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KINETICS O F  METHYL IODIDE-IODINE EXCHANGE IN A SHOCK TUBE::: 

.. -- - - 'r' .... _._-- - 
Allen J a y  Kassman 

ABSTRACT , 

The homogeneous gas phase isotopic exchange of methyl iodide and 
iodine wa? studied in the single -pulse shock tube in the tempera ture  range 131 
870 -1 105 K. The exchange was monitored by  tagging molecular  iodine with I 
t r a c e r .  The observed rate  of exchange was in agreement  with the following 
mechanism: 

d 
21't  M, 

M + 1 2  r 

whe're 
s tants  

three - 

M i s  the ine r t  car r i .e r  gas ,  in  the p resen t  case  argon. The ra te  con- 
k and k were  taken f r o m  the shock tube data  of other workers  on the 

d r 
,body recombination rate .  The isotopic exchange reaction allowed a de-  

, . termination of k a s  follows: , , 1 

. . 
This value of k i s  slightly lower than i t s  determination by other workers  a s  

1 
the r a t e  determining s t ep  of the reaction 

I t  is, however, within the experimental  e r r o r  for  a m o r e  acceptable value of 
the Arrhenius factor  of 14. 3.-14. 2.  

*USAEC Report  IS-T-274. This work was performed under contract  
. .- W-7405-eng-82 with the Atomic Energy Commission. 

. . 



I. INTRODUCTION 

A .  Nature and Purpose of t h e  I n v e s t i g a t i o n  . 
The gas phase r e a c t i o n s  of t h e  halogens have been of 

i n t e r e s t  s i n c e  t h e  e a r l y  work of Bodenstein (1 ,2 ,3 ) .  I n  1934 

Ogg ( 4 )  was t h e  f i r s t  i n v e s t i g a t o r  t o  s tudy t h e  r e a c t i o n s  of 
- .. 

t h e  a l k y l  iod ides  wi th  hydrogen iod ide .  Shor t ly  t h e r e a f t e r  

Ogg and Polanyi (5) , and Clark ,  P r i t c h a r d ,  and Trotman- 
- .  

Dickenson (6) s t u d i e d  t h e  exchange of i o d i n e  wi th  t h e  a l k y l  

iod ides .  Some of t h e s e  r e a c t i o n s  served a s  c l a s s i c  examples 
. . 

of t h e  e l u c i d a t i o n  of r e a c t i o n  mechanisms. 

I n  1961 Benson and O'Neal (7) and S u l l i v a n  (8) p red ic ted ,  
- - 

on t h e  b a s i s  of Ogg's d a t a  f o r  t h e  r e a c t i o n  of methyl iod ide  

and hydrogen iod ide  (4 ) ,  t h a t  t h e  r e s u l t s  could w e l l  be 
.. - 

i n t e r p r e t e d  i n  terms of a n a t o m i c  mechanism r a t h e r  than  Ogg's 

mechanism. Ogg had suggested a  combination of a  bimolecular  

r e a c t i o n  of methyl iod ide  wi th  iod ine  and a  unimolecular d i s -  

s o c i a t i o n  of t h e  iod ide  i n t o  a methyl r a d i c a l  and iod ine  atom. 

Flowers and Benson (9) repeated  t h e  experiments and demon- 
0 

s t r a t e d  t h e  atomic mechanism conclus ive ly .  S i m i l a r l y ,  i t  was 

be l ieved i n  some c i r c l e s .  t h a t  t h e  bircolecular mechanism pro- 

posed by Bodenstein f o r  t h e  formation of hydrogen iod ide  from 
- I 

i od ine  and hydrogen could be d iscarded i n  f avor  of an atomic 



- 
mechanism..- The recent  study by Sul l ivan ( l o ) ,  although unable 

* - - 
t o  d iscr iminate  between two a l t e r n a t i v e  atomic mechanisms, 

. 
leaves l i t t l c  doubt of t he  i n v a l i d i t y  of ~ o d e n s t e i n ' s  mechac- 

i s m .  A t  t h i s  point  it appeared obvious t h a t  perhaps a r e -  

examination of the  i so top ic  exchange react ions  was i n  order .  

The work of Ogg and Polanyi (5) was undertaken t o  de te r -  
. .- - 

mine whether a f r e e  atom s u b s t i t u t i o n  proceeds by an S N ~  

mechanism with o p t i c a l  invers ion of t he  a l k y l  ha l ide  molecule. 

Sec-butyl iodide  was chosen f o r  t he  experiment because i t  .is 

t h e  simplest and most s t a b l e  of the  op t i ca l ly  a c t i v e  iodides .  

Low temperature work i n  t h e  regidn 150-180'~ gave' r a t e s  t h a t  

were sharply dependent on t h e  surface-volume r a t i o s  of the  

reac t ion  vesse l .  This heterogeneous reac t ion  had a low a c t i -  

va t ion  energy of approximately 8000 cal. /mole. Since t h e  

homogeneous exchange wasexpected t o  have a considerably 
I 

higher ac t iva t ion  energy the  temperature of t he  experiments. 

was ra i sed  i n  hope of having the  homogeneous r eac t ion  pre- 

dominate. This d id  not solve t he  problem, and it was then 

decided t o  begin t he  experiment i n  the  absence of iodine  and 

r a i s e  the  temperature t o -  t he  point  where decomposition of the  ... 

sec-butyl  iodide provided iodine  ' f o r  the  racemization. The 
- .  

r e s u l t s  appeared t o  conf im'  t he  SN2 mechanism and gave a n .  



.A 

a c t i v a t i o n , e n e r g y  of about 32.2 kcal. /mole f o r  t h e  inver s ion  - .. ' 

s t e p .  
., 

I n  1954, Clark,  P r i t c h a r d ,  and Txotman-Dickenson (6) 

attempted t o  res tudy t h e  problem us ing  methyl i o d i d e  and 

i o d i n e  tagged wi th  r a d i o a c t i v e  1131. It was expected t h a t  

t h e  increased  s t a b i l i t y  of methyl i o d i d e  over t h e  sec-buty l  

i o d i d e  would allow s t u d i e s  of t h e  system a t  much h igher  t e m -  

pe ra tu res  where t h e  homogeneous exchange would predominate 

without  t h e  onset  of decomposition. However, even a t  temper- 

a t u r e s  up t o  3 7 5 O ~  curvature  on t h e  ~ r r h e n i u s  p l o t  remained. 

A s t r a i g h t - l i n e  Arrhenius p l o t  f o r  t h e  heterogeneous exchange 

r e s u l t e d  from packing t h e  r e a c t i o n  v e s s e l .  These r e s u l t s  a r e  

I i l l u s t r a t e d  i n  F igure  1. The dashed l i n e  i n d i c a t e d  t h a t  t h e  

a c t i v a t i o n  energy f o r  t h e  homogeneous exchange was g r e a t e r  

. . than  t h e  32.2 kcal. /mole by Ogg and Polanyi .  However, 

t h e  curvature  of t h e  dashed - l ine  suggested t h a t  t h e .  homogene- 

ous excharlge could not  be i s o l a t e d  a t  temperatures  a t  which - 
. ' methyl iod ide  i s  s t a b l e .  The apparent a c t i v a t i o n  energy of 

t h e  heterogeneous, r e a c t i o n ,  which was independent of iod ine  

. , concent ra t ion ,  was given as 1 7  k c a l .  /mole. 
'i 

Schmied and Fink (11) a r e .  t h e  only i n v e s t i g a t o r s  t o  r e -  

. study t h i s  problem up t o  t h e  present  d a t e .  These workers 

c a r r i e d  out t h e  exchange of methyl iod ide  wi th . t agged  i o d i n e  



. - 
- .  F i g u r e  1. Arrhenius plots of the ~ ~ ~ 1 - 1 ~  exchange as 

studied by Clark et al. (6) -- 
- .  

. * , . 



i n  the  temperature range 6 0 - 1 4 0 ~ ~ .  By using various preheated 

surfaces  they claimed t o  have r a i s ed  the  ac t iva t ion .energy  of 

/ t he  heterogeneous surface  reac t ion  t o  the  point where t he  

homogeneous exchange predominated. With t h i s  technique they 

concluded t h a t  the  homogeneous exchange was bimolecular, with 

. . an ac t iva t ion  energy of 9000 cal . /mole,  and proposed t h e  possi-  

b i l i t y  of a four-center  intermediate.  They f u r t h e r  suggested 

t h a t  t he  r a t e  expression found by Clark e t  a l .  ( 6 ) ,  which was 
. . 

ha l f  order i n  iodine ,  was an intermediate value between zero 

order  f o r  the  surface  reac t ion  and f i r s t  order  f o r  the  bimolec- 

u l a r  mechanism. They a l s o  suggested t h a t  t he  process i n  t he  

high temperature region was not a f r e e  atom reac t ion  but a 

f r e e  r a d i c a l  reac t ion  t h a t  proceeds by attachment of t he  

methyl r ad i ca l s  t o  t he  wal ls  of the  reac t ion  vesse l .  A s  evi-  

dence f o r  t he  simultaneous existence of both the  bimolecular 

and f r e e  r a d i c a l  mechanisms Schmied and Fink c i t e d  t he  r e s u l t s  

of Ogg (4) .  I n  l i g h t  of t he  f a c t  t h a t  Ogg's mechanism i s  no 

longer accepted i t  seemed t h a t  these  conclusions were question- 

ab le .  

1.n addi t ion,  F.lowers and Benson (9) demonstrated the  . . 
\. 

following mechanism f o r  the  CH31-HI react ion: .  



They found that s t ep  1 had an ac t iva t ion  energy of approxi- 

mately 20 kcal .  When combined with the  d i ssoc ia t ion  energy 

f o r  the  production of one iodine atom i t  should y i e ld  an over- 

a l l  ac t iva t ion  energy of approximately 38 kcal .  f o r  the  i so-  

t op i c  exchange react ion.  This value would be i n  agreement 

with t he  r e s u l t s  of Clark e t .  a l .  (6). However, t he  r a t e  

determining s t e p  i s  the  formation of a  f r e e  r a d i c a l  r a t h e r  

than an Sp~2 inversion of the  methyl iodide. 

In .  summary, t he  i so top ic  exchange of iodine  wi th  methyl 

iodide  poses the  d2s t inc t  problem of i s o l a t i n g  the  homogeneous 

exchange without the  appreciable decomposition of methyl 

iodide .  It was decided t h a t  t he  bes t  technique ava i lab le  f o r  

assur ing t h i s  condit ion was the  shock tube'method. 

B.  The Shock Tube 

Although t h e .  physical  p o s s i b i l i t y  of shock waves was 

f i r s t  r ea l ized  i n  1860 by Earnshaw (12), and the  f i r s t  ' safe.  and " 

p r a c t i c a l  shock tube cons t ruc ted  by V i e i l l e  ' (13) , i n  1899, t he  

development of the  shock tube a s  an ana ly t i ca l  t o o l  i n  chemi.s- 



t r y  was extremely slow. The i n t e r e s t  i n  explosives and super- 
.. - 

sonic  flow caused renewed a c t i v i t y  i n  the  f i e l d  during World 

War 11. Yet, the  instrument was net  used a s  a  chemical tool. 

u n t i l  1953, when Carrington and Davidson (14) s tudied the  d i s -  

soc i a t i on  of N204 Since t h a t  time the  use of t h e  shock tube 

i n  chemical k ine t i c s  has become widespread. 

The advantages of t he  shock, tube technique over many of 

t h e  c l a s s i c a l  methods a r e  numerous. Primarily,  gases ahead of 

a shock wave a re  heated uniformly and almost instantaneously 

on passage through the  shock f r o n t .  Thus , . reac tan t s  can be 

brought t o  reac t ion  temperatures with v i r t u a l l y  no hea t ing  

time and the  e n t i r e  gas sample i s  brought t o  the  same tempera- 

t u r e .  Secondly, because of the 'ext remely shor t  r eac t ion  times, 

v i r t u a l l y  a l l  surface  react ions  can be considered eliminated. 

Kevorkian, Heath, and Boudart (15) have demonstrated from 

simple k i n e t i c  theory t h a t  during the  shor t  dura t ion o f  a  

r eac t ion  i n  a  shock tube only a minute f r a c t i o n  of molecules 

i n  t he  gas could conceivably mig ra t e . t o  t he  surface .  This 

. f e a t u r e  i s  of obvious importance i n  the  i n t e r p r e t a t i o n  of da ta  

f ron  the  shock tube study of the  exchange of iodine  with 

methyl iodide.  It is t o  be expected t h a t  any s i g n i f i c a n t  ex-. 

change which takes place a t  moderate temperatures could not be 



explained -- on t h e  bas i s  of a mechanism which suggests c a t a l y s i s  - - 

on the  shock tube wal ls .  

It would have been impossible t o  study an i so top ic  ex- 

change reac t ion  i n  a shock tube were it  not f o r  t he  advent of 

t he  single-pulse shock tube. F i r s t  designed by Glick,  Squire,  

and Hertzberg (16) and l a t e r  re f ined  by L i f s h i t z ,  Bauer, and 

Resler  (17), t h i s  new technique assures t h a t  t h e  gases under 

study, once heated t o  reac t ion  temperature, a r e  never reheated 

but  a r e  ins tead cooled back t o  the  i n i t i a l  temperature. The 

extent  of reac t ion  can then be  determined c l a s s i c a l l y  a f t e r  

removal of the  reac tan t s  from the  shock tube.  Thus, react ions  

which cannot be followed -- i n  s i t u  can be s tudied i n  t h i s  shock 

tube. 

C.  Symbolism 

The range of symbols used i n  shock tube  theory va r i e s  ' . . . 

widely i n  t he  l i t e r a t u r e .  To avoid confusion, a set of con- 

c i s e  symbols i s  l i s t e d  a t  t h i s  point .  On t he  .whole, t h i s  

symbolism tends t o  conform with t h a t  of Glass and. Ha l l  (18) . 
1). u , Vslocity of a gas i n  laboratory coordinates,  

i.g., with respect  t o  t h e  shock tube. . - 
2) .  v Ve.locity of a gas wi th  respect  t o  a moving 

reference i n  t he  shock tube. . . 



3) .  UI-,UR- Laboratory v e l o c i t i e s  of incident  and - - -. r e f l e c t e d  shocks, respect ively .  

4) .  MI Mach number of incident  shock wave. 

5) .  T. Temperature, i n  degrees Kelvin. 

6) .  P Pressure.  

Density. 

Universal gas constant . 
, 9) .  Cp,Cv Spec i f ic  hea t s  a t  constant pressure and 

volume, respect ively .  

10) Y Rat io  cp/cv 

11). Rat io  v t l / y - 1 .  

12).  B Rat io  Y - 1 1 2 ~ .  

13).  a Speed of sound. 

14).  s Spec i f ic  entropy. 

15).  e Spec i f ic  i n t e r n a l  energy, 

16) .  h Spec i f ic  enthalpy. 

17) . HO-HEIT Standard molar enthalpy function. '  

18).  M Molecular weight. 

19) .  r i j  Rat io  of densi ty  of -gas i t o  t h a t  of gas j .  

20).  Pij Same as  above, f o r  pressures.  . 

21). T i j  Same as  above, f o r  temperatures. . . 

Same as  above, f o r  sound speeds. 22). Aij 

23). Ui j  Rat io  of laboratory ve loc i ty  of gas i t o  . 

sound speed of gas j.  



2 4 ) .  Vij-.--. Ratio of r e l a t i v e  ve loc i ty  of gas i t o  - - 
sound speed of gas j . 

25).  X Mole f r ac t ion .  

2 6 ) .  ' @  Degree of d i ssoc ia t ion .  

2 7 ) .  F Fract ion of exchange. 



11, - .  SHOCK TUBE THEORY : EXPERIMENTAL DEVELOPMENT . - -- 

A. Fundamental Shock Tube Behavior 

Before discussing any technica l  aspects  of shock tub.e 

technology or  theory, a b r i e f  nonmathematical descr ip t ion  of 

shock tube behavior i s  presented here.  The geometry of a .  

shock tube i s  usua l ly  t h a t  of a long, s t r a i g h t ,  narrow cyl in-  

der .  By using a s t r a i g h t  shock t u b e  t h e  flow problem i s  - re-  

duced t o  one dimension, &.e., any thermodynamic o r  dynamical 

va r i ab l e  i s  a constant throughout any given plane perpendicu- 

l a r  t o  t he  tube ax i s .  Thus, processes i n  a s t r a i g h t  shock 

tube can be .descr ibed by t h e  simple x - t  diagram of Figure 2 .  

The .x-coordinate represents  pos i t ion  i n  t h e  shock tube while 

t h e  t-coordinate measures t h e  time from the  i n i t i a t i o n  of t he  

experiment. Pr io r  t o  t he  experiment a di.aphragm.is placed a t  

t h e  point  A which i s o l a t e s  t h e  two sect ions  of the . shock . tube .  

The reac tan t s  ,' dilut-ed by an i n e r t  gas,  a r e  admitted i n t o  t he  

longer end of the  tube and r e f e r r ed  t o  a s  gas 1. The other  

sec t ion ,  ca l l ed  the  d r ive r  sec t ion ,  i s  . f i l l e d  with i n e r t  gas 

a t  . a  s i g n i f i c a n t l y  higher pressure.  The i n e r t  d r ive r  gas i s  

r e f e r r e d  t o  as  gas 4 .  Af ter  t h ~  diaphragm i s  ruptured a shock ' 

wave i s  formed which t r a v e l s  i n t o  the  low pressure sec t ion .  

The pa th  of t h e  shock wave i s  denoted by t h e  l i n e  AB.   as 2 



Figure 2. Phenomena in the single-pulse shock tube 
illustrated in x-t coordinates 



cons i s t s  of t he  reac tan t s  which have been heated and compressed - 

by the  shock wave and a r e  travel1,ing i n  t he  same d i r ec t ion  as  

t h e  shock. A t  t h e  time t h e  shock wave i s  formed an expansion 

wave i s  simultaneously generated i n t o  t he  d r ive r  gas. Gas 3 

represents  the  i n e r t  d r ive r  which has been cooled and expanded 

by the  expansion wave. Between 'gas 2 and gas 3 t he re  e x i s t s  a 

d i scont inu i ty ,  known as a contact  surface ,  across which there  

i s  no mass flow. The contact  surface  t raverses  a path i n  x - t  

space a s  shown by ' l i ne  AC . The pressure and gas ve loc i ty  a r e  

continuous across t h e  contact  surface  although the  remaining 

thermodynamic var iab les  a r e  no t .  

I n  t h e  chemical shock tube . the reac tan t s  a r e  not brought 

t o  reac t ion  temperature b y  t h e  'incident shock wave. Ins tead,  

t h e  f i n a l  heat ing i s  done by the  r e f l e c t e d  shock wave, .denoted 

by l i n e  BC. Normally, t h e  temperature behind the  incident  

shock wave i s  severa l  hundred degrees lower than the  tempera- 

t u r e  behind the  r e f l e c t e d  shock wave and thus .  t he  extent  of 

. r eac t ion  i n  gas 2 i s  neg l ig ib le .  The reac t ion  i s  thenquenched 

. . 
by an expansion wave generated from point  C .  Under spec i a l  

condit ions,  discussed i n  Sect ion 111-A, t h e  i n t e r a c t i o n  of a 

shock wave and a contact surface  r e s u l t s  i n  t he  formation of 

t h i s  expansion f r o n t ,  denoted by l i n e  CE. To make t h e  cooling 



t h e  most e f f i c i e n t  the  length of the  d r iver  sec t ion  i s ' ad jus t ed  
- - 

such-ihat the  r e f l e c t e d  far-end expansion wave coincides with 

t h e  expansion wave formation a t  t he  point C ,  r e s u l t i n g  in '  t h e i r  

.reinforcement. This r e s u l t s  i n  a rapid  cooling, determined i n  

6 severa l  cases by L i f s h i t z  e t  a l .  (,17,19) a s  10 deg. /sec . ,  

although it i s  by,no means as  rap id  as  t he  heat ing.  A l l  t he  

s i g n i f i c a n t  reac t ion  thus takes place i n  t he  slashed region 5. 

Before removing the  reac tan t s  from the  shock tube i t  i s  neces- 

sary  t o  insure  agains t  t h e i r  being reheated by another r e f l ec -  
: 

t i o n  of t h e  shock wave. This is  discussed ' fu r ther  i n  Section 

I - .  A t  t h i s  point  t he  reac tan t s  a r e  i n  a s u i t a b l e  s t a t e  f o r  

removal-and ana lys i s .  

B. Shock Wave Generation 

The known methods of shock wave generation a r e  numerous 

and depend on the.  type of experiment being s tudied and .the 

temperatures o r  'pressures desire'd. Rather than being given an 

,.iimense t r e a t i s e ,  t he  reader i s  re fe r red  t o  t he  excel lent  r e -  

views of Bradley (20) and Greene and Toennies (21). 
- . 

T The use of explosives t o  generate shock waves i s  both the  

. . 
oldes t  and most dangerous technique known.' %en s tudying t h e  y. 

e f f e c t s  of very high pressures on l i qu ids  i t  i s  necessary t-o 

de l ive r  an extremely s t rong shock' t o  t he  l iqu id .  Unlike t h e i r  



e f f e c t  in-gaseous systems, shock waves i n  l i qu ids  produce high - .- -. 

pressure jumps with only moderate temperature e levat ion.  For 

t h i s  purpcse t he  explosive dr iver  technique has been wel l  

developed by severa l  workers (22,23,24). For t he  temperatures 

required f o r  chemical react ions  i t  i s  not  necessary t o  r e s o r t  

t o  such v io l en t  methods. 

The s tudy.of  chemical k ine t i c s  i s  normally ca r r i ed  out 

wi th  the  use of t h i n  diaphragms. The diaphragms a r e  ruptured 

e i t h e r  by puncturing with a needle or  by bui ld ing the  pressure 

of t he  d r ive r  gas u n t i l  t h e  diaphragm burs t s  spontaneously. 

Aluminum or  brass  f o i l s  and p l a s t i c  f i lms a r e  t he  most f r e -  

quently used diaphragm mater ia l s .  

Metal f o i l s ,  wi th  t h e  employment of r igorous standardiza- 

t i o n  techniques, can provide b e t t e r  reproduc ib i l i ty  than the  

p l a s t i c  f i lms f o r  t he  spontaneous burs t ing  process.  Metal 

; diaphragms a r e  usual ly  scored s o  t h a t  they burs t  i n  a p e t a l  . . . . 

p a t t e r n  and the  p e t a l s  f l a t t e n  out,  agains t  the  s i d e  wal l .  

Without scoring,  these  diaphragms might leave fragments extend- 

i n g  i n t o . a n d  i n t e r f e r i n g  with t h e  flow. Obviously, a .  standard 

. . scor ing method must be used i f  reproduc ib i l i ty  i s  des i red .  i. 

The burs t ing  pressures of various scored and unscored meta l l i c  
- 

and , .p las t ic  diaphragms have been tabula ted by Bradley (20, p.  



115) and Greene and Toennies (21, p. 122). 
- -- -. 

P l a s t i c  f i lms,  though general ly not ava i lab le  i n  as  many 

thicknesses a s  the  me ta l l i c  f o i l s ,  a r e  preferable  i n  chemical 

k i n e t i c s  s tud ies  where extremely high temperatures a r e  not 

necessary. Cellophane, known a s  a ' sha t te r1- type  mate r ia l ,  

received ea r ly  popular i ty  i n  shock tube experiments and i t s  

p roper t i es  were wel l  out l ined (25,26). Upon burs t ing,  ce l l o -  

phane s h a t t e r s  i n t o  many small fragments. Because t he  dia-  

phragm e f f ec t ive ly  disappears,  t he  shock wave i s  formed almost 

instantaneously.  This mate r ia l  su f f e r s  from the  f a c t  t h a t  t he  

shock tube requires  extensive cleaning a f t e r  each experiment. 

I Mylar, on the  other  hand, i s  known a s  a t ea r1- type  diaphragm. 

Upon burs t ing  it t e a r s  and wraps i t s e l f  along the  shock tube 

wal l .  Unfortunately, t h e  slowness. of the-  t ea r ing  process r e -  

s u l t s  i n  t he  formation of t he  shock f r 0 n t . a  s ign i f i can t  d i s -  

. .  . .tance from the  diaphragm l o c a t i o n .  . This i s  compensated by 

having a long reac tan t  sec t ion  i n  t he  shock tube so t h a t  most 

of t he  gas sample i s  heated by a wel l  formed shock wave. I n  

view of t he  f a c t  t h a t  t h e  shock tube u s e d . i n  t h i s  study had 

e x t r a  sh ie ld ing  because of t he  rad ioac t ive  gases used, 'a 

vigorous cleaning a f t e r  each experiment was not  p r a c t i c a l  and , , . ' , 

i t  was decided t h a t  Mylar f i lm be used. To add f l e x i b i l i t y ,  



a plunger was used t o  burs t  t he  diaphragms a t  pressures s l i g h t -  
L .  

-- - - -. 

l y  b'elow the  spontaneous burs t ing  pressure.  

C . Quenching Technique 

A s  mentioned previously,  when a reac t ion  cannot be f o l -  

lowed i n  progress it i s  necessary t o  quench the  reac t ion  i n  

t h e  shock tube before removal of the  reac tan t s  f o r  ana lys i s .  

Glick, Squire,  and Hertzberg (16) were t he  f i r s t  workers t o  

develop t h i s  techni'que. They at tached an evacuated tank,  

separated by a second diaphragm, onto t he  end of the  d r ive r  
. - 

sec t ion .  This diaphragm would be a t  t he  point x = 0 i n  Figure 

2. The diaphragm was ruptured when the  far-end expansion wave' 

reached it a t  point  D ,  causing a reinforcement of t he  expan- 

s i o n  wave denoted by l i n e  DC. The tank a l s o  served t o  a t tenu-  

a t e  t h e  r e f l ec t ed  shock wave from point  C by t r a p p i n g - i t  i n  

t h e t a n k .  

An improved shock tube.was designed and t e s t e d  by Klepeis 

(27). The cooling e f f e c t  was caused predominantly b y ' t h e  

i n t e r a c t i o n  of t he  r e f l ec t ed  shock wave and the  con tac t - su r f ace  

t o p r o d u c e  a ra re fac t ion .  ' I n  additioii ,  a tank was d i r e c t l y  
i 

connected t o  the*sh.nck tube,  perpendicular t o  t h e  tube ax i s .  

The tank, added on the  downstream s i d e  of t he  diaphragm, 

e f f e c t i v e l y  at tenuated t h e  r e f l ec t ed  shock wave and prevented 



reheat ing - of t he  r eac t an t s .  Moreover, Klepeis determined t h a t  - - 
t h e  incident  shock wave and the  r e f l ec t ed  far-end expansion 

wave were only s l i g h t l y  a f fec ted  by the  presence of t he  tank. 

There a r e  severa l  advantages of t h i s  design over t h a t  of Glick 

e t  a l .  Primarily,  t he  aux i l i a ry  apparatus needed t o  bu r s t  two -- 
diaphragms a t  a given time i n t e r v a l  i s  qu i t e  formidable. 

Secondly, i n  t h e  Klepeis design the  dump tank i s  a t  t h e  same 

pressure as  t h e  reac tan t  sec t ion  and t h i s  removes t he  neces- 

s i t y  of accessory valves,  diaphragms, and vacuum l i n e s .  F i -  

na l ly ,  t h e  Klepeis tube gives a higher cooling r a t e  than 
. , 

ava i lab le  i n  t he  other  design. I n  view of t he  successful  use 

of t h e  simpler  tube by many workers i n  the  . f i e l d ,  i t  was 

decided t h a t  a tube of s imi l a r  design would be used f o r  t he  

exchange experiment. The design i s  i l l u s t r a t e d  i n  Figure 9 

of- Sect ion IV-B.  

- .  
D. ' Measurement of Shock Parameters 

A f u l l  development of shock tube theory, ou t l ined  i n  

Sections.111-A and 1 1 1 - B ,  . y i e ld s  a s e t  'of four equations i n  . 

f i v e  unknowns. These f i v e  varLah3es a r e  t he  pressure and 
, 

densfty nr temperature on both &ides  of the  shock wave and 

t h e  ve loc i ty  of t he  gas with respect  t o  the  shock f ron t  on 

e i t h e r , s i d e  of i t .  A measurement of any one of these  quanti- 



t i e s  exact ly  determines t he  f i n a l  s t a t e  behind' the  shock wave. - ... - - 
. -- 

However, measurements of t h i s  type a r e  d i f f i c u l t  because reac- 

t i o n  times i n  a shock tube a r e  only of t he  order  of a m i l l i -  

second . 
Piezo-elect r ic  t ransducers have been extensively used f o r  

d i r e c t  pressure measurement. Transducers operate on t h e  pr in-  

c i p l e  t h a t  t he  charge d i s t r i b u t i o n  on the  faces  of a piezo- 

e l e c t r i c  c r y s t a l  i s  dependent on the  pressure on the  c r y s t a l .  

These c r y s t a l s  a r e  very s e n s i t i v e  toartremely rapid  pressure 

changes and t h i s  property w i l l  be discussed sho r t l y .  However, 

while attempting t o  measure a constant pressure f o r  any s ig -  

n i f i c a n t  time t h e  charge on the  c r y s t a l  faces  decays and the  

r e s u l t i n g  pressure.measurement i s  very inaccurate .  

Numerous workers have used the  Mach-Zehnder in ter ferometer  

t o  make d i r e c t  densi ty  measurements; This  technique i s  based 

. . on the  p r inc ip le .  t h a t  a change i n  densi ty  of a .gas r e s u l t s  i n  
. . 

a. change i n  its r e f r a c t h e  index and thus a change i n  t he  op- 

t i c a l  path length. Combining a reference beam with t h e  beam 

through the  gas sample ,it i s  poss ible  t o  obta in  in te r fe rence  

Iririges. The number o.f f r inges  w i l l  depend on the  d i f fe rence  
,, \ 

i n  phase of the  two beams. Unfortunately, t h e  interfe,rometer 

i s  s e n s i t i v e  t o  small densi ty changes only when the  densi ty  of 



t h e  gas sample i s  very la rge .  I n  most chemical k ine t i c s  
- -. 

problems t h i s  condit ion does not e x i s t .  

I n  k ine t i c s  s tud ies  t he  va r i ab l e  which i s  most s i g n i f i -  

cant  f o r  data  i n t e r p r e t a t i o n  i s ,  of course, t he  temperature. 

E f fo r t s  t o  . d i r e c t l y  measure temperatures behind shock waves 

have been attempted s ince  t he  development of t he  sodium l ine -  

r eve r sa l  technique f o r  the  determination of flame temperatures 

(28,29). Sodium-line rad ia t ion ,  when passed through 'a  gas 

containing sodium vapor, causes the  atoms t o  emit o r  absorb 

r ad i a t i on  depending on whether the  temperature of the  gas i s  

higher o r  lower than t h a t  of the  source. The i n t e n s i t y  of the  

emission o r  absorption w i l l  depend on the  magnitude of the  

temperature d i f ference  and the  concentration of t he  sodium 

vapor i n  the  gas. Since t he  sodium vapor concentrat ion i s  

d i f f i c u l t  t o  est imate,  it i s  necessary ca r ry  out a s e r i e s  ' 

.. - of. i d e n t i c a l .  shocks. using various . lamp temperatures . u n t i l  one .. . . 

i s ' f o u n d  a t  which t h e  l i n e  i n t e n s i t y  i s  not a f fec ted  by the  

gas. This can be a t e r r i b l y  tedious operat ion.  

It was mentioned e a r l i e r  t h a t  rrleasurement of the  ve loc i ty  

of t h e  gases on e i t h e r  s i d e  of t he  shock wave, with respect  

t o  t h e  shock wave, would determine the  . f i na l  s t a t e  of t h e  

system. It i s  shown i n  t h e  next sec t ion  t h a t  the ,shock wave 



ve loc i ty  i s  simply r e l a t e d  t o  t he  gas v e l o c i t i e s .  Thus, a 

measurement of t h e  shock wave ve loc i ty  i s  s u f f i c i e n t  t o  com- 

p l e t e l y  determine the  f i n a l  s t a t e  of t he  system. Piezo- 

e l e c t r i c  transducers have proven ' t o  be very s e n s i t i v e  t o  , the  

sharp pressure changes brought about by t h e  passage of a shock 

through a gas. The placement of two o r  more transducers i n  a 

shock tube, s e t  a t  c a l i b ra t ed  dis tances  apa r t ,  r e s u l t s  i n  a 

very accurate determination of t h e  shock wave v e l o c i t y . .  The 

ample demonstration i n  t h e  l i t e r a t u r e  of t he  ef fect iveness  of 

t h i s  technique (16,17,19,30,31) r e su l t ed  i n  i t s  adoption i n  

t h e  shock tube designed f o r  t he  iodine  exchange. 

- It i s  necessary . t o  make an add i t iona l  remark a t  t h i s  

p o i n t .  I dea l  shock tube theory leads t o  t h e  r e s u l t  t h a t  a 

measurement of t h e  incident  o r  r e f l ec t ed  shock wave ve loc i ty  

w i l l  det.errnine t he  same f i n a l  s t a t e  behind t h e  r e f l ec t ed  

shock. However, experimentally, many workers have found t h i s  

condit ion u n f u l f i l l e d  (32,33,34,35). I n  s tud i e s  where r e f  lec-  

t e d  shock temperatures would be i n  t h e  region 1 5 0 0 - 3 0 0 0 ~ ~ ,  t h e  

a c t u a l  temperature was found t o  be 30-60' lower than t h a t  ca l -  
. . 

cula ted frcm i d e a l  theory.  his disagreement becomes espe- 

c i a l l y  severe where react ions  involving la rge  exchanges of 

heat  occur. The r eac t ion  w i l l  general ly lead t o  t he  r e f l e c t e d  



shock wave being accelerated. ' This problem can be avoided by 
i - -- 

using the incident shock as a' basis for calculations, since no 

reaction is known to take place behind it. 

E. Measurement'of Progress of Reaction 

Measurement of reactions in progress can be studied by 

most spectroscopic methods when applicable to a particular 

problem. The time-of-flight mass spectrometer,. first applied 

. to shock tube investigations by Bradley and Kistiakowsky ( 3 6 ) ,  

is particularly useful for the detection of unstable inter- 

mediates. For problems where the cost of a time-of-flight 

mass spectrometer %s prohibitive and where there.are no char- 

acteristic absorption or emission bands, standard laboratory 

' .  techniques must be employed. These range from volumetric 

.analysis to gas chromatography. For the exchange of iodine 

with methyl iodide, the ease of procurement of the Y-ray 

emitter 1 131 and the availability of excellent counting equip- 

ment dictated the technique to be used. 



111. - .  . SHOCK TUBE THEORY : THEORETICAL DEVELOPMENT 
. -- 

A .  I d e a l  Shock Tube Theory 

The theory of shock tube opera t ion  has been known s i n c e  

t h e  end of t h e  l a s t  century .  Unfortunately,  few authors  have 

succeeded i n ' p r o v i d i n g  a  concise mathematical  d e s c r i p t i o n  of 
. . 

a l l  t h e  phenomena t h a t  occur i n  t h e  s ing le -pu l se  shock tube.  

P a r t i a l  d e s c r i p t i o n s  a r e ' a v a i l ' a b l e  i n  t h e  t e x t s  by Bradley 

(20) , Greene and Toennies (21),  and, Wright (37).  The s imples t  
, . 

and most complete work on t h e  theory of shock tube processes  

i s  t h a t  by Glass  and H a l l  (18). The i r  work i s  most h ighly  

recommended f o r  t h e  reader  d e s i r i n g  an i n t i m a t e  f a m i l i a r i t y  

w i t h  t h e  s u b j e c t .  ' B a s i c  f l u i d  mechanics i s  ou t l ined  i n  many 

e x c e l l e n t  t e x t s  (38,39,40). 

I n  s tudying.chemica1 r e a c t i o n s  i n  a  shock tube i t  i s  

s tandard  procedure no t  t o  cons ider  t h e  e f f e c t s . o f  hea t  conduc- 

' t i o n  o r  v iscos i ty : .  "Certai 'nly,  ' i n  th ' e  temperature '  and- d e n s i t y  
.. ' ,  

regions  of k i n e t i c s  s t u d i e s ,  t h e i r  c o n t r i b u t i o n  would be 

n e g l i g i b l e .  . I n  a d d i t i o n ,  i t  i s  assumed throughout t h a t  a l l  

t h e , g a s e s  obey t h e  i d e a l  gas law. This  approximation i s  v a l i d  

s o  long as t h e  pressures  of t h e  r e a c t a n t s  a r e  low, which i s  'i - 

t h e  cond i t ion  t h a t  p r e v a i l s  i n  t h e  shock tube .  I n  t h i s  s e c t i o n  

two a d d i t i o n a l  condi t ions  a r e  a p p l i e d .  The gases a r e  consid- 



e red  t o  undergo no r e a c t i o n ,  i o n i z a t i o n ,  o r  d i s s o c i a t i o n ,  and 

t h e i r  s p e c i f i c  h e a t s  a r e  taken a s  independent of temperature.  

These r e s t i - i c t i o n s  a r e  removed i n  t l ~ e  next s e c t i o n .  

There a r e  two b a s i c  laws necessary f o r  t h e  development of 

shock tube theory.  The f i r s t ,  which i s  an expression of t h e  

conservat ion  of mass, i s  known a s  t h e  equat ion of c o n t i n u i t y .  

. I n  v e c t o r  n o t a t i o n  i t  i s  w r i t t e n  a s  fol lows:  

a~ - - 
. + v . p v . =  0,  

a t .  
+ 

where V i s  t h e  gradient  opera to r  and 7 i s  t h e  f l u i d  v e l o c i t y .  

The second law, t h e  f l u i d  mechanical equiva lent  of ~ e w t o n ' s  

Second Law, i s  sometimes w r i t t e n :  

Th i s  form i s  no t  convenient t o  u s e  because i t  conta ins  t h e  

t o t a l  d e r i v a t i v e  opera to r ,  d / d t ,  r a t h e r  than  t h e  l o c a l  der iva-  

t i v e  opera to r ,  a / a  t . However, one employs t h e  'chain r u l e  ( 3 9  ,. 
-. 

p. 56) t o  y i e l d :  

S u b s t i t u t i n g  i n  Equation 2 y i e l d s  t h e  equat ion  commonly .re.-  
. ' \  - 

£erred  t o  as Euler  's equation: 



Steady flow refers to 'the situation in which ail the variables - ... -. , - 

of the flow are constants at any given point in the flow. In 

this circumstance the local time derivatives of Equations 1 

and 4 vanish. 

To describe the change of state.of a gas passing through 

a shock it is convenient to treat the shock front as a surface 

of discontinuity. In reality, the thickness of the shock front 

is only several mean free paths and the approximation is valid. 
. . 

Then, conditions of steady flow may be considered to exist on 

both sides of the shock front. The continuity equation then 

. becomes: 

- .. 

.Since the flov in a shock tube is in one dimension only, one 

may write: 

pv = constant. ( 6 )  
- 

Thus, the rate at which mass enters the shock front is the 
. . . . .  

same as.the rate at which it emerges. Before discussing energy 

conservation it is necessary to recall two fundamental thermo- 

dynamic relations: one; the Maxwell equation, 

the other, the entholpy equation for isentropic processes, 

dh = dp/p. (8; 
.. * 

The. energy density, abbreviated ED, consists of the kinetic 



2- energy and 'the t o t a l  i n t e r n a l  energy. Hence, 

by Equation 7 .  The l o c a l  time change i s  then wr i t t en  as: 

The l a s t  two terms vanish by v i r t u e  of Equation 8.  I f  one now 

s u b s t i , t u t e s  Equations 1 and 4 i n t o  the  l a s t  equation, then the  

. . . l o c a l  time r a t e  of change of energy 'density becomes: 
. . . . 

From vector  ana lys i s  one draws on the  following i d e n t i t y  (39, 

Using t h i s  r e l a t i o n ,  and s u b s t i t u t i n g  Equation 8 again, one 

obtains : 

"L 2 
' = - v .p? (h+& ) .  (13) 

Consequently, t he  change i n  energy i n  a given volume may be 

wr i t t en  as  follows: 



where t he  l a s t  r e l a t i o n  i s  t he  r e s u l t  of the  appl ica t ion of 
.- -- - .  

Gauss' divergence theorem. The r i g h t  hand s i d e  of Equation 

14 s i g n i f i e s  t h a t  the  r a t e  a t  which energy crosses the  volume 

boundary i s  given by the  vec tor ,  

Since energy must be conserved i n  a shock system, t h i s  vector  

must be the  same on both s ides  of the  shock f r o n t .  Reducing 

the  equation t o  one dimension and making note of Equation 6 ,  

one obtains: 

h + 5v2 = constant ,  . . (15 
. . -. 

across a shock wave. Momentum f lux  i s  t r e a t e d  i n  the  same .. 

. manner, by f inding the  r a t e  of change of the  momentum densi ty  

i n  a f ixed volume. This may be wr i t t en  as:  

by v i r t u e  of t he  cont inui ty  equation and Eule r ' s  equation. 

The f i r s t  two terms a re  equivalent t o  t he  dyadic expression 

. . .  

Now, taking; rlle i n t e g r a l  over a l l  the  f luid ' , ,  one wri tes :  



.The divergence theorem reduces Equation 17 to:'  
-- -. 

Thus, the  r a t e  a t  which momentum crosses t he  surface  i s  given 

by a tensor .  However, t he  shock tube i s  a one dimensional 

s t r u c t u r e  and the  conservation of momentum i s  simply wri t ten:  

p + , w 2  = constant .  

Equations 6 ,  15, and 19, together  with an equation of s t a t e  

and an enthalpy function a r e  the  f i v e  bas i c  equations o f  shock 

tube theo ry . .  A l l  t h a t  ' is required f o r  a complete descr ip t ion 

of the  s t a t e  behind a shock wave i s  a s ing l e  measurement, as  

discussed e a r l i e r .  However, these  equations do not provide 

any in s igh t  i n t o  t he  funct ional  dependence of t he  thermodynam- 

i c  and mechanical parameters upon. one another.  By proper 

a lgebraic  rearrangements of these  r e l a t i o n s  one can perceive 

t he  range of conditions ava i lab le  behind shock waves of va r l -  
. . . .  . . .  . . . . . . , . .  . . 

ous s t reng ths .  . . 

. . 

It i s  convenient . to  discuss gaseous flow i n  a shock tube 
. . 

i n  terms of severa l  d i f f e r e n t  coordinate systems. '  A l l  t he  

coordinate systems used i n  t he  discussion a r e  i l l u s t r a t e d  i n  

Figure 3 .  The subscr ip t  convention i s  cons i s ten t  w i t h  t h a t  of 

Figure 2 .  Ins tead of us ing vector  no ta t ion  throughout the  

der iva t ion ,  i t  i s  t o  be understood th2 t  a ve loc i ty  i s  pos i t i ve  



LABORATORY SYSTEM 

SHOCK SYSSEM 

FLgure 3a.  Inc iden t  shock coordinate  systems 

LABORATORY SYSTEM 

RELA'iIVE SYSTEM 

SHOCK SYSTEM 

Figure  3b. Ref lec ted  'shock coordinate  systems 
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Now, by - rearranging Equation 2 1  one f inds:  

~ l s b ,  from Equations 23, 24, and 25 one may wri te :  

where' use was made of t he  i d e n t i t y  cp-cv = R/M. A l s o ,  f o r  

s impl ic i ty ,  t he  subscr ip t s  which should appear on the  var iab le  

Y ,  and there fore  on a and B ,  w i l l  not be included with t he  

e x p l i c i t  understanding t h a t  t he  s p e c i f i c  hea t s  a r e  independent 

of temperature. Equating t h e  l a s t  two expressions, and per- 

forming the  necessary algebra,  one f inds:  

. .. . . . . . :. . . .  . . .. . . . . , 

~ e a r r a n ~ e m e n t  of t h i s  expression y i e ld s  the  following r e s u l t  : 

Fina l ly ,  using the  i d e i l  gas law, one de r ives  these  mul t ip le  



- 
Thus, -theat&mperature jump behind a shock wave increases  

i n d e f i n i t e l y  with increas ing P21. However, an ana lys i s  of the  

i n i t i a l  pressure r a t i o  across t he  diaphragm, P41, and i t s  r e l a -  

t ionsh ip  t o  P21 would demonstrate t h a t  f o r  a given system P21 

has a f i n i t e  l i m i t  even f o r  i n f i n i t e  P41. A s  a r e s u l t ,  T21 

, 
a l s o  has a f i n i t e  l i m i t  which i s  dependent on the  nature  of 

t h e  gases on both s ides  of t he  diaphragm. For l a rge  P21, r21 
approaches an uppe r . l imi t  of Q . .  I n  Figure 4 p l o t s  of. T21 and 

r 21 a r e  given as  functions of P21 f o r  a polytropic gas.  I n  

passing, i t  i s  i n t e r e s t i n g . t o  note t h a t  the  entropy change 

across  the  shock f ron t  i s  given by: 

. . .  . . .  

Since the 've loc . i ty  of t he  shock wave i s  'measured i n  a 

r e a l  sys tex,  not t he  pressure ,  it i s  i n s t r u c t i v e  t o  change the  
.. . .. . . . . . . . . . . . , . . . . . . . . . . .. ... . . . . ... . 

funct ional  forms obtained above. From Equation 26, the  gas. 

ve loc i ty  ahead of t he  shock may be wri t ten:  
. . 

Subs t i tu t ing  Equations 25 and 29 one obtains: 

The expressiorie . a  and @ are , s im?ly  r e l a t e d  by: 



Figure 4.  Variat ion8.0f  inc ident  shock temperature and dens,i ty r a t i o s  as 
a func t i on  of t h e  pressure r a t i o  



- a + 1 =. 1 / B  and a - 1 = l / y S .  

Thus, Equation 34 may be s impl i f ied  to :  

The l a s t  equation i l l u s t r a t e s  t he  simple f a c t  t h a t  a shock 

wave.always t r a v e l s  f a s t e r  than the  sound speed i n  t he  gas 

ahead of i t .  Since v l  and UI a r e  i d e n t i c a l ,  t he  Mach number, 

MI, i s  i d e n t i c a l  wi th  V 1 1 .  This leads t o  t h e  important r e s u l t :  

Using Equation 26 once more one f inds:  

One converts t h i s  r e s u l t  t o  t he  laboratory system t o  obtain: 

(a-1) (P2i-1). 
u21 = v21- v11 = (3 9 1 

[ ( 1 ~ )  ( l * ~ ~ ~ )  1% - -. 

. . . . .  . . . . a£ ter much algebra.  0bviou&ly,-  t h i s  ' tefm i s  and i t  ' 

i nd i ca t e s  t h a t  t he  gas behind the  shock wave i s  moving i n  the  

same d i rec t ion  as  t he  shock wave. A comparism of Equation 39 

with  Equation .36 'shows t h a t '  t he  gas i s  not. t r a v e l l i n g  as  f a s t  

.as  the  shock. Using Equation 37, Equations 29 and 31 can be 

rewr i t t en  i n .  the  following forms: 



To cont ras t  with t h e  temperatures and dens i t i e s  of Figure 4 ,  

a  p lo t  of t he  incident  shock Mach number over a  range of shock 

pressures i s  given i n  Figure 5, as ca lcula ted from Equation 36. 

To a sce r t a in  t he  s t a t e  behind a r e f l ec t ed  shock wave one 

must have a boundary condit ion f o r  the  end wal l  r e f l e c t i o n .  

Simply s t a t e d ,  the  gas behind the  r e f l ec t ed  shock wave must be 
. . 

a t  .. r e s t  . s ince  the  gas i n i t i a l l y  a t  t he  end wal l  was a t  r e s t .  

This  condit ion has been included i n  t h e  r e f l ec t ed  shock coor- 

d ina t e  systems of Figure 3. By analogy with Equation 39, one 

may w r i t e  t he  following f o r  t h e  flow ve loc i ty  behind the  r e -  

f l e c t e d  shock wave: 

(a-1) (P52-1) 

Since vg and u2 a r e  i d e n t i c a l ,  d iv i s ion  of Equation 39 by 
. . .  . . . . .  . . .. 

Equation 42 y ie lds :  

From the  d e f i n i t i o n  of A21 by Equatics  31, one obtains t he  
\ 

following iden t i t y :  



Figure 5. 'Jariatio* of the  Mach number of an incident  shock wave as a 
funct ion of the  pressure r a t i o  



-. - Solving  .- .. t h i s  -- quadra t i c  r e s u l t s  i n  t h e  determinat ion of two 

r o o t s  f o r  P52, one-o f  which i s  r e j e c t e d  f o r  being l e s s  than 

u n i t y .  The o t h e r  r o o t  i s  determined t o  be  t h e  following: 

S i m i l a r l y ,  t h e  dens i ty  r a t i o  a s soc ia ted  wi th  t h e  r e f l e c t e d  

. . shock wave has t h e  same f u n c t i o n a l  form a s  Equation 29 and 

may be w r i t t e n :  

of Equation 45, and rearrangement, y ie ' lds  t h e  

following: 

- (~++l )  p2 

Using t h e  i d e a l  gas law one ob ta ins :  

By mul t ip ly ing  P52, r52, and TS2 by P p I ,  r2i, and TZ1, 

r e s p e c t i v e l y ,  one ob ta ins  t h e  fo l lowing expressions:  

and 



Equations '50 and 51 a r e  p lo t t ed ,  f o r  an i d e a l  gas, i n  Figure 

6 ,  while Equation 49 i s  demonstrated i n  Figure 7. For pur- 

poses of ca l cu l a t i on  i t  i s  again much more convenient t o  w r i t e  

P5i, r51, and Ttjl as  d i r e c t f u n c t i o n s  of t he  incident  shock 

Mach number. By d i r e c t  subs t i t u t i on  of Equation 37 i n t o  Equa- 

t i o n s  49, 50, and 51, one f inds  

and 

. . . . . . .  . . . . . .  . . . . . . . . .  respect ively .  . . - .. . . . . 

In many ins tances  it i s  more convenient t o  make a meas- 

urement of only t he  r e f l ec t ed  shock wave ve loc i ty .  By analogy 

wi th  Equation 36, a study of t he  r e f l ec t ed  shock i n  the  r e l a -  

t i v e  coordinate system yie lds  : 



Figure  6 .  V e r i a t i o n  of r e f l e c t e d  shock temperature and d e n s i t y  r a t i o s  as a 
f u n c t i o n  of t3e i ~ c i d e n t  shock p res su re  r a t i o  



Figure 7. Variation of the reflected shock pressure ratio as a function of 
the incide~t shock pressure ratio 



By a - ' s implerearrangement,  t h e  l a s t  equation i s  reduced t o  the  

form: 

The proper subs t i t u t i on  of Equations 31, 39, and 45 converts 

Equation 56 i n t o  t he  following form: 
. . 

UR 2P21+ Q - 1 - =  
a1 [ (1") (lWP21) 1% ' 

. . 

Also., f u r the r  subs t i t u t i on  of Equation.37 yie lds :  

Equation 58 i l l u s t r a t e s  t he  simple connection t h a t  e x i s t s  

between the  incident  and r e f l ec t ed  shocks i n  i d e a l  systems. 

Note t h a t  f o r  an i d e a l  monatomic gas, f o r  which = 4 ,  t h e  

r e f l e c t e d  shock ve loc i ty  i s  always lower than the  incident  

shock ve loc i ty .  This i s  t r u e  i n  laboratory coordinates,  but 
. . . . . .. 

one should keep i n  mind t h a t  the  r e f l ec t ed  shock wave i s  

t r a v e l l i n g  i n t o  a moving gas. I ts  r e l a t i v e  ve loc i ty  i s  actu- 

a l l y  l a rge r  than t h a t  of t he  incident  shock. 

. There i s  one add i t iona l  phenomenon i n  t he  shock tube t h a t  

deserves e luc ida t ion .  The quenching mechanism f o r a  k ine t i c s  \ 

exper iment  i s  i n i t i a t e d  by the  i n t e r ac t ion  of the  r e f l ec t ed  

shock wave with t h s  contact sur face ,  a s  i l l u s t r a t e d  i n  Figure 



2. Since.-the generation of an expansion wave i s  not always 
. .- 

t h e  r e s u l t  of such an in t e r ac t ion ,  i t  i s  necessary t o  determine 

what spec i a l  conditions w i l l  assure t h a t  one  obtains a  cooling 

wave. The coordinate systems of Figure 8  i l l u s t r a t e  t he  con- 

d i t i o n s  ex i s t i ng  p r i o r  t o ,  and following, the  i n t e r ac t ion  a t  

t he  contact surface .  For the  der iva t ion  t h a t  follows t h e  re -  

f l e c t e d  far-end expansion wave i s  ignored, and the  contact  

surface  i s  taken a t  r e s t  i n  t he  i n i t i a l  system. This s h i f t  i n  

t he  coordinate system leaves t he  r e s u l t  completely general .  

The conditions across and through a  r a r e fac t ion  wave can be 

derived from the  method of c h a r a c t e r i s t i c s .  The method i s  

out l ined i n  many t e x t s  (18,20,37) and i s  b r i e f l y  introduced i n  

t he  Appendix. Across t he  r e f l ec t ed  r a r e fac t ion  wave the  

v e l o c i t i e s  a r e  r e l a t e d  by the  following equation: 

The v e l o c i t i e s  behind t h e  i n i t i a l  and transmit ted shock waves, 

by analogy with Equation 39, a r e  given by t h e  following r e l a -  

t i ons  : 



:FINAL STATE 

Figure  8. Shock tube states before and after Llie 
refraction of a shock wave by a contact. 
surface. . 



R e c a l l  t h a t - t h e  - s u b s c r i p t  4  r e f e r s  t o  t h e  d r i v e r  gas ,  which i s  
- -. 

a l s o  considered t o  be po ly t rop ic .  Across t h e  con tac t  s u r f a c e ,  

be fo re  and a f t e r  t h e  i n t e r a c t i o n ,  t h e  fo l lowing boundary con- 

d i t i o n s  apply: 

' P2 = P3, P7 = P8, and V7 = V8* 

Thus, Equations 59, 60, and 61  may be  equated t o  y i e l d :  

Rearrangement of t h i s  equat ion y i e l d s :  

One now s u b s t i t u t e s  f o r  A25, us ing  t h e  f u n c t i o n a l  form of 

Equation 31, t o  d e r i v e  t h e  fo l lowing equat ion  f o r  P75: 

The condi t ion  t h a t  an expansion wave be r e f l e c t e d  i s  t h a t  P75 

< 1. Thus, t h e  t h i r d  term i n  Equation 64 must be l a r g e r  than  

. t he  f o u r t h .  Th i s  c o n d i t i o n ,  a f t e r  t h e  appropr ia t e  cance l l a -  % 

t i o n s  and rearrangement of Equation 64, y i e l d s :  



. Usually, the  d r ive r  gas i n  a shock tube i s  a monatomic gas 

such as  helium, so t he  l a s t  two terms i n  t he  product above a r e  

c lo se  t o  un i ty .  By approximation, the  condit ion i n  Equation 

64 may be rewri t ten:  

Looking back a t  Equation 25, one promptly sees  t h a t  t he  simp- 

lest  way t o  ensure t h i s  condit ion i s  by adjustment of the  

molecular weights of the  gases.  Driver gases a r e  normally 

hydrogen o r  helium, while reac tan t s  a r e  d i lu ted  i n  argon o r  

n i t rogen.  Nevertheless,  t he  determination of t h e  cooling 

e f f e c t  i s  bes t  done experimentally r a t h e r  than simply r e s o r t -  
. . 

in& t o  i d e a l  theory. 

The equations derived i n  t h i s  sec t ion ,  though not  of conl- 

pu ta t iona l  value i n  k i n e t i c s  experiments, give an exce l len t  

p i c tu re  of shock tube phenomena. I n  general ,  t h e  reac tan t s  i n  

a shock tube a r e  d i lu t ed  with i n e r t  gas t o  t he  extent  t h a t  

these  equations provide a reasonable f i r s t  approximation t o  
. . , 

shock tube condit ions.  . However, f o r  the  accurate determina- 

t i o n  of temperature t h a t  i s  mandatory i n  k i n e t i c s  experiments, 

t h e  equations of t h i s  s ec t ion  a r e  not s u f f i c i e n t .  



B .  Application t o  Real Gases with ~ h e i i c a l  Reaction- 
. - - 

, .L .- 

The 'object ive  of t h i s  sec t ion  i s  t o  ou t l i ne  t he  proper 

forms of the  shock tube equations a s  applied t o  t h e ,  i so top ic  

exchange of iodine  and methyl iodide.  It i s  hoped t h a t  t he  

technique demonstrated here may serve a s  a  guide f o r  the  solu-  

t i o n  of more complex systems. The overr id ing s imp l i f i ca t i on  of 

t h e  present  problem i s  t h a t  t he  reac tan t s  and products a r e  t he  

same. Thus, t he re  i s  no ne,ed t o  know the  e x t e n t ' o f  reac t ion  
. . .  . . 

behind the  incident  o r  r e f l ec t ed  shock waves s ince  t he re  i s  no 

heat  of reac t ion  and no change i n  number of moles. However,. 

iodine  d i ssoc ia t ion  i s  qu i t e  extensive behind the  r e f l e c t e d  

shock wave and must be taken i n t o  considerat ion.  

For t h e  system argon, iodine,  and methyl iodide ,  the  

following re la t ionsh ips  a r e  simply.derived from the  i d e a l  

law, assuming no reac t ion  behind the  incident  shock: 
. . 

Mi = XAMA + XRIMRI + X I ~ M I ~ ,  

and 



- .  
Writing Equation 27 in a more convenient fashion one obtains , 

. _  -. 
-. 

, 

Since Equation 28 does not apply, in general, one must obtain 

the enthalpies from standard tables or by use of appropriate 

partition functions. By substitution of Equations 23 and 70, 

  qua ti on 72  becomes: 

Multiplying the left side of this equation by M1, the follow- 

ing reduction occurs: 

( 7 4 )  

This equation replaces the much simpler relation, Equation 2 8 .  

The funct%on #HZ is not adaptable to linear interpolation so 

the followicg rearrangement-is made on Equation 7 3 :  , 



R I ,  1 

The enthalpy func t ions  i n  Equation 75. a r e  known t o  behave 

l i n e a r l y  wi th  temperature and can be r e a d i l y  i n t e r p o l a t e d  

between t h e  u s u a l  1 0 0 ~ ~  i n t e r v a l s  of s tandard  t a b u l a t i o n s .  

Another s i m p l i f i c a t i o n  i s  introduced by making t h e  fo l lowing 

change i n  ' func t iona l  dependence: 

Equation 75 then  becomes: , , 

For  a  given va lue  of T21 Equation 76 i s  a  simple quadra t i c  i n  

P21. The enthalpy func t ions  a r e  t a b u l a t e d  l i n e a r  func t ions  of 

temperature i n  1 0 0 ~ ~  i n t e r v a l s .  



From Equation 33 we may immediately wr i t e :  
. - - .. - 

2 
UI 

P21- ) * (77) 
1 - T21lP21 

For  a given va lue  of T21 and UI .Equation 77 i s  a simple quad- 

r a t i c  i n  Pp1. Equations 76 and 77 se rve  t o  uniquely determine 

t h e  s t a t e  behind t h e  i n c i d e n t  shock wave. Thus, one measures 

t h e  i n c i d e n t  shock v e l o c i t y  and allows T21 t o  va ry  u n t i l  

Equations 76 and 77 a r e  i n  agreement. 

Using t h e  r e f l e c t e d  shock wave a s  a r e fe rence ,  one may 

w r i t e  t h e  conservat ion  equat ions as fol lows:  

. ,. 

2 
P2 + P2(uR+u212 = P5 + P ~ U R  (80) 

By analogy wi th  t h e  d e r i v a t i o n  of Equation 76, t a k i n g  i n t o  

account d i s s o c i a t i o n ,  one obta ins :  



0 - The t_ep .AH, r e p r e s e n t s  t h e  enthalpy change a t  abso lu te  zero  

f o r  t h e  d i s s o c i a t i o n  of one mole of iod ine  molecules.  The, 

one remaining equat ion necessary t o  complete t h e  a n a l y s i s  i s  

. evolved i n  t h e . f o l l o w i n g  manner. S u b s t i t u t i o n  of Equation 78 

i n t o  Equation '80 y i e l d s  t h e  following: 

Now, UR can be r e l a t e d  t o  UI by e l imina t ion  of u2 from Equa- 
.-. 

t i o n s  78 and 20. Thus, 

El iminat ing  u2 from t h e  l a s t  two equat ions:  

S u b s t i t u t i o n  i n  Equation 82 y i e l d s  t h e  f i n a l  r e l a t i o n :  

. . 
~ ~ i - i ~  rZ112 = (&)(p52-1)( r52-1 )*  ,.. (86) -. 

Rewri t ten  using, t h e  i d e a l  gas l a w ,  t h i s  becomes: 



Equations -81 and 87 serve t o  uniquely def ine  t he  s t a t e  of t he  

gas behind the  r e i l e c t e d  wave from a knowledge of T2, p2, and 
. 

t h e  incident  shock ve loc i ty .  Since the  degree of d i ssoc ia t ion  

i s  i t s e l f  a funct ion of temperature and pressure the  l a s t  

equation must be solved by an i t e r a t i v e  process.  A s  before,  

Equations 8 1  and 87 a r e  solved simultaneously by varying T52 

and solving the  quadrat ics  f o r  P52. This technique of solu- 

t i o n  i s  rap id ly  . . handled by a d i g i t a l  computer. 



- . . I V  . EXPERIMENTAL 
- - . .  - 

A .  Chemicals 

Grade-A helium, used a s  t h e  d r i v e r  gas i n  t h e  shock tube ,  

was suppl ied  by t h e  Department of t h e  I n t e r i o r ,  Bureau of 

Mines. Argon, used a s  t h e  d i l u e n t  i n  t h e  r e a c t a n t  s e c t i o n ,  

was suppl ied  by A i r  Products and Chemicals, I n c .  Both gases 

had a,minimum p u r i t y  of 99.995% and were used without  f u r t h e r  

p u r i f i c a t i o n .  
. . . .  . 

The methyl i o d i d e  used i n  t h e  experiment w a s .  ~ a k e r ' s  

: A n a l y t i c a l  Reagent grade.  The only t reatment  performed on 

t h e  iod ide  was passage through a column of anhydrous s i l i c a  

g e l .  H a r r i s  and Wil lard (41) demonstrated t h a t  methyl i o d i d e  

s o  t r e a t e d  y i e l d s  t h e  same i n f r a r e d  spectrum a s  t h a t  obtained 

a f t e r  repeated  f r a c t i o n a l  d i s t i l l a t i o n .  The methyl i o d i d e  

. w a s  s t o r e d  i n  a .darkened f l a s k  wi th  a s ' t r i p  of copper wire  t o  

- prevent  decomposition. 

was procured from Cambridge Nuclear Corp. It was 

supp l i ed  a s  t h e  aqueous i o d i d e ,  c a r r i e r  f r e e ,  i n  b a s i c  so lu-  

. . t i o n .  A predetermined amount of ~ a k e r ' s  A n a l y t i c a l  Reagent 

.. 
grade potassium i o d i d e  was d i s so lved  i n  an a l i q u o t  of t h e  

. ' , a c t i v e  iod ide  s o l u t i o n .  .The s o l u t i o n  was a c i d i f i e d  w i t h  n i t r i c  
. . 

a c i d  u n t i l  p r e c i p i t a t i o n  of t h e  i o d i n e  was complete. The s o l i d  



was f i l t e r e d  and sublimed. 
- .. 

B .  Apparatus 

. '  The shock tube b u i l t  f o r  t he  present  experiment, s imi la r  

t o  t h a t  used  by L i f s h i t z ,  Bauer, and Resler  (17) ,  i s  i l l u s -  
.. - 

t r a t e d  i n  Figure 9 .  With t he  exception of t h e  copper f o i l ,  

a l l  metal p a r t s  i n  contact  wi th  t he  i n t e r i o r  of t he  shock tube 

were fabr ica ted  from s t a i n l e s s  s t e e l .  Because of t h e  low 

. . shock v e l o c i t i e s  i n  the  experiments, . the d r ive r  sec t ion  was 

s l i g h t l y  longer than it  would be f o r  high temperature experi-  

ments. The length of t he  d r ive r  sec t ion  was made ad jus tab le  

by placing a p i s ton  on the  end of a threaded rod. The p i s ton  

was machined t o  t he  point  where i t s  diameter allowed i t  t o  

pass through the  Pyrex tube without scra tching i t .  Discussion 

of t h e  tuning of the .shock t u b e . i s  found i n  the  next sec t ion .  

The Pyrex pipe was obtained from Corning Glass Works, and i s  

known as ' ~ o u b l e - ~ o u g h ' ,  No, 7740, The pipe i s  provided with 

t i g h t  f i t t i n g  Teflon gaskets ,  which were used f o r  a l l  t he  

glass-metal j o i n t s .  The end of t h e  d r ive r  s ec t ion  consisted 

. of a short stainless s t e e l  cy1,inder. A n  o u t l e t  on the  cyl in-  
, 
\ 

der  served f o r  both evacuation of the  d r ive r  sec t ion  and the  

admission of helium. .The plunger consisted of a s t a i n l e s s  

s t e e l  needle mounted on the  bottom of a sealed bellows valve.  
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Figure 9. The single-pulse chemical shock tube used for the CH3I-I2 exchange 



The end of- t h e  d r i v e r  s e c t i o n  was recessed  so  t h a t  t h e  con- 

nec to r  fo l lowing.  i t  could be made t o  t i g h t l y  enclose  t h e  d i a -  

phragm. The.diaphragm was placed i n  t h e  r e c e s s  wi th  a copper 

f o i l  on t o p  of i t .  The s e a l  a r o s e  from t h e  p ressu re  of a 

Tef lon  O-ring pressed a g a i n s t  t h e  copper f o i l . '  The'connector, 

and t h e  dump tank t o  which i t  was welded, were both  of ' s t a i n -  

' l e s s  s t e e l .  The bottom of t h e  dump tank l e d  through a cold  

t r a p  t o  t h e  vacuum l i n e .  Evacuation of t h e  r e a c t a n t  s e c t i o n  
. . . . 

and removal of unreacted gases was performed through t h i s  

l i n e .  The major por t ion  of t h e  r e a c t a n t  s e c t i o n  cons i s t ed  of 

a long s e c t i o n  of Pyrex p ipe .  A s h o r t  s t a i n l e s s  s t e e l  con- 

n e c t o r  was added t o  adapt t h e  f l a n g e  on t h e  Pyrex p ipe  t o  t h e  

screw ho les  d r i l l e d  i n  t h e  b a l l ' v a l v e .  . The b a l l  va lve ,  

o b t a i n e d f r o m  Worcester S p r i n k l e r  Co., was one of t h e  only 

va lves  manufactured wi th  a uniform bore.  The va lve  was c losed  

immediately a f t e r  t h e  diaphragm b u r s t  t o  prevent t h e  mixing of 

co ld  gases wi th  t h e  r eac ted  gases .  F igure  2 demonstrates t h a t  

t h e  gases remaining downstream of t h e  b a l l  va lve  have been a t  

r e a c t i o n  temperature t h e  longes t .  A t  t h e  end of t h e  r e a c t a n t  

s e c t i o n  t h e . t w o  t ransducers  were loca ted  a f i x e d  d i s t a n c e  

a p a r t .  K i s t l e r  Quartz Pressure  Transducers ,  Model 601A, were.  

each connected d i r e c t l y  t o  K i s t l e r  E l e c t r c s t a t i c  Charge Arnpli- 



f i e r s ,  Model 566. The ampl i f ier  outputs were connected ia - 

and fed t o  the  e x t e r n a l  t r i gge r ing  c i r c u i t  of a  

Tektronix O s ~ i l l o s c o p e ,  Type 535. The input  was then led 

through. a  magnetic delay l i n e ,  with a 6.5 psec. delay, .  t o  the  

v e r t i c a l  input  of a  Tektronix Preamp, Type K.  The osc i l l o -  

scope was provided with a r a s t e r  sweep c i r c u i t ,  Tektronix 

Modification 118. This allowed a s i g n i f i c a n t  time expansion 

on the  osci l loscope screen. . A  Tektronix Time Marker, Type 

181, was used t o  .provide 10 psec. time marks which were 

superimposed on the  s igna l  from the  charge ampl i f iers .  The 

osci l loscope.was s e t  f o r  s i n g l e  sweep hor izon ta l  d isplay and. 
. . 

t h e  r a s t e r ,  t r iggered  by t h e  incident  shock, was photographed 

with a Tektronix Camera, Type C - 1 2 .  Photographs of t yp i ca l  

sweeps, both wi th  and without a  s igna l  from the  charge ampli- 

' .  f i e r s ,  a r e  i l l u s t r a t e d  i n  ,Figure 10. It should be mentioned 

t h a t  s igna l s  caused by the  n a t u r a l  frequencies of t h e  t rans -  

ducers were removed i n  the.most  p a r t  by e l e c t r o n i c ' f i l t e r s .  

  his f i l t e r i n g  system caused the  small o s c i l l a t i o n s  appearing 

' ,  immediately a f t e r  each.shock pulse i n  Figure lob. I n  addi- 

t i o n ,  t he  timing switch c i r c u i t s  of t he  r a s t e r  sweep genera- ... 

t o r  were modified so  t h a t  t he  sweep r a t e s  could be made con- 

t inuousiy var iab le .  A s  supplied from the  fac tory ,  the  r a s t e r  



P 
Figure 10a. Free running trace of the output of the raster 

sweep circuit 

Figure lob. Same as above, with typical shock tube output 
from transducers and time marks superimposed 



sweep modification allows only a f ixed number of precal i -  

brated sweep rates. 

The sample ou t l e t s  i n  the  end sect ion were connected t o  

the  vacuum l i n e  and sample bulbs, as  i l l u s t r a t e d  i n  Figure 11. 

After addit ion of methyl iodide t o  the  25 m l .  sample bulb, 

the  large tank was evacuated t o  below one micron while the  

iodide was frozen a t  l iqu id  nitrogen temperature. The iodide 

was then allowed t o  vaporize i n t o  the  tank and i t s  pressure 

was read an a Wallace and Tiernan Absolute Pressure Gauge, 

Model FA-160. Argon was then admitted t o  t h e  tank t o  t h e  

desired pressure, as determined by a mercury manometer. The 

gases were allowed t o  fu r the r  mix f o r  a day. To begin each 

experiment a sample of so l id  iodine was weighed out i n  the  10 

m l .  sample bulb. While the  iodine was kept a t  l i qu id  n i t ro -  

gen temperature, the  3 1. mixing bulb and the  10 m l .  sample 

bulb were evacuated through the  sample ou t l e t s .  The iodine 

was then sublimed i n t o  the large mixing bulb. The iodine 

pressure was calculated on the  assumption t h a t  it obeyed the  

i d e a l  gas law, the  exact volume of the  mixing bulb assembly 

having been previously determined. The 3 1. bulb and t he  

d r ive r  sect ion of t h e  shock tube, including the  dump tank, 

were heated t o  335 + ~ O K  t o  ensure complete sublimation of 
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Figure 11. Apparatus used for sample preparation and removal from 
shock tube 



t h e  i o d i n e .  The argon-methyl iodide  mixture was then admitted 

t o  the  mixing bulb and the  t o t a l b u l b  p re s su re  was measured 

i n d i r e c t l y ,  by use of a c l i c k  gauge i n  l i n e  with a mercury 
- .  

manometer. The c l i c k  gauge, a small  bulb blown a t  t h e  end of 

a shor t  length o f g l a s s  tubing, g ives  an audible and v i s i b l e  

c l i ck .  a t  some constant  pressure d i f ference  across the  gauge 

face .  The add i t iona l  manometer on the  mixing bulb was used 

f o r  ca l ib ra t i on  of the  c l i c k  gauge. . 
. 

To prevent t h e  deposi t  

of s o l i d  iodine ,  t h e  c l i c k  gauge was maintained a t  the  same 

elevated temperature a s  t he  shock tube. The p r inc ipa l  reason 

f o r  us ing,  t h i s  device was that '  no d i r e c t  pressure reading 

instrument was found s u i t a b l e  f o r  use with iodine vapor. 

After  the  gases were mixed they were admitted t o  the  shock 
. . 

tube and the  pressure again determined with the  c l i c k  gauge ., 
After  an experiment t h e  products w e r e  pumped i n t o  t h e  remov- 

ab le  l i qu id  N2. cooled t r a p .  

After  separa t ion of t h e  r eac t an t s ,  t h e i r  Y-ray a c t i v i t y  

, w a s  determined on a Radiation Instrument Development Labora- 

t o r y  400 Channel Analyier, Model 34-12B.  he technique 

e f f e c t i v e l y  ind ica ted  the  f r a c t i o n  of exchange f o r  ea'ch 

experiment. 



C. procedures 

Before performing any k i n e t i c s  experiments i n  t he  shock 

tube i t  was necessary t o  tune the  instrument f o r  the  combin.. 

a t i o n  of t he  helium d r ive r  and heated argon driven sec t ion .  

By tuning of t he  shock tube i s  meant t he  arrangement of the  

length  of t he  tube such t h a t  t h e  r e f l ec t ed  far-end expansion 

wave and the  r e f l e c t e d  shock wave meet a t  t he  contact  surface .  

This phenomenon was discussed i n  Section I I - A .  The tuning i s  
. . 

accomplished by operat ing t h e  shock tube under t h e  condit ions 

of the  k i n e t i c s  experiment t o  be s tudied.  A photograph of 

t he  osci l loscope t r a c e  of such an experiment, without r a s t e r  

sweep, i s  shown i n  Figure 12a. The hump i n  t h e  cooling curve 

ind i ca t e s  t h e  l a t e  a r r i v a l  of t he  r e f l e c t e d  far-end expansion ' .  

wave. Figure 12b demonstrates t he  sharp-  cooling curve brought 

about by tuning the  shock tube. . .  

The preparat ion of t he  r eac t an t  gas sample was discussed 

i n  the ,p rev ious  sec t ion .  Before t h e  reac tan t s  were admitted 

i n t o  t h e  shock tube, a Mylar diaphragm was in se r t ed  i n  place,  

. and the  d r ive r  and reac tan t  sec t ions  were.evacuated, t he  
. . 

. l a t t e r  t o  below t o r r  p ressure .  . The d r ive r  s ec t ion  was .. 

f i l l e d  t o  the  d e ~ i r e d ~ r e s s u r e  with helium, and the  diaphragm 

was then punctured with the  plunger. The b a l l  valve was, .'. 



Figure 12 .  Successive photographs taken before and after 
tuning the driver section of the shock tube 



immediately - closed t o  separa te  t he  reacted gases from the  

cold por t ion of the  shock tube. The photograph of t he  o sc i l -  

loscope screen was developed i n  t he  next few seconds from the  

Polaroid 'back on the  osci l loscope camera. The reac tan t s  were 

then pumped out of the  shock tube and co l lec ted  i n  a l i q u i d  

N2 cooled t r a p .  They were d i lu t ed  with acetone and shaken 

wi.th a small drop of mercury u n t i l  t he  reduction of iodine  

was .completed. A hot water bath was s u f f i c i e n t  t o  d i s t i l l  
. . 

t h e '  organic products and leave t h e  inorganic ' iodide behind.' 

The samples were counted i n  p l a s t i c  v i a l s ,  t he  organic mater- 

i a l s  made up t o  volume with acetone, t he  inorganic iodide  

made up t o  volume with a 10% sodium iodide  so lu t ion .  

The counting of t he  products was performed by counting 

the  46 channels t h a t  contained the  main 'Y-ray peak a t  0.3645 

Mev. 'The e r r o r  i n  counting i s  given by the  standard r e l a t i on :  

& o = -  
9 

C 
(88) 

where c i s  the t o t a l  number of counts. To reduce the  e r r o r ,  

a t  l e a s t  10,000 counts were accumulated f o r  each sample. The 

f r a c t i o n  of exchange, F ,  i s  given by the  simple formula: 



where:. CRI = counts from methyl iodide  sample; 

C I ~  = counts from inorganic iodide  sample. 

A complete e r r o r  ana lys i s  of t h e  shock tube experiment 

w i l l  not be attempted here .  For t h e  temperature range of 

i n t e r e s t  i n  t h i s  study many inves t iga to r s  have shown the  

uncer ta in ty  i n  temperature t o  be of t he  order  of 1-2%. Other 

e r r o r s  i n  t he  determination w i l l  be t r e a t e d  a s  they become 

apparent.  



V . CALCULATIONS - .  _ _  - -  

. A. Determination of Reaction Parameters . 

For any given experiment, t he  laboratory ve loc i ty  of t he  

incident  shock wave, along with the  i n i t i a l  condit ions,  pro- 

vided s u f f i c i e n t  information f o r  t he  so lu t ion  of Equations 76, 

' . 77, 81, and 87. The algebra a n d  i t e r a t i o n s  were performed on 

an IBM 360165 d i g i t a l  computer. Before d iscuss ing the  compu- 

t a t i o n a l  methods, i t  i s  necessary to.  ou t l i ne  some of the  

assumptions contained there in .  

The various thermodynamic functions f o r  argon, iodine ,  

and iodine  atoms a r e  tabula ted i n  t he  JANAF Thennochemical 

Tables (42). However, no tabulat ion 's  a r e  ava i lab le  f o r  methyl 

iodide .  Since the  concentrat ion of methyl iodide  i n  t h e  

experiments was small,  it was f e l t  t h a t  ca lcu la t ion  of enthal -  
. . 

p ie s  and heat  capac i t i es  from c l a s s i c a l  p a r t i t i o n  funct ions ,  

- .wi thout  t h e  use of any anharmonicity cor rec t ions ,  would i n t r o -  

duee negligibLe e r r o r  i n t o  the  r e s u l t .  Fundamental v ibra-  

t i o n a l  frequencies of me thy l  iodide  were found i n  Sponer (43), 

0 0 
. and a r e  given i n  Table .l. The. enthalpy function, ,  (H-Ho/T) , 

and t h e  heat capacity;  c:, were calcula ted ,from t h e  following " 

fo&ulas , which a r e  found i n  Lewis and Randall (44, Chapter 
. . 

27) : 



Table 1.--Fundamental frequencies of methyl iodide 

Fundamental frequency Degeneracy 
cm.-1 

where: h i s  Planck's constant; 

c i s -  the  speed of l i g h t ;  

k i s  ~ol tzmann 's  constant; 

-1 i s  fundamental frequency i n  cm. . 
The heat capacit ies calculated here a re  i n  agreement with the 

low temperature heat capaci t ies  calculated by Edge11 and 

Glockler (45). Values of the  functions (HO-II:)/T and 

2 (HO-H:) /RT - 1 are  tahblated i n  Table 2 f o r  Ar, 12, I and 

',.. 
CH31 over the temperatures of i n t e r e s t  i n  t h i s  experiment. . % 

. . 

Heat capacit ies a re  tabulated i n  Table 3 a n d a r e  u s e d i n  the . . 

following section.  Both enthalpy functions of Table 2 afe 



Table  2 .  Enthalpy func t ions  of Ary 12,  I, and CH31 ' .  

Temperature HO-H; - 1 I 

OK T R 
c a l .  /mole-deg 

. - - 
A r I 2  I C H ~  I A, I 2  I CH3-I 

335 4.968 8.181 4.968 8.900 4.000 7.233 4.000 7.957 



Table- 3 .  .-Heat capac i t i es  of A,, 12, I ,  and CH3I 

c; 
Temperature c a l .  /mole-deg 

OK A r 12 . I C H ~  I 

approximately l i n e a r  over .any hundred degree i n t e r v a l ,  so 

enthalpies  f o r  intermediate temperatures a r e  ext racted by 

l i n e a r  in te rpo la t ion .  The JANAF (42) workers have a l s o  tabu- 

l a t e d  v a l i e s  f o r  t h e  formation constant of iodine .  However, 

t h i s  constant changes rap id ly  with temperature and i s  not 

suscep t ib le  t o  l i n e a r  in te rpo la t ion .  Thus, it was decided 

t o  develop an equilibrium function,  K(T), a s  an e x p l i c i t  

function of temperature. Lewis and Randall (44, p. 66) have 

evaluated the  function c;(T) f o r  iodine ,  from the  da ta  of 

Wagman and Evans (46) , i n  t he  following manner: 

c;,1 = 4.97, (92) 

5 ' 2  . c; , I~  = 8.94 + 0 . 1 4 x 1 0 - ~ ~  - 0 . 1 7 ~ 1 0  T- . (93) 
\ 

: .  

One .may now wr i te :  P 
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where: AH? i s  the  enthalpy change a t  temperature T f o r  , 

t h e  formation of two iodine  atoms from iodine;  

 AH^ i s  an in t eg ra t ion  constant .  

Using the  value of given by Lewis and Randa l l  (44, p. 

672), the  r e s u l t  of t he  i n t eg ra t ion  above i s :  

The van ' t  Hoff equation r e l a t e s  t he  'enthalpy change t o  t h e  

equilibrium.. constant  a s  follows: . . .  

where KT i s  t h e  equilibrium constant expressed i n  u n i t s  of 

atmospheres. . In t eg ra t ing  Equation 96, one obtains:  

where I represents  t he  i n t eg ra t ion  constant  f o r  t h e  i n d e f i n i t e  

i n t e g r a l .  Evaluation of t h e  equilibrium constant  a t  600 '~  

gives a value f o r  I of 3.849, based on . the  tabula ted equi- 

l ibrium constants  of the  JANAF t ab l e s  (42). Thus, t he  f i n a l  

form f o r  KT i s :  

This funct ion i s  i n  excel lent  agreement with the  va1ues"of 

t h e  JANAF t abu la t ions  over t he  temperature range 0.f i n t e r e s t .  



T.he.degree of d i ssoc ia t ion  of iodine  i s  a funct ion of 

temperature and a l s o  of pressure ,  because of the  change i n  

mole number. The equilibrium constant  may be wr i t t en  a s  

follows: 

where P i s  t h e  t o t a l  pressure of the.system. One may now 

solve  t he  quadrat ic  f o r  & 2 p , r e t a i n i n g  the  pos i t i ve  roo t  

. .  . . . .  
only, 'and one o b t a i n s  : 

Thus, one may determine the  equilibrium constant a t  any tem- 

pera ture  by Equation 98. Then, by Equation 100, t h e  degree 

of d i s soc i a t i on  i s  determined a t  t h a t  same temperature and 

any given t o t a l  pressure.  

Solut ion of t he  shock tube equations was ou t l ined  i n  

Seetion 111-B. Equations 76, 77, 81, and 87 were r ead i ly  

solved us ing the  tabula ted thermodynamic da ta  f o r  t he  reac- 

0 
t a n t s .  Thc d i ssoc ia t ion  energy, AHo, was taken as  35,560 

cal./mole ( 4 2 ) .  The incident  shock wave ve loc i ty  was calcu-. . 
, 

l a t e d  from the  photograph i n  Figure lob. The elapsed time 

between ' t h e  ' f i r s t  two pressure pulses and the  dis tance .  separ- 



a t i n g  the  transducers gave the  incident  shock ;elocity t o  
-- 

within  2%. 

The d i s soc i a t i on  of iodine  behind the  incident  shock 

wave was considered neg l ig ib l e .  A t  inc ident  shock tempera- 

t u r e s  the  equilibrium constant f o r  t he  d i ssoc ia t ion  i s  approx- 

imately atmo. Behind the  r e f l e c t e d  shock the  iodine  was 

considered a t  equilibrium with d i ssoc ia ted  iodine  atoms'. This 

assumption i s  based on t h e  shock tube work of Br i t t on  e t  a l .  
. . 

(47,48), who s tudied t h e  three-body assoc ia t ion  of iodine  

atoms d i lu t ed  i n  argon. In s impl i f i ed  form, t h e  recombina- 

t i o n  r a t e '  may be wri t ten:  

14.87 ( 1 ~ 0 )  1 .9  ( y2 = 1 0  
mole -sec 

From the '  equilibrium constant  t h e  second .order r a t e  constant  

. . 
f o r '  d i s soc ia t ion  i s  found t o  be: 

where U = 35,560 cal,/mole. Thus,' t h e  r a t e  of production of 

, iodine atoms i s  given by t h e  following d i f f e r e n t i a l  equation: 

where parentheses designate concentrat ions i n  u n i t s  of . . 

rnole/cc. The so lu t ion  may be wr i t t en :  



.-. G-K 1 - exp[-~kR(~)tl 
(I) = - - 2 

G-K 4 l+-rxpC-~kR(~)tJ 
G+K . 

where, K represents the equilibrium constant, k D / ~ ,  and 

G = C K ~  + 16K(12)t,0]'. For all the experiments performed 

on the exchange the equilibrium was effectively established 

in no more than 15% of the total reaction time. Thus, the 

final state behind the reflected shock wave is certainly well 

'. represented b y  the assumption of dissociation equilibrium. 

  ow ever, since the dissociation does occur over a substantial 
tim; interval, it is necessary to consider its rate in con- 

junction with any. kinetic scheme for the exchange. 

The steady state concentration of methyl radicals was 

. ' considered low enough to be left .out of the enthalpy equations. 

Mass spectra of shocked CH3I samples indicated no unsxpected 

concentrations of side products. Also, using estimates of 

29.5 e.u. for the decomposition of methyl iodide and the bond 

energy of about 55 kcal. resulted in the expectation of low 

steady state concentrations. 
. . 

B. Treatment of Isotopic Exchange '\ 

The lone parameter necessary to complete the analysis of 

the isotopic exchange is the reaction time. As before, this, 



va r i ab l e  i-s i n d i r e c t l y  determined from the  osci11oscope pat-  

t e r n  f o r  each experiment. Figure 13 contains an enlargement 

of t h e  reac t ion  zone corresponding t o  region 5 i n  Figure 2 .  

The gases of i n t e r e s t  a r e  those downstream of t he  b a l l  valve 

which a r e  removed f o r  analys is . '  The time i n t e r v a l  tabs i s  

. measured from Figure lob as  t he  elapsed time between the  sec-  

ond r e f l ec t ed  shock pulse and the  s t a r t  of the  cooling curve. 

Since the  k i n e t i c s  0.f t he  exchange r eac t ion  i s  complex, i t  i s  

simpler t o  obta in  a s ing l e  time average over the  reac t ion  zone 

. . than t o  average t h e  extent  of reac t ion  over t he  same zone. 

One may simply apply t h e  following l i n e a r  approximation: 

where: xo i s  the  dis tance  t o  t he  midpoint of the  r eac t ion  

zone ; 

u5 i s  the  ve loc i ty  of t h e  r e f l ec t ed  she-ck wave; 

a5 i s  the  ve loc i ty  of the expansion wave head. 

T h e  ve loc i ty  . u5 . i s  contained i n  Figure lob a s  t h e  time between 

the l a s t  two pressure pulses .  The ve loc i ty  of t he  expansion 

wave i s  t he  speed of sound i n  t he  reac t ion  zone and t h i s  i s  
\~, 

simply determined from the  equilibrium s t a t e  behind t h e , r e -  

f l e c t e d  shock. The above approximation causes a  very s l i g h t  

underestimate' of the  r e a c t i o n  time., Coupled with . the  f a c t  



Figure 13. Enlargement of the reaction zone in the shock tube, 
. . represented in x-t space 



t h a t  t h e  r e a c t i o n  - zone expands behind t h e  coo l ing  f a n ,  a  cor -  

r e c t i o n  t o  t h e  s i m p l i s t i c  t ime average would seem i n  o rde r .  
.' 

L i f s h i t z  -- e t  - a l .  (17) have shown t h a t  i n  some cases  t h e  correc-  

t i o n  t o  tav may b e . a s  l a r g e  a s  10%. A crude a n a l y s i s  of 
. . 

r eg ion  8 i n  Figure  2, f o r  some t y p i c a l  exchange experiments,  

i n d i c a t e d  t h a t  5% was a v a l i d  e s t ima te  f o r  t h e  p resen t  case .  

S ince  t h e  r e a c t i o n  t ime can be  evaluated t o  c e r t a i n l y  no 

b e t t e r  than  5% from Figure  lob ,  t h i s  c o r r e c t i o n  i s  ques t ion-  
. . . .  

a b l e .  

Although t h e  coo l ing  process  i s  r a p i d ,  i t  may o f t e n  

develop t h a t  r e a c t i o n  occur r ing  dur ing  t h e  quenching phase i s  

cons iderable .  Thus, f o r  r e a c t i o n s  wi th  -low a c t i v a t i o n  ener-  

g i e s ,  a  p o s i t i v e  e r r o r  i n  t h e  r a t e  cons tant  would be  caused 

by neg lec t ing  t h e  coo l ing  t ime.  I n  t h e  p.resent case  t h e  a c t i -  

v a t i o n  energies  were f a i r l y  h igh ,  t h e  c o o . l i n g ' r a t e s  were 

approximately 3.5-4 x l o5  O ~ / s e c .  , and t h e  r e a c t i o n  t imes 

were long enough t o  make t h i s  c o n t r i b u t i o n  t o  t h e  r e a c t i o n  

t ime of t h e  o rde r  of a  few percent .  Because of t h e  inheren t  

e r r o r  of a t  l e a s t  25% i n  t h e  determinat ion o f .  t h e  r a t e  con- 

s t a n t ,  t h i s  c o n t r i b u t i o n  may normally be neglec ted .  \ 

The i s o t o p i c  exchange r e a c t i o n  can be descr ibed  h y . t h e  

s tandard  s t a t i s t i c a l  t rea tment .  The mechanism t h a t  was found 



t o  explain t he  exchange i s  as  follows: 
. -. -. 

where M i s  t he  i n e r t  t h i r d  body argon. 

. . Let: U = concentration of ac t ive  I atoms, 

V = concentrat ion o! a c t i v e  CH3I molecules, 

A = i n i t i a l  concentrat ion of ac t ive  I atoms, i n  12,  

x = t o t a l  concentrat ion of I2 mol.ecules, 

y = t o t a l  concentration of I atoms, 

z = t o t a l  concentration of CH3I molecules. 

The r a t e  of formation of a c t i v e  I atoms i s  given by the  f o l -  

lowing d i f f e r e n t i a l  equation: . . 

I n  t h i s  equation i t  must be kept i n  mind t h a t  x and y a r e  

functions of time as wel l  as U and V ,  The concentrat ion uf 

i o d i n e  atoms i s  e x p l i c i t l y  given by Equation 104 and the  con- 

cen t ra t ion  of 1 2  molecules decreases a t  h a l f  t h i s  r a t e .  Equa- 

t i o n  106 a l s o  contains the  assumption t h a t  t he  r a t e  determin- , 

i n g  s t e p  reaches equilibrium very rapidly .  This approximation 

i s  j u s t i f i e d  i n  view of the  values of k l  and k- l  as  determined . 

by Flowers and Benson (9) .' Their  study ind i ca t e s  t he  steady 
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The r a t e  of formation of a c t i v e  CH3I molecules i s  more simply 
% 

given by the  following: 

In terms of f r a c t i o n  of exchange Equation 110 may be rewri t ten:  

Equations 109 and 111 a r e  simultaneous l i n e a r  d i f f e r e n t i a l  

equations i n  FCH I and FI which cannot be solved e x p l i c i t l y  3 

because of the  time'dependence of t he  var iab les  x and y .  How- 

ever ,  F C H ~ I  can be evaluated as  a funct ion of time by numeri- 

cal  Inregrat ion using the  h g e - ~ u t t a  method (49). Given two 

simultaneous d i f f e r e n t i a l  equations: " 

values of x and y are'  determined .by the  following procedure: 



kq = £ ( t o  + At ,  xo + kg, YO + 4 3 )  at, 

. y = + d l  + 2 i 2  + 2a3 + a 4 ) .  
6 

By proceeding through t o  obta in  values of A x  a n d A y  f o r  , 

. 

given At and then i t e r a t i n g  t h e  new values of x ,  y, and t it 

is possible to detknnin~ x and y a t  any time. with an inhcrcnt  

5 e r r o r  of ( A t )  . 



-- - - 
V I .  RESULTS AND D I S C U S S I O N  

The r e s u l t s  of a s e r i e s  of i so top ic  exchange react ions  

i n  t h e  shock tube a r e  tabula ted i n  Table 4.  Column 2 contains 

t h e  i n i t i a l  pressure of gases i n  the  reac tan t  sec t ion .  

Columns 3 'and 4 l i s t  the  concentrat ions of I 2  and CH3I i n  

argon. Reaction temperatures a r e  tabula ted i n  column 5.  I n  

column 8 the  shock densi ty  r a t i o  f o r . e a c h  experiment i s  tabu- 

. . l a t e d .  This parameter i s  .useful  f o r  evaluat ing the  concentra- 
. . . . : . . 

t i o n s  of t he  reac tan t s  a t  reac t ion  condit ions.  Column 7 con- 

t a i n s  t h e  f r a c t i o n  of exchange observed i n  each experiment. 

Column 9 l i s t s  the  recorded incident  shock speeds. 

Column 6 l i s t s  the  e f f e c t i v e  dwell times calcula ted by 

Equation 105 and corrected a s  discussed i n  Sect ion V-B. These 

times a r e  exceptionally long compared t o  o ther  shock tube work 
. . 

i n  a comparable temperature range. This e f f e c t  i s  caused 

p r inc ipa l ly  by the  preheating of the  driven sec t ion  of the  

shock tube. It i s  a l s o  t he  cause of t he  s l i g h t l y  lower cool- 

i n g  r a t e s  than previously observed. Thus, room temperature 

experiments r e s u l t  i n  the  temperature jumps being g rea t e r  than 

i n  t he  present  experiments. Correspondingly, t he  shock waves \., 

i n  t he  present experiment appear t o  be ' t r a v e l l i n g  slower than 

would be expected and the  r e s u l t i n g  reac t ion  times a r e  g rea t ly  



Table 4. Detai ls  of the  CH3I-I2 isotopic  exchange experiments 
- 

' I 2  C H ~ I  Dwell Compres- Log kl Inc. 
Exp. P1 conc. conc .  T5 time Fraction sion r a t i o  cc-mole -1- shock : 

mm-Hg ' mole % mole % OK psec exchange p 5 / p l  sec-1 speed ; 
I io-4  x . 



extended. .- Problems t h i s  e f f e c t  might cause a;e d iscussed  

s h o r t l y .  

The d a t a  of Table  4 a r e  almost impossible  t o  use  t o  

determine t h e  i n d i v i d u a l  r e a c t i o n  o rde r s  of t h e  r e a c t a n t s .  

This  d i f f i c u l t y  a r i s e s  because t h e  iod ine ,  introduced a s  a  

s o l i d ,  could not  be g r e a t l y  v a r i e d  concent ra t ion .  The 

r a d i a t i o n  hazard and t h e  low vapor p ressu re  of i o d i n e  pre-  

vented t h e  use  of l a r g e  c o n c e n t r a t i o n s . . ' O n  t h e  o t h e r  hand, 
. . . . . . 

s i n c e  t h e  i o d i n e  sample had t o  be weighed a n a l y t i c a l l y ,  t h e r e  

was a lower l i m i t  on t h e  amount t h a t  could be used. Also,  t h e  

r e f l e c t e d  shock technique does no t  allow t h e  same v a r i a t i o n  

of condi t ions  t h a t  would be p o s s i b l e  wi th  an i n c i d e n t  shock 

. . a l o n e . '  This  a r i s e s  from t h e  r u l e  t h a t ,  i n  genera l ,  i t  i s  no t  

p o s s i b l e  t o  b r i n g  a gas t o  a s t a t e  wi th  a s i n g l e  shock t h a t  

would be produced by t h e  passage of two shocks. 

Thus, t h e  d a t a  i s  b e s t  analyzed by comparison wi th  

suggested mechanisms. For exaruple, t h e  d a t a  could be t r e a t e d  

by. t h e  mechanism suggested by Schmied 'and Fink (11): 

I - r k  + C H ~ I  ? CH31* + I-I, 

6 k ( C c  ) = 2 . 5 ~ 1 3  e r p  (-9000,RT) . - 
\ 

mole-sec 
(112) 

However, t h i s  mechanism w a s  found t o  predominate a t  tempera- 

' t u r e s  approximately 6 0 0 ' ~  lower than  those  s t u d i e d  h e r e i n .  



One c e r t a i n l y  would not  expect a mechanism of such low a c t i -  

v a t i o n  energy t o  predominate a t  9 0 0 ~ ~ .  The t rea tment  of t h e  
" 

d a t a  gave a b s o l u t e l y  no agreement wi th  Equation 112. Although 

t h e  d a t a  d id  not  d i s p l a y  bad s c a t t e r  f o r  t h i s  mechanism, t h e  

temperature dependence was l a r g e  and t h e  pre-exponent ia l  

f a c t o r  w a s  s e v e r a l  o rde r s  of magnitude l a r g e r  than  could be 

expected from simple c o l l i s i o n  theory . '  

, Another p o s s i b i l i t y  appeared t o  be the,  bimolecular  
. . . . 

decomposition of methyl iodide :  

Th i s  mechanism was r u l e d  out  f o r  s e v e r a l  reasons .  P r imar i ly ,  

t h e  cons is tency of t h e  d a t a  was very poor. Secondly, us ing  

t h e  approximate bond energy of t h e  C - I  bond, 55 k c a l . ,  f o r  t h e  

a c t i v a t i o n  energy again  r e s u l t e d  i n  a pre-exponent ia l  f a c t o r  

much l a r g e r  than could be expected from c o l l i s i o n  theory.  

Since,  i n  genera l ,  t h e  f r a c t i o n s , o f  exchange were lower than  

expected, i t  i s  u n l i k e l y  t h a t  t h i s  h igher  a c t i v a t i o n  energy 

process  i s  c o n t r i b u t i n g  s i g n i f i c a n t l y .  

A t h i r d  mechanism, a combination of t h e  r e s u l t s  ,of 

Flowers and Benson (9). and B r i t t o n  e t  a l .  (47,48),  i s  r e - .  i -- 
peated here :  



2.83 
kd ( CC -) = 1. ~ 1 0 ~  ( )  ( exp (-3::60 ) , (113) 

mole- sec 

14.2 20000 
o s e c  ) = lo (- RT ) 

400 . . 

mole-sec 

Using t h e  numerical i n t eg ra t ion  procedure 'outlined i n  the  l a s t  

sec t ion ,  values of k l  were found f o r  each experiment and they 

a r e  tabula ted i n  column 8 of Table 4 .  These values a r e  

p lo t t ed  i n  Figure 14 along with t h e  s o l i d  l i n e  represent ing 

Equation 115, found by Flowers. and 'Benson,, and i t s  extrapola-  
. . 

t i o n  t o  high temperatures. The points  a r e  i n  c lose  agreement 

with Equation 115 although they general ly  give a lower value 

of k l .  Flowers and Benson suggested t h a t  t he  values given i n  

Equation 115 ' represented an upper l i m i t  and t h a t  , t he  pre- 

exponential f a c t o r  was s l i g h t l y  i n  excess of c c l l i s i o n  £re- 

. - quencies. ' T h e  ove ra l l  e r r o r  involved i n  the  present  .experi- 
. . 

mental determination of k l  i s  probably o f  the  order  of 25-35%. 

Thus, t he  d i f fe rence  noted i n  Figure 14 i s  probably s l i g h t l y  



Figure  14. Arrhenius p l o t  f o r  t h e  CH3I-12 exchange. Open 
- , c i r c l e s  from presen t  work. Dotted l i n e  r ep re -  

s e n t s  e x t r a p o l a t i o n  from Flowers and Benson (9), 
t h e i r  r e s u l t s  denoted by c losed  c i r c l e s  

I I 

10 

9 

8 

7 

- . . 

0.8 1.0 1.2 1.4 1.6 . . 1.8 

I O ~ / T  (deg-I) 

- 
I 

- - 

0 PRESENT WORK 

' \  - \ 
@ FLOWERS AND BENSON 

\ . 

- 
\ 

' \ 
\ . . 

. - . . - . . . . . . .  
- 

. . 

00%: \ 
\ - . . 

\ - 
\ 
\ 
\ 
\ - 
\ - 
\ . .  

: \ 

1 I 



exaggerated.  However, t h e  va lues  determined from t h e  shock 
-. - 

tube  experiment a r e  c o n s i s t e n t l y  low and deserve explanat ion .  

I n  most shock tube 'work cool ing  a t  t h e  wa l l s  i s  not  considered 

important t o  cons ider .  React ion t imes a r e  s h o r t  and one may 

expect r a t h e r  smal l  temperature and pressure  e f f e c t s .  Also,  

tube  d iameters ,  when p o s s i b l e ,  a r e  l a r g e  such t h a t  s u r f a c e  t o  

volume r a t i o s  a r e  smal l .  Heat conduction i s  thus  confined t o  

a t h i n  l a y e r  of gas a t  t h e  s u r f a c e  and hence confined t o  a 
. . . . 

s m a l l  volume of gas .  I n  t h e  p resen t  case  t h e  tube  diameter  

was only 2.54 cm. and con tac t  t imes were,  never below a m i l l i -  

second. An i n  depth a n a l y s i s  i s  p o i n t l e s s  s i n c e  hea t .conduc-  

t i o n  i n  a system such a s  a shock tube i s  a poorly developed 

s u b j e c t .  It i s  not  inconceivable  t h a t  t h e  gas temperature 

0 
drops 20-25 K dur ing  t h e  con tac t  t imes i n  t h e  present  exper i -  

ments. Thus, i t  must be concluded t h a t  . the  pre-exponent ial  

f a c t o r  f o r  t h e  r a t e  determining f o r  t h e  exchange would be i n  
. . 

t h e  range 10 14*1-1~14.2. The a c t i v a t i o n  energy i s  i n  c l o s e  

agreement wi th  t h e  20 k c a l .  found by Flowers and Benson. 

It i s  a t  once apparent t h a t  t h e  same r e s u l t s  would be 

obtained i f  t h e  r a t e  determining s t e p  were chosen t o  be t h e  ,, 
-. 

SN2 i n v e r s i o n  suggested by C l a r k  e t  a l .  (6) .  ' Although i t  i s  

impossible  t o  d i r e c t l y  d i s t i n g u i s h  between t h e s e  two mechan- 



i s m s ,  s e v e r a l  experiments have r e c e n t l y  shown t h a t  i o d i n e  - 

replacement r e a c t i o n s  depend on t h e  establ ishment  of i o d i n e  

equi l ibr ium succeeded by t h e  f o r m a t i ~ n  of f r e e  r a d i c a l  i n t e y -  

mediates .  Severa l  of t h e s e  cases  a r e  t a b u l a t e d  i n  Table 5.  

Table  5. Iodine  r e a c t i o n s  wi th  f r e e  r a d i c a l  in termedia tes  
~ - - - - -- -- -~ - - - 

. . Overa l l  r e a c t i o n  Mechani srn Reference 

I n  conclusion,  i t  can d e f i n i t e l y  be s t a t e d  t h a t  t h e  h igh  

. temperature CH3I-I2 homogeneous exchange was observed i n  t h e  

absence of s u r f a c e  r e a c t i o n . .  It would be expected t h a t  a t  , . 
. . \ 

h i g h e r  t:emperatures than those  s t u d i e d  h e r e  t h e  decomposition 

of methyl i o d i d e  would i t s e l f  become t h e  predominant r o u t e  



f o r  the  exchange. This might be a s ingula r  method f o r  study- 

i n g  the  decomposition without extensive formation of organic 

s i d e  products. Once again,  surface  react ions  t h a t  a r e  common- 

place with the  a l k y l  iodides would be eliminated in .  the  shock 

tube.  Any contr ibut ion t o  t he  l i t e r a t u r e  of bond energies o r  

mechanisms f o r  decomposition of the  lower a l k y l  iodides would 

be a welcome addi t ion.  



V I I .  SUMMARY 

The shock tube study of t h e  i so top ic  exchange reac t ion  

I-I* + CH31 * CH3I;k + 1-1 

was found consis tent  with a r a t e  determining s t e p  f i r s t  order 

i n  methyl iodide concentrat ion and f i r s t  order  i n  iodine  atom 

concentrat ion.  This s t e p  was preceded by the  rapid  dissocia-  

t i o n  of molecular iodine .  The r a t e  constant f o r  t he  exchange 

s tep .was  found t o  be: - 

20000 
IC( mole-sec ' ) = lo"*' exp ( -  RT ) .  

This value i s  s l i g h t l y  below what might be expected from 

c o l l i s i o n  theory and a value of 14.1-14.2 i s  preferred f o r  

t h e ~ r r h e n i u s  f ac to r .  The exchang& i s  bel ieved t o  proceed by 

formation of methyl r ad i ca l s  r a t h e r  than t h e - , S ~ 2  invers ion of 

methyl- iodide .  

The i so top ic  exchange was homogeneous and uncomplicated 
. . 

by surface  reac t ion  f requent ly  observed i n  iodine  systems. 

Methyl iodide  decomposition was not  a contr ibut ing f a c t o r  i n  

t he  temperature and t i m e  'range of the  present  s tudy.  Simi- 

l a r l y ,  bimolecular c o l l i s i o n s  between molecular iodine  and 
,- 

methyl iodide was ruled out a s  a poss ible  exchange mechanism 

on the  bas i s  of t h e o r e t i c a l  c o l l i s i o n  frequencies.  
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- - - X. ' APPENDIX 

The iuethod of c h a r a c t e r i s t i c s ,  o r  Riemann inva r i an t s ,  i s  

a  usefu l  subject  i n  the  study of any f l u i d  flow. The tech- 

nique i s  a  r e s u l t  of t he  bas ic  laws of f l u i d  motion. To begin, 

one must def ine  the  f6110wing function: 

(A- 1) 

A s  a  consequence of the  de f in i t i on ,  t he  following r e s u l t s  may 

be wri t ten:  

and 

(A- 2) 

(A- 4 )  

Applying these  r e s u l t s '  t o  Equation' 1, rewr i t t en  f o r '  one- 
. .  . 

dimensional flow, and mult iplying 'by a /  p ,  one f inds:  

Similar ly ,  Equation 4  yie lds :  

I f  one now takes  t he  two poss ible  l i n e a r  combinations of 
- 

Equations A-5 and A - 6 ,  the  following equation obtains:  



- 
The ~iemann invariants, f 2 u, are constants along curves. in' 

x-t space with slopes u + a. The curves along which the in- - 
variants are constant are referred to as characteristics. P 

and Q are symbolically used to denote the invariants f + u and 

f - u, respectively. Using Equation. 25, Equation .A-1 is 

exactly integrable, .and taking the reference density to be 

zero one finds: 

Now, consider the left-facing rarefaction wave of Figure 

15. The wave travels into a region which is initially at rest. 

The value of the invariant P is constant, although the char- 

acteristic. curve slopes through the rarefaction wave. The 

following. condition may be written: 
. . 

at any point in the rarefaction wave, on the line of slope 

,u + a. Thus, one may write: 

(A- 10) 

A rarefaction wave, like any small perturbation in a fluid, 

, causes an adiabatic transitiorl. As a result, one may write: 

(A- 11) 



Figure 15. - Left-facing r a r e fac t ion  wave represented in 
. - x - - t  ,space I .  



A Equation A-10 then  t akes  t h e  f i n a l  form: 

(A- 12) 

Severa l  important p r o p e r t i e s  of t h e  f l u i d  motion may be 

e x t r a c t e d  from Equation A-12. Since t h e  p ressu re  r a t i o  p / p l  

i s  less than  ' un i ty  at any po in t  i n  t h e  wave, Equation A-12 

i n d i c a t e s  t h e  f l u i d  flow i s  i n  t h e  d i r e c t i o n  oppos i te . f rom 

t h a t  of t h e  wave motion. Also,  s i n c e  weak d is turbances  prop- 

aga te  a t  t h e  speed of sound, t h e  head of t h e ' r a r e f a c t i o n  wave 

t r a v e l s  a t  t h e  sound speed of gas 1 whi le  t h e  t a i l  t r a v e l s  a t  

t h e  sound speed .of gas' 4 .  . .Thus,  one s e e s  t h a t  an expansion 

wave fans  out  wi th  t ime. An a n a l y s i s  of u  + a  through t h e  

wave would g ive  t h e  s lopes  of t h e  P and Q l i n e s  a s  demon- 

s t r a t e d  i n '  F igure  15. 
. .  . 

I£: one performs t h e  same a n a l y s i s  on a  l e f t - f a c i n g  com- 

p ress ion  wave, Equation A-12 would again' be t h e  r e s u l t .  How- 

eve r ,  p/pl would always be l a r g e r  than  u n i t y  and f l u i d  flow 

would thus  be i n  t h e  same d i r e c t i o n  a s  t h e  wave motion. The 

P l i n e  would curve through t h e  compression wave, bu t  i n  t h e  

oppos i t e  d i r e c t i o n  of F igure  15. Also, t h e  Q l i n e s  would be 

found t o  be convergent.  I n  f a c t ,  a t  t h e  po in t  a t  which they 



* converge., - a  shock f r o n t  would be formed. This  sequence of 

.',l events  c l o s e l y  approximates t h e  nonideal  formation of a shock 

wave by a b u r s t i n g  diaphragm. 




