
7.6

82.7
98,9
9.4
153,0

155.0

11.01
11.01
10.T7
11.04
11,01
10,95
11.05
11.00
11.03
11.23
12,10
13.54
12.54
12.87
13.60
13.45
1%5.33
1533

3,01
2.62
3.63
2.5k
1.67
2.56
1.7
1.70
2,13
1.Th
1. 74
1.7
1.7
1.78
1.T7
1.73
0.95

0.92
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The nean value of the reasurerents in the vicinity of 1L00°K, cone

verted to 1400°K and ), atx pressure, is

1 = 650 + 50 microseconds
T™he form of pressure and temperature deper . e used in making theuie cone
versions will be discusoed belov. 7 uay also be obtained from the slope
uf the straight line in Fig. 3 vhich has the advantage of using the whols
curve, Within the linits of accuracy both methods gave the same 1woults
in several cases and the less laborious infleetinn point method was there-
fore adopted.

Pressufe dependence of 7 . Por a collisional process, a simple in=
verse pressure dependence is to be expected. A graph of 1P versus p for
those experiments close to 1400°K is shown in Pig. 4. The values of T
have been converted to 1400°K. A reasonables fit to a straight line ic
obtained.

Pig. 4 here

Teuperature depenienss of 7 . The relaxation times are obaerved to
decrease vith increasing temperature as expected. The usual theories of
vidrational relaxation lead to an expression of the form,

106 7 = a™/ 4 p (%)
vhere A and B are constants. Valuss of log T wrmg"/’forthe
present observations are plotted in Pic. 5. The best straight lir: that
Fig. 5 here
can be drawn through the experimental points leads to A = 64.45 and B = «2.943
Bquation (3) and the sbove value of A vere used in making the conver-
sions of 7 to 1400°K mentioned earlier.

e,

3 L e W R : - - R e X2 X .
L i g 2 et Cessnadiincniiiinon. o T W ————
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The effect of m@muu. Tha effect of suall amounts of added

H,O or CO» on the reluaxstion tLe > COY 17 shoun in Table 3.

Vater caunes
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Table 5. E’fect »f L.wities on Vibrational Relaxation of CO

Composition of gns C.olant in

T.ap
» .
pure CO ur, loe
#
pwe CO e bing
nethylens
brasdde
CO + .002% 10 21y lce
CO + .3% Hp0 re'lting
methylene
bradde
CO + .1% CO» dry iee
CO + .03 Ho 1ig N»

vith < 044 CO-

*
Coantrol runs vith pure gas.

™
-

r

b 4

1437

1437

133

145y

Canr A P M P g W w Barn

P

atn
1.7h

1l.72

1.01

1.70

1.70
1.2“

ToIs

paec pec aty
193 344
210 361
212 341
35 60
1% oY
17 200
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& marked increase in the rate c? relaxstion even in trace rounisc. At

3thevn1ua of 7 15 reducedl

a8 relative cuncentration of 5 parts in 10
by at lsast a factor of uix. The reduction ma, be coevhat grecter Le=-
cause the obeerved tine 1o close to the recponse time of the detector.
Por CO; a ratio of 1 part in 107 reduces 7 by about a factor of two=
thirds. The experiment wvith the Matheson Reagent Grade CO gave relaxation
tiimes of about half those observed with the fruetionally distilled samples.
Bince the CO; impurity wvas removed by the «196°C trep, this may be due
to the hydrogen imparity.

Conclusions

1. The valus reported here, 7 = .50 psec at 1470°7, 1s 30 timo
greater than that given in ouwr preliminary nport.k The vilue at 27°00°
(150 geec) 1s greater than the value of 10 psec given in & prelimin’ry re-
port by the Princetn a‘oup.3 This 15 presunably a matter of the removal
of Lxpurities. It is of course possitle that even the present results are
affected by impwrities.

At present one may say that CO has the longest vidbrational relaxation
tines known at any given tempersture.

2. The experimental data favor hypotheses (2) and/or (3) ower (1).
Theory very strongly seconds the motion,’ in that the intercoaversicm of
a largs amount of energy between vibretion and translation, as {n reaction
(1), s predicted to be extrersly improbable ( ~ 10! less probable than
process (2) 4n the preseut instanece).

wmmmummmmnmmormmwmohom'g

for equations (2) and (3) above seccording to the Sehwartz, Slawsky, Herze

g ¢



field theoryl as amended by 'l‘anczoc.lo For the lennard-Jones parareter,

o =3
@, for CO, ve use 3.0 A.n Ye caleculete, at 1W00°K, -’510 =19x10 L
Ky = Ceix Tl 2, e=U43x 10.3 7o 4 1is the gas kinetie theory collis-

ion number. The experixmnmz_ at 1400°K eorrespond: to 510 = 5x 10'7 Te

The agreerent between theory and experirent is as pood as can be expectea.
N.te that although e is caleulated to be about 10° greater than k o the
diseussion given earlier indicates that the energy transfer at exact
resonance probably does not affecti the kineties of the population of the
various vibrational states significantly.

3. The vibrational relaxation time of CO is greatly diminished by
the impurities H~-0 and CO-». These molecules have shorter vibrational re-
laxation times, and we suggest that the prineipal process is the highly
efficient transfer of vibrutional energy from one species to the otber:
HoO ¢ CO wwed Hs0 + CO s

4, The infreared method for measuring vibrational relaxation tires has
the advantage of looking, at least to some extent, at the rate of exeitation
of partieular states. The limitations as to rise time and sensitivity of
detectors presently available are sueh that the method is applieable only
to infra-red active molecules with rather long relaxation times,
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Fig. 1. Schematic Diagram of Equipment.

Pig. 2. Typieal Oseillograph Reeord of Emission from CO heated by Shoek.
Initial condition; T = 290°K; P = ,056 atm CO. Pinal ecoditiom,
T = 1M6°K, P « 3.01 ata. Time 1s the horisomtal coordinste.
The three horizental sweeps at the top, middle, and bottom of the
pMetwe are time ealibration marks vith 100 psee pips. Bmission
of CO increases wartically,

Fig. 5. One-step versus Tvo-step Relaxstiou 'roeesses.

Pig. 4. Ressure Depsadsnse of Vibrational Relaxstion in CO.

Fig. 5. Temperature Depemdence of Vidretiomal Melaxation in CO.
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