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I . INTRODUCTION 
The hydrogen-bromine flame system has been a proving ground for a number 

of recent theoretical and experimental investigations into the mechanism of 
flame propagation . There are three reasons for the popularity of this system: 
(1) it is the simplest multicomponent flame system expected to show phenomena 
typical of complex flames; ( 2 )  more information is available on t'he reaction 

2 . Thermal conductivity . . . . . . . . . . . . . . . . . .  
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kinetics and general properties of this system than on any other comparable 
flame; (3)  since this system can be studied experimentally, theoretical pre- 
dictions can be tested. 

The study of a theoretical model for a flame or the interpretation of any de- 
tailed experimental study of a flame system requires information about the 
chemical reactions occurring and about the thermodynamic and transport 
properties of each chemical species. The purpose of this review is to compile and 
to evaluate critically the data required for current theoretical and experimental 
studies of the hydrogen-bromine system. The listings of Chemical Abstracts 
have been checked up to iipril25,1957. Although more is known about hydrogen- 
bromine than any other flame, much of the necessary information must be de- 
rived from calculations or from empirical interpolations and extrapolations. 
Therefore, the validity of the methods used to estimate the properties of the 
individual species and the properties of the mixtures are discussed critically. 

If theoretical and experimental studies are to be compared, the limits of 
significance of the parameters should be known. The effect of varying exper- 
imental parameters within the limits of their accuracy gives a necessary test of 
the sensitivity of a theoretical model. This requires assignment of limits to the 
uncertainties arising from (a) conflicts in data, ( b )  necessary extrapolation of 
experimental data, and ( c )  estimation of physical properties for which no data 
are available. 

The values of the physical constants recommended in 1952 have been used 
(62 ) .  Since numerical flame studies sometimes require that data be self-con- 
sistent and satisfy certain relations, the values given for various parameters in 
analytic equations for the functions are recorded to ten figures. Those figures 
which are not significant and have been given to maintain self-consistency are 
set in italics. If a result is derived from an estimate that can yield a t  most an 
order of magnitude, all digits are set in italics. Xeither errors that arise from 
extrapolating data nor errors inherent in approximate formulae were considered 
in determining which digits to italicize. For purposes of rapid estimation where 
consistency is not important, graphs of the several functions are given. Each 
symbol is defined at  the point of its introduction. For convenient reference a 
glossary of symbols is provided in Appendix B. 

The thermodynamic properties that are used to obtain parameters in the 
flame equations are collected and evaluated in Section 11, the reaction kinetics in 
Section 111, and the transport properties in Section IV. In  each case an attempt 
has been made to estimate limits of error. Unless otherwise indicated, the limits 
of error assigned represent the opinions of the authors of this review. 

11. THERMODYNAMIC PROPERTIES 
The thermodynamic properties of chemical components enter theoretical flame 

studies in two ways. First, the equilibrium constant is equal to the ratio of the 
specific rate of the forward reaction to that of the reverse reaction, and second, 
the enthalpies occur in the energy balance equation. The data required to cal- 
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culate parameters for analytic expressions for enthalpies and equilibrium con- 
stants are reviewed in this section. 

A. PARAMETERS USED I N  ANALYTIC FORMULAE F O R  E Q U I L I B R I U M  CONSTANTS 

Ki(T)  = equilibrium constant for the ith reaction relative to  a standard 

(C,), = heat capacity a t  constant volume of a chemical species, a, 

(E) ,  = value of averaged over some temperature range of in- 
terest 

AiCV = net change in the Z(C,), due to the ith reaction 

state of 1 mole cc.-l 

expressed in units of cal. deg.-' mole-' (1) 

(I 

AiE"(T) = standard-state value for change in energy content due to the 

T ,  = a particular T chosen to minimize error in approximate for- 

If the heat capacities are approximated by their average values, the van't 

ith reaction 

mulae 

Hoff equation for Ki(T) ,  

can be integrated to give the formula: 

Ki(T)  = diTei exp (- AiE"/RT) 

di = Ki(T,)TTeiexp (AiE"/RTq) 
ei = (A&)/R 

(3) 

A,E" = AiEo(Tq) - T,Aic  (4) 
A value for T ,  of 1500°K. was selected to minimize the error introduced into 
flame calculations by using averaged heat capacities in the van't Hoff equation 
(equation 2).' 

The formulae used to compute the parameters of equation 3 were: 

AiE"(T,) = A,E(O") + Ai[H"(T,) - H"(O")] - RT[A,Tz] ( 5 )  

where A,n = number of moles of product minus number of moles of reactant 

Ki( T,) = equilibrium constant a t  temperature T ,  with respect to a standard 
for ith reaction 

state of 1 mole cc. -1 

K,(T,) = (RTq)-A'n exp [-AiF"(Tg)/RTq] (6) 

3 T, was chosen as the highest temperature a t  which all of the relevant data were recorded 
in 1953 when the calculations were undertaken. Two reasons for this choice are that the 
maximum flame temperature in some current flame calculations is still higher (1738°K.) 
and that  the important chemical reactions occur in the higher temperature region of the 
flame. Since that  time, data a t  higher temperatures have been published for bromine (20). 
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TABLE 1 
Energies of reaction at O°K.* 

I 
I Reaction i AJ3"(Oo)t I 

1 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Brz a 2 B r  

3 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  ' H I  + Br HBr + 11 
2 

4 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  H + Brt ?=? HBr + Br 
5 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  H + Br $ HBr 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  1 H1 + 2 H  
I 45.468 

103.255 
~ 16.6Qd5 

-41.1565 
-86.5606 

~ 

I 

* A S 0 ( O o )  is the standard-state energy change in the units of kilocalories for the i th  reaction as written. Where the 
basic datum was in cm.-I, the energy conversion t o  kilocalories has been made using 1952 physical constants (62).  

t Sources of data for the reactions i = 1, . . .  , 5 :  
Reaction 1: Gaydon (27) gives the value 15,BQO cm.-1 
Reaction 2: Herzberg (32) gives the value 36,116 f 6 cm.-' 
Reaction 3: 4rE0(O') = AzE'(0") + AsE"(0"). 
Reaction 4 :  A.aE"(Oo) = AiE'(5') + AsE'(0'). 
Reaction 6: Herzberg (33) gives the value 3.754 e.v., which is 86.576 kcnl. in terms of the IS52 physical constante. 

His value is based on the National Bureau of Standards Tables, Series I11 (1948), value for Hz + Brz = 
2HBr, AE"(0") = - 24.44 kcal-mole-'. Thevalue inthe above table was recalculated to  giveexact agree- 
ment with this NBS value and the values for AiE'(0') and AzE"(0') which were slightly altered by the 
newer conversion factors. Herzberg notes that failure to correct for standard states hau given an er- 
roneous value in the literature. 

A,F"(T,) = Gibbs' free-energy change a t  temperature T ,  for the ith reaction 
with respect to a standard state of the ideal gas a t  a pressure 
of 1 atm. 

E",O") = standard internal energy a t  absolute zero; the convention is 
adopted that this is zero when Q = Brz(g) or a! = Hz(g) 

The sources of data can be summarized as follows: AIEo(O"), see the footnote to 
table 1; for enthalpy and free-energy data, see NBS Tables, Series 111, (1948, 
1949).5' 

Table 1 lists the A,Eo(Oo) and table 2 the energies, free energies, and equilib- 
rium constants evaluated a t  T,. The average values of the ratio of the constant- 
volume heat capacity to the gas constant are given in table 3. The maximum 
and minimum values for the ratio have also been included in order to show the 

The lower limit of 600'K. was chosen because it was felt that no significant reactions oc- 
curred below this temperature. 

5 The discrepancies between data of the National Bureau of Standards and the spectro- 
scopic values of Gordon and Barnes (28) presumably arise from the use by the Bureau of 
Standards of later values of physical constants. This point has been ignored (48). Although 
the differences amount to only about 0.03 in (F" - H o ) / T ,  this changes appreciably the 
values of the derived equilibrium constants. The slight discrepancy between the NBS 
values and Butkov's recalculation of data (16) using later physical constants is probably 
due to  the latter's use of approximate formulae for diatomic molecules. For halogen atoms, 
the National Bureau of Standards and Butkov are in accord. 

6 Recently, data to  higher temperatures have been published for bromine (20). 
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1.66 1 i:i 1 150 
Br 
H 
Bm 3.48 3 57 
Hn 2 53 ~ 2 88 

TABLE 2 
Energies, Gibbs free energies, and equiliblium constants at l', = 1600°K.* - -. 

I Reaction i aiE'(T.7) t ~ AiF'(Tq) t ~ Ki(Tq) 0 

1. Brr F? 2Br ~ 4-4.4566 Bld X IO+' ~ +7.20B9 X 10+3 ~ +7.260 14016 8 X 10-7 
2. H I  e 2H +1.0446 1815 X lO+5 , $6.6286 6 X lo+' ' $2.499 261M 6 X 10-15 
3. H P  + Br HBr + H ~ +1.7020 7 X lo+' +1.3868 1 X lo+' $9.569 78698 6 x 10-2 

4. H 4- Brz F? HBr + Br -4.289 83 X IO+' 1 -4.4224 6 X IO+' ~ +2.778 11078 5 x 10+6 
5. H + Br HBr 

* The NBS values have been corrected so that the values for A&?P(T,) and AiF"(T,)  are exactly cowistent with 
the relations between the reactions: 1 + 5 = 4 end 2 + 5 = 3. However, since the exponentiala of equation 6 were 
computed on a ten-digit machine, the values KlKr = 2.776 1107 91 X lO+e and KzKs = 9.569 7859 41 X 10-8 differ in 
the last two digits from those for Kd and KP, respectively. 

I-_ - 1 
I 

' -8.746 1116 X IO" 1 -5.1417 6 X 10" +3.889 04480 3 X lWl2 
I 

t AiEo(Tq)  has the units of raloriea for the reaction a8 written. 
1 AiF'(Tq)  is the Gibbs free-energy change in the units of calories for the reaction a8 written. The standard state 

0 Ki(T,)  is the equilibrium constant for the i th reaction with respect to a standard state of 1 mole m.-l Therefore 
ia the ideal gas a t  P = 1 atm. 

in equation 6, R - 82.0567 cc. atm. deg.-l mole-1. 

1.5846 746 ' 1.5 
1.5000 000 1 1.5 
3.5347 116 I 3 5 
2.6705 666 2 5  

TABLE 3 
Heat capacities* 

- 

* The significance of each column is discussed in the last paragraph of the section preceding Section II,B. 

range covered by the heat capacity. In order to avoid complicated powers of T 
in equation 3 for the equilibrium constants, these average values have been 
rounded to the nearest half-integer for use in flame calculations. Table 6 illus- 
trates the error introduced by rounding. At T = 1700°, which lies in the region 
of rapid reactions in this flame, the rounding introduces a difference less than a 
few tenths of 1 per cent. As the temperature decreases and the rounding error 
increases, the significance of the error for flame calculations is decreased by the 
progressive decrease in the rate of chemical reactions. The error introduced by 
using average values probably dominates that of rounding the average values. 
The parameters in the analytic formulae (equation 3) for Ki(T)  are recorded 
both for (AiC)/R and for [ A i ~ ) / R ] r o u n d e c i  (the former in table 4, the latter in 
table 5). 

B .  PARAMETERS IN LIXEAR EQUATIONS FOR T H E  E S T H A L P I E S  

The convention 

was adopted as a reference point for calculating heat contents. Then the enthal- 
pies were approximated as the linear functions of T, 
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Reaction i di e i  

1.. . . . . . . . . . . . . . . . . . . 
Z., , , . . . . . . . . . . . . . +2.6991 07059 X 10-1 j $0.3294 345 
3 . .  . . .  . . . . . . . . +8. 1458 45673 X 10-1 1 +0.1522 P65 

4-4.7910 86660 X lo+' -1'---0.366166s; 

TABLE 4 
Parameters for K i ( T )  = d;Tei e rp ( -A iE" /RT) ;  based on the ( A i c ) / R  

AiE" 

+4.5663 66668 X lo+' 
+1.0349 88416 X 10+6 
4-1.6566 73749 X IO+' 

T 

500 

1700 

Parameters for K , ( T )  = d,Ta& exp( -A iE" /RT) ;  based on  the [ (Aic) /R]rounded _______--- 
I I e, A,E" I I Reaction i d, 

i =  1 ' i = 4  
~ . ~ _ _  

~ 

1 -  _ _ _ _ _ ~ - -  
a: 4.779 X 10-20 I 1.406 X l O - 4 b  1.674 X 10-7 ' 5.144 X IO'"* ' 1.172 X 10+*8 

a: 4.193 X 10-6 1.550 X 10-18 1.889 X 10- ~ 4.962 X 10+6 1.213 X 10+1' 
b: 5.392 X 10-20 1 1.205 X 10-46 1 1.223 X 10-7 4.948 x io+ia 9 . ~ 9 0  x IO+" 

b: 4.197 X 10-6 1 1.548 X IO-" 1.884 X 10-2 , 4.960 X 1O+S 1.212 x lo+" 

1 I +1.4393 48363 X 10t2 1 -0 50 $4 6052 60750 X lo+' 
2 1 $6 6375 17476 X 10-2 $0 50 +1 0299 14225 X lo+* 

3 1 $4 5247 19885 X 10-2 $0 50 4-1 5530 30760 X IO" 
4 $9 9619 58801 X lo+' ~ -050 -4 1408 69750 X loi' 
5 1 +6 9311 59140 X 10-1 0 -8 7461 11600 X 10'' 

The parameters were computed from equations 3, 4, using [(Ai?%/Rlrounded. In  order t o  maintain consistency 
with the relations between the reactions, d4 was computed as dids and da as dada. 

TABLE 6 
Error introduced into K i ( T )  by using rounded average heat capacities 

a :  Values of Ki(T)  calculated using [(AiCa)/Rlrollnded. 
b: Value8 of R i ( T )  calculated using (AiC,)/R. 
Note that T ,  = 1500' was used to determine the constants in equations 3,  4 

HO,(T) = H:(Yr) + (C,)c(T - Tr) (9) 
where T ,  = a reference temperature and (c)a = an average constant-pressure 
heat capacity of component a; the average constant-volume heat capacities are 
recorded in table 3. 

The Hz(T,) values were computed from the equation 

H",(Tr) = [HO,(Tr) - HO,(OO)] + EO,(O") (10) 

using tabulations of [HO,(T) - H z  (O")],' the convention of equation 8, and the 
A1,Eo(O") values of table 1. Since in flame calculations the high-temperature 
region is considered to be the most important, T ,  was chosen as 1738", the maxi- 
mum temperature in a flame studied by one of the authors. The values are 
recorded in table 7. 

7 See the note to  table 7 for the sources of data.  
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1%. 
FIQ. 2. Log of the equilibrium constant for the reaction Hz F? 2H with respect to  a stand- 

ard state of 1 mole cc.+; cf. table 5. 
180 
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30 
T'K. 

FIG. 3.  Log of the equilibrium constant for the reaction HZ + Br + HBr + H with respect 
to  a standard state of 1 mole cc.-l; cf. table 5 .  

FIQ. 4. Log of the equilibrium constant for the reaction Bn + H * HBr + Br with respect 
to  a standard state of 1 mole CC.-'; cf. table 5 .  
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TOK. 

FIG. 5 .  Log of the equilibrium constant for the reaction H + Br * HBr with respect to  
B standard state of 1 mole cc.-'; cf. table 5 .  

111. REACTION KIXETICS 
A .  FUNCTIONAL FORM ASSUMED FOR SPECIFIC  RATE CONSTANTS ; RELATION 

B E T W E E X  T H E  CONSTANTS FOR FORWARD AND R E V E R S E  REACTIONS 

This section reviews ideas about specific rate constants which are used in 
interpreting recent work on bromine dissociation and which form the basis for 
choosing the functional form for the constants. 

The conventional theory of the specific rate constant (23,24) poses two funda- 
mental problems: (a) What conditions, energetic or other, must be satisfied if 
the reaction is to occur, and ( b )  how often are these conditions met? Since no 
basis for predicting the conditions is known, one must assume a model and test 
it for agreement with experimental rate data. One common hypothesis is that 
(a) the conditions demand certain types of collisions between molecules, and 
( b )  these special collisions occur with a frequency predicted by equilibrium theory. 
The equilibrium method of calculating frequency depends on the hypothesis 
that the processes (average molecules % energetic molecules) are so much faster 
than the process (energetic molecules --$ reaction products) that energetic mole- 
cules remain in approximate equilibrium with average molecules of reactant. 
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cal./molc 
+3.1961 961 X lo+' 
4-6.0280 884 X lo+' 
f1.5264 478 X IO+' 

Br. . . . . . . . . .  . I  
H . . . . . . . . . . . . .  
Brt . . . . . . . . . . . .  ~ 

TABLE 7 
Enthalpies at 1798°K. 

cal./molc 
Ha . . . . . . . . . . . . . .  +1.2568 694 X lo+' 
HBr . . . . . . . . . . . . . . . .  $8.4580 488 X 10+2 

Several possible models predict that a specific rate constant, k (T) ,  will have 
the functional form, 

k ( T )  = gTh exp(-AEIRT) (11) 
where g and h are constants. For example, suppose that: (1) classical mechanics 
is adequate; (2 )  the reaction requires the collision of two molecules; (3)  the 
collision leads to reaction if and only if it provides a minimum energy, E*; and 
( 4 )  € is the total number of collisions per unit volume per unit time 

where vl, v2 = number of molecules per unit volume of types 1 and 2 

different and 2 if they are the same 
s12 = a symmetry number which is 1 if the two molecules are 

r12 = the collision diameter 

(12b) 

p = the reduced mass = M1M2/(M1 + Mz) 
Then, 

1. If the energy of relative motion must exceed E* a t  the time of impact 

(13) 
2. If the energy of relative motion along the line of centers must exceed E* 

and if E* % k T ,  
k ( T )  'v Z(E*/liT) exp( - E*/kT) 

a t  the time of impact, 

k ( T )  = Z exp(-E*/kT) (14) 

3. If there are s vibrations which can be approximated as harmonic oscil- 
lators for which hv Q kT,  if there are R classical rotations, if the sum of 
the energy of relative motion along the line of centers plus the energy of 
the s vibrations and the R rotations must exceed E* a t  the time of impact, 
and if E* Q [ (R/2)  + s ]kT ,  then 

(15) 

r (Z)  = the gamma function, which equals (2 - l)! when Z is a positive integer. 

k ( T )  'v { Z(E*/kT)1'"2)+RRl exp(E*lkT)J/r[(R/2) + s + 11 
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Equation 11 was adopted as the functional form for each of the specific rates 
since it was predicted by these simple models. Unfortunately, even when rate 
data exist, they are usually so inaccurate that a variation of h by as much as an 
integer will not significantly affect the agreement between calculated and experi- 
mental data. 

Whenever the rate law for the reaction in one direction was known, that for 
the other direction was obtained from the thermodynamic equation 

K,(T)  = k{(T) /k : (T)  (16) 

where Ki(T) = equilibrium constant for the i t h  reaction, with respect to a stand- 
ard state of an ideal gas a t  a concentration of 1 mole cc.-l 

B .  CONVENTIONAL MECHAXISM F O R  T H E  HYDROGEN-BROMINE REACTION 

The following empirical rate law governs the kinetics over the approximate 
temperature range 0-300°C. :8, 

where a = initial concentration of Hz in moles/cc. 
b = initial concentration of Br2 in moles/cc. 
x = decrease in the concentration of Hz or of Brz 

This law is consistent with the following assumptions: 
1.  Because of the high activation energies for some of the other possible reac- 

tions and because of the low free-radical concentrations, the only significant 
reactions in this temperature range are:'" '' 

ki Br2 2Br 
ki  
k i  

Br + H 2 s H B r  + H 
k; 

2. Under the experimental conditions both H and Br obey steady-state 
approximations. The approximation for H, 

* For a review of experimental data and its interpretation, see Kassel (44) and Pease 
(56). Note that  on p. 119 Pease gives the newer value, 4.2, for the constant in equation 17; 
elsewhere he uses the older value, 5. 

9 Equation 17 is written in Pease's notation (56; cf. pp. 115 and 120). 
"JFor a discussion of this choice of reactions, see Frost and Pearson (26). 
11 The notation used for the specific rate constants is that adopted in Section II1,C 

of this review. 
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reduces the steady-state approximation for Br to the assumption that bromine 
atoms are in equilibrium with bromine molecules : 

C. MECHANISM USED I N  C U R R E S T  F L A M E  S T U D I E S  

When the theoretical study of hydrogen-bromine flames was begun, it was 
necessary to  ask whether other reactions in addition to those considered in the 
conventional mechanism might become important a t  the higher temperatures 
of flames. Moreover, the applicability of the steady-state approximations was 
uncertain. Benson (10) had considered the validity of the steady-state approxi- 
mation for several simple types of mechanisms and discussed a chain reaction 
of the hydrogen-bromine type.12 His approximate treatment suggested that the 
steady state should be valid for Br a t  ordinary, but not necessarily a t  higher, 
 temperature^.'^ Even if the steady-state approximations were valid for both H 
and Br in a flame, it would be important to establish this validity rather than 
introduce it as an ad hoc assumption. The accuracy of the steady-state approxi- 
mation will have an important effect upon the role of diffusion of free radicals 
and the significance of this diffusion lies a t  the heart of the basic controversy 
over what is important in establishing a steady-state flame. After consideration 
of other possible reactions, the following more general model consisting of five 
homogeneous gas reactions was assumed. 

(1) X* + Br2 $2Br + X 

(3) Br + H2 $ HBr + H 
(4) H + Br2 $ HBr + Br 
(5) X + H + Br $ HBr + X* 

(2) X* + H,7=12H + X 

where X = any of the constituents of the gas mixture and k { ( T ) ,  k : (T)  = specific 
rate constant for the ith reaction in the forward and reverse directions, respec- 
tively. 

All concentrations are in the units of moles per cubic centimeter. In  reactions 
1, 2, 5 the rates are taken with respect to the atom concentrations. For example, 
in reaction 1 

d[Br]/dt = k{[Br2] - kr[Brl2 

Note that there are two relations between the equilibrium constants for 

(22) 
Probably the most serious limitation in this list of reactions is the neglect of a 

possible bimolecular reaction such as the one which dominates the hydrogen- 

Professor Benson discussed its questionable validity a t  elevated temperatures in a 

reactions 1 to 5 :  

Kl(T)Kb(T) = K4(T), and K2(T)Kb(T) = &(T) 

l* See Benson (10, Section IV, p. 1610). 

private communication. 



186 E D W I N  S. CAMPBELL AND ROBERT M. FRISTROM 

TABLE 8 
Significance of reaction Q reverse 

"K. "K. 
1738 
1732 
1712 0.19 

1648 0.044 
1565 0.015 

* R;/R{ iu the ratio for the rates of reaction 4 reverse to reaction 4 forward in one theoretical model for an equi- 
molar hydrogen-bromine flame with a flame-holder temperature of 373°K. 

iodine reaction a t  ordinary temperatures. Estimates of the probable rate indi- 
cated that this reaction should be less important than reactions 3, 4. This point 
and the neglect of a possible Bra intermediate for the recombination of bromine 
atoms is discussed in Appendix A. 

Preliminary results from the numerical integration of the flame equations for 
an equimolar mixture of hydrogen and bromine provide a basis for a tentative 
discussion of the relative importance of the reactions (17).14 Since the tempera- 
ture should play a significant role in determining the character of the reaction, 
it is important to note that the maximum temperature for this flame is estimated 
as 1738°K. When the parameter values assigned in this review are used, the 
results agree with the conventional mechanism in the following respects : reac- 
tions 3, forward and reverse, and reaction 4 forward are of great and about equal 
importance : 

( 3 )  H2 + Br G HBr + H 
(4) Br2 + H e HBr + Br 

Moreover, H appears to obey the steady-state approximation, in general, to 
within 1 per cent through the temperature range where significant chemical 
reaction occurs, and the contribution of the dissociation and recombination of 
hydrogen (i.e., reaction 2) is less than l / l O O O t h  the actual rate of production 
of H. Reaction 5 ,  X + H + Br HBr + X, is of secondary importance since 
it contributes about 1 per cent to the rate of formation of Br in the high-tempera- 
ture region. However, the results differ from the conventional mechanism in two 
respects: (a)  table 8 shows that reaction 4 reverse makes a contribution com- 
parable to that of reaction 4 forward a t  high temperatures, and ( b )  the steady- 
state approximation for Br is completely inadequate and leads to an error in the 
mole fraction of Br of about 70 per cent a t  the maximum Br concentration. 

D. PARAMETERS FOR SPECIFIC R A T E  CONSTANTS 

The following subsections (III,D,l to III,D,3) are devoted to the evaluation 
and use of experimental data to compute the parameters in equation 11 for the 
specific rate constants. For convenient reference the resulting values are tabu- 
lated in Section 111,D,4, and graphs are provided in Section II1,E for rapid but 
rough estimates of their values. 

14 These results are subject to  theoretical limitations discussed in the article. 
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1. Parameters for reaction 3 :  Br + H2 e HBr + H 
The conventional mechanism discussed in Section III,B can be shown to imply 

that 

Comparison with equation 17 and use of the relation 

2s = [HBr] (24) 
shows that 

k h p  = (&&) ( k { / 2 k ; )  

k:/2k; = 4.2 (26) 

Actually Bodenstein and Jung (11) found k:/2ki to be 4.3 a t  30°C. and 4.1 a t  
302°C. The difference between these two values lay within their experimental 
error. Over this temperature range, the ratio therefore appears to be constant 
with a possible variation of perhaps 10 per cent. 

As the first step in determining the parameters for k { ( T ) ,  the experimental 
values for k: were computed from equations 25 and 26, using kd, and values of 
&(T)  interpolated from data of the National Bureau of Standards.16 Next, 
approximate empirical activation energies were taken from the slope of the plot 
of T-' versus 

In k{ - hi In T (27) 

Despite the fact that the models discussed in Section III,A predict hi < +% 
the values h: = - x, 0,  +%, +1, +34 were all tried. When the ratio 

(28) 

was computed using experimental values for k;, it was found that the variation 
in g: was relatively insensitive to the choice of h:. The experimental datum a t  
574.4"C. was ignored, since in every case it gave great deviation. For the remain- 
ing experimental points the average deviation from the mean g: varied from 6.7 
per cent for hi = 0, to 4.7 per cent for hi = 1. Even this slight difference was due 
a t  least in part to the estimate of the best slope for each value of hi. Therefore, 
hi = 1 was chosen arbitrarily, and the value of A& was adjusted numerically 
by trial and error until all trend with temperature in the sign of deviations of 
g: from its mean value disappeared. 

Sf - - k3 / [Th i  f exp( - AE{/RT)]  

This process gave 

g: = +3.46 X hi = +1, AEi = +l.664 X (29) 

16 Either Bessel's or Stirling's formula, depending upon the range in which interpolation 
was required, was used to  calculate [F" - H"(O")/T] from National Bureau of Standards 
Tables, Series 111 (1948). AiE"(0") from table 1 then gave AiF". K, (T)  was computed using 
equation 6. 
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TABLE 9 

Data for computing parameters for k{ ( T ) ;  comparison with experiment 

T 

' A .  

498.8 
524.5 
549.0 
550.6 
574.4 
585.5 
612.1 

dXP * 

8.08 x 10-4 
6.48 X lo-* 
3.14 X 10-2 
3.97 x 10-2 
2.13 X 10-1 
3.37 x 10-1 
1.52 X 100 

Ki t 

4.9168 X IO-Zo 
4.6163 X lo-" 
3.2076 X 10-18 
3.6206 x 10-18 
2 . 0 0 s ~  x 10-17 
4.2567 x 10-17 
2.3040 X 10-16 

8.68 X 106 
2.27 X 10' 
4.17 X 108 
4.97 x 106 
1.196 x 107 
1 . 2 3  x 107 
2.38  x 107 

k{ 5 [Per Cent Deviation7 

8.84 x 105 
2.12 x 10' 
4.51 X 106 
4.73 x 108 
9.27 X 106 
1.25 x 107 
2.42 x 107 

+1.84 
-6.61 
+8.15 
-4.83 
-18.11 
f1.63 
f1.68 

For the definition of k:xP see equation 17. The numerical valuea were taken from Pease (56). 
t KI is an equilibrium constant for a standard state of an ideal gas at a concentration of 1 mole cc.-I 
$ These values were computed from experimental data by solving equations 25 and 26. 
0 These were calculated using the parameter valuea given by equation 29. 
7 The average per cent deviation of the calculated from the experimental values is 6.1 per cent; excluding the 

point a t  T = 574.4"A., the average is 4.1 per cent. 

Table 9 gives some of the data used to compute these parameters and a com- 
parison of the results with experiments. 

As will be shown in Section III,D,4, there is no reason to suppose that the 
parameters of equation 29 which have been derived from empirically fitting data 
from 499 to  612°K. will represent data a t  flame temperatures over a thousand 
degrees higher. Recently, shock waves have been used to obtain preliminary 
results on the high-temperature hydrogen-bromine reaction (14).16 

The rate of disappearance of bromine under the experimental conditions was 
calculated by equating the observed rate to the sum of the rates due to the dis- 
sociation of bromine and due to the chain steps 3 and 4 forward. Since Section 
III,D,3 shows that the estimate of the rate of dissociation of bromine is subject 
to considerable uncertainty, and since in the shock-wave experiments this con- 
tribution was about the same size as that of reaction 3 forward, the estimate of 
k: is subject to similar uncertainty. Table 10 compares the experimental esti- 
mates with values calculated using an empirical equation quoted by Pease (56) 
and with values calculated using the parameters of equation 29. 

Britton and Davidson felt that their shock-wave results offered some evidence 
that the Pease empirical equation would give considerable error in extrapola- 
tion, but that the results were too tentative to use in revising the equation. The 
equation proposed in this review is nearer the range of shock-wave values a t  
both low and high temperatures than is that of Pease (56). 

The parameters of equation 29 and the equilibrium relation were used to 
compute k i ( T ) .  

k: (T)  = k:(T)/&(T) (30) 

2. Parametersfor reaction 4: H + Br2 Ft Br + HBr 
16 The use of the shock-wave technique as applied t o  the dissociation of bromine is dis- 

cussed in Section 111, a,3. 
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TABLE 10 
Comparison of calculated with preliminary high-temperatures values for k i  

T I Experimental 1 Calculated’ 1 Calculated1 

OK. 

isaii 

1441 

8.9 X 10-0 
1.0 x 10-5 
9.1 x 10-0 
7 . 9  x 10-0 

2.0 x 10-8 

2 . 4  X 10-8 

1.2 x 10-0 

1.5 X 10-1 

For the discussion of the experimental data see Section III,D,l. 
Values were calculated from the empirical equation given by Pease ( 5 6 ) :  

ki = 4.56 X 100 dF exp[-l8,780/RT] 

t Values were calculated from the parameters given by equation 29. 

Bodenstein and Jung (11) found that over the range 303-575°K. 

k: N 8.4k3’ (31) 
A recent shock-wave study of the hydrogen-bromine reaction (14) suggested 
that a t  about 1400°K. 5 < k:/lc; < 15. Equation 31 was used to compute k:(T) .  
The equilibrium relation gave: 

G ( T )  = k:(T)/&(T) (32) 
3. Parameters for atom recombination reactions 

a. Interpretation of recombination as a three-body process 
All investigators agree that the formation of a molecule from two atoms 

generally requires the presence of a third body to remove the excess energy. 
Two aspects of such a process suggest that the rate should show a decrease 
rather than an increase with temperature. First, the mutual approach of free 
atoms should be subject to a low energy barrier; second, any three-body inter- 
action must occur as a sequence of two collisions, such as 

(1) Br + X - + B r X  
(2) BrX + Br --+ Brz + X’ 

As the temperature increases, there will be a decrease in the time available for 
the approach of a second atom to a Br and an X which are close together as a 
result of the previous collision. 

Clearly, the time which Br and X will spend in the vicinity of each other in 
the first collision will depend on the nature of X.  Moreover, the possibility of 
X accepting energy to leave as the excited species X’ will vary with X. For ex- 
ample, recent flash-photolysis studies (19) have shown that I2 is an order of 
magnitude more effective a t  room temperature than other third bodies for the 
recombination of iodine atoms. These studies, covering a wider range of [12]/[X] 
and using an improved apparatus, showed that: (a) for the lowest values of 
[12]/[X], there was an anomalous dependence of the rate constant” upon [12]/[X]; 

l7 The rate constant was a value obtained by extrapolating to  time t = 0 in order to  
eliminate the presence of a thermal effect discussed in Section III,D,3,b. 
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( b )  for larger values, the extrapolated constant was approximately a linear func- 
tion of [12]/[X]. The linear dependence could be interpreted by supposing that 
both 1 2  and X were acting as third bodies: 

= [k,, [XI [I21 + kx] [Il2[X1 
(33) 

In  the case of argon a t  room temperature this gave k I , / k A  'v 250. Other workers 
(15) have reported a ratio of 590 a t  room temperature and have stated that the 
ratio decreases with increasing temperature until a t  1300°K. it is less than 30. 

The experimental confirmation of the expected increase in rate with increasing 
temperature is reviewed in Section III,D,3,c,(6). 

b. New experimental techniques: flash photolysis and shock waves 

For the present our hope for satisfactory rate data for recombination reactions 
is based on two recently developed methods. The first, flash photolysis, uses an 
intense light of extremely short duration18 to dissociate the molecules, and then 
follows the rate of atom recombination spectroscopically. Early flash-photolysis 
experiments gave irreproducible recombination rates. Part of these differences 
may be due to a previously ignored thermal effect (19). The importance of this 
effect was suggested by the restudy of the recombination of iodine atoms with 
an improved apparatus which disclosed a decrease with time of the three-body 
recombination constant. This decrease was attributed to heat released as a result 
of recombination which caused the temperature to rise while the heat loss to the 
surroundings cooled that part of the reaction cell near the walls. To maintain 
pressure equilibrium, the density of the warmer gases in the center decreased 
as the cooler gases near the wall contracted, Since the light beam traverses more 
of the central volume, the concentration of the halogen molecule in the light 
path is decreased. The rate was measured by the change in molecular absorption; 
hence this produced a decrease in the apparent recombination rate. Therefore 
the true rate constant was estimated by extrapolating the apparent constant to 
zero time. 

Unfortunately, this thermal effect cannot be the complete source of these 
differences. A recent study (75) has reported unexplained erratic results from 
flash photolysis. For example, after experiments had given consistent values for 
about a year, experiments during the second year gave consistently higher values 
for the rate of iodine recombination even when the same operator used the same 
filling of the same cell. For data taken concurrently on bromine in argon, the 
high values were about 50 per cent larger than the low values. 

The second technique of shock waves is well adapted to high-temperature 
measurements in contrast to the flash-photolysis method, which has thus far 

18 In one recent study (75) the maximum light intensity was reached in 30 microsec., 
and the half-life was about 30 microsec. 
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only been used below about 550°K. A shock wave heats the gases rapidly to very 
high temperatures, and the molecular decomposition rate is followed spectro- 
scopically. To interpret shock data, the temperature, density, and flow velocity 
of the gas are calculated (as functions of the experimentally measured shock 
velocity and of the assumed equation of state for the gas) from the Navier-Stokes 
equations (55). Thus far the method has given considerable scatter in computed 
rate constants (cf. Section III,D,3,c,(6)). 

c. Experimental studies of reaction 1: X + Br2 2Br + X 
As noted in the preceding section, flash-photolysis studies have given inexplic- 

ably erratic results, and shock waves have given constants with considerable 
experimental scatter. Therefore, earlier as well as more recent studies are listed 
in this section, together with some criticisms which have been made and some 
discussion of the results. 

(1) Photochemical studies of the hydrogen-bromine reaction 
The early work of Jost and Jung was complicated by a wall reaction (39, 41)." 
Since the surface reactions were suppressed in later studies by using higher 

pressures (34, 61)," and since Jost and Jung had to make arbitrary assumptions 
to account for the surface reactions,'l their results have not been used. 

Hilferding and Steiner (34) studied the photochemical reaction a t  about 200°C. 
After a careful analysis, they estimated that their data should be accurate to 
within about 55 to 65 per cent (34, p. 431). Rabinowitch (58) criticized their 
work and defended his own different values as follows: (a) their values depend 
upon the kinetic model and constants for the hydrogen-bromine reaction; ( b )  
a t  the high bromine pressures used by Hilferding and Steiner, their assumption 
of uniform radiation throughout the containing vessel was far from justified; 
(c) their estimates of rate constants for different third bodies were based on an 
unjustified initial approximation. (At first Hilferding and Steiner assumed that 
the rate constants were the same for all third bodies. This is far from true.) 

(2) Photochemical dissociation of bromine 
The dissociation of bromine was studied by measuring the decrease in the 

molecular absorption coefficient of bromine in the illuminated vapor. In  the 
photostationary state, the velocity of dissociation equals the rate of absorption 
of light quanta. If the heterogeneous recombination contributes insignificantly, 
then the equation for IC; is obtained by (a) equating the dissociation and three- 
body recombination rates and ( b )  using the experimental value for the stationary 
state [Brl. 

N h .  = rate of absorption of light quanta. 
19 For a review of this work, see Kassel (44). 
* O  See Hilferding and Steiner (34, p. 399) and Rabinowitch and Wood (61, p. 910) 

See Kassel (44, p. 243). 
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The first experiments (59) were plagued by the same thermal effect found in 
flash-photolysis experiments (cf. Section 1I1,D73,b). This thermal effect was 
reduced in later experiments by using lower concentrations of halogen mole- 
cules (60, 61). 

Rabinowitch defended these studies against Hilferding and Steiner's criti- 
cism of his neglect of convection by attempting to show that it was negligible 
under the experimental conditions (58). Although Rabinowitch and Wood be- 
lieved that they had more accurate data for the recombination of iodine atoms 
than for bromine atoms, even their data for iodine agree only in order of magni- 
tude with values obtained by flash photolysis. For ki X lo1' cma6 mole-2 seer', 
(helium:6.4; argon: 13.8) compare with (helium:2.44 (19); argon:6.68 (19)) 8.4 
(52)) 7.3 (63)). They estimated their accuracy as 10 per cent and 25 per cent for 
helium and argon as third bodies, respectively (61, p. 912). 

One possible explanation for their larger values might be their neglect of 1 2  
as a third body. Flash-photolysis experiments described in Section III,D,3,a 
have shown that a t  room temperature iodine is more effective than argon by a 
factor of the order of 300 to 600. 

In the studies with bromine Rabinowitch and Wood occasionally obtained 
values about 20 to 40 per cent smaller than those recorded in table 16. However, 
after each anomalous run, they were able to obtain again values comparable to 
those recorded. They suggested that water vapor may have caused the difficulty. 

These results appear to have been accepted as the most reliable before the 
recent studies using flash photolysis and shock waves. 

(3) Pressure changes accompanying dissociation and recombination 
Shida (69) produced bromine atoms by irradiating mixtures of bromine with 

nitrogen and oxygen by a low-pressure mercury lamp and then studied the pres- 
sure changes which accompany the dissociation and recombination of bromine 
atoms. Unfortunately, the decrease in number of particles and increase in tem- 
perature produced by the liberation of energy upon forming bromine molecules 
were not the only sources of pressure change during the recombination process. 
A maximum and a minimum in the pressure curves were presumably caused by 
adsorption. The desorption was of the first order, and the substance adsorbed 
had a mean life of about 7 sec. Shida inferred that the bromine atom was adsorbed 
and that the rate-determining step was the evaporation of bromine atoms. Since 
the wall reaction was of the same order of magnitude as the homogeneous reac- 
tion, the values for the homogeneous rates which are recorded in table 16 are 
subject to considerable uncertainty. 

(4) Flash-photolysis studies 
Recent flash-photolysis studiesz2 pose the following dilemma : (a) the precision 

within a sequence of runs may be good-in general, better than 10 per cent; ( b )  
results from different sequences of runs using the same equipment and method 
differ by as much as 50 per cent; (c) values obtained by different investigators are 
subject to even greater discrepancies. The first thought that a competitive wall 

22 See Sections III,D,3,a and b for further discussion. 
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reaction might produce these erratic results must answer the argument that the 
values for [Br2]/[X] used in flash-photolysis experiments were in the range that 
gave the pressure dependence corresponding to homogeneous recombination in 
the earlier photostationary studies of the dissociation of bromine.23 

The authors hoped that, although their measurements varied erratically over 
long periods of time, data taken when the apparatus was giving consistently 
either high or low values would all be subject to about the same relative error 
and would therefore give a more reliable estimate for the temperature coefficient 
of the rate constant. Plots of log lc versus T-' from room temperature to about 
160°C. gave activation energies of -2.0 and -1.2 kcal. mole-' for argon and 
oxygen, respectively, as third bodies. This confirms the expected slow decrease 
of rate constant with increasing temperature. 

Despite the erratic results which have been obtained thus far, flash photolysis 
seems to offer one of the best methods for studying reactions involving the recom- 
bination of atoms. Therefore, it is desirable to list possible errors suggested in a 
report on the recombination of bromine and iodine atoms (75). 

( a )  Nonuniform illumination by the flash: The possibility that the flash could 
have been more intense a t  the center than a t  the ends of the cell was checked both 
by masking the end of the cell and by using a cell only half as long. This was 
reported to have no effect upon the calculated rate. 

( b )  Effect of excited states: For studies a t  elevated temperatures, different rates 
of different excited states could be important. This could be simply tested in the 
case of iodine atoms, since molecules of iodine are dissociated by light from the 
continuum region ( < 49958.) into oneexcited'Pt and one normal 'Pt atom, where- 
as light of the longer wavelengths in the banded region yields only normal atoms 
produced by predissociation. The discovery that the rate of recombination was 
the same for a frequency distribution centered above, as for one centered below 
5000 A., suggested that excited atoms either fluoresce before combination or 
recombine a t  the same rate. 

(c) Relative effectiveness of bromine and of argon as  third bodies: If bromine, 
like iodine, were on the order of a few hundred times more effective than argon,24 
then most of the recombination in argon would actually have been effected by 
bromine molecules. The authors argued that this was unlikely because a 37 per 
cent variation in the [Br2]/[A] ratio gave only a 6 per cent variation in the rate 
constant for recombination computed under the assumption that only argon was 
effective. However, the erratic variation occurring between sequences of runs 
reduces the force of the argument. It is still possible that bromine may be sig- 
nificantly more effective. 

( d )  Thermal effect: Upon the basis of approximate calculations using a step- 
function model for the temperature gradient, the authors argued that the thermal 
effect (discussed in Section III,D,3,b) was negligible in their experiments. They 
argued that the linearity of their plots of [Brl-' vs. time excluded a significant 
thermal effect which would have decreased the rate of recombination with increas- 
ing time. The Cambridge restudy of the recombination of iodine atoms (19) sug- 

*s See Rabinowitch and Wood (61, pp. 907-13). 
34 See Section III,D,3,a. 
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gested that the approximate linearity of their earlier plots of [I]-' vs. time was a 
result of less accurate data over a narrow range of variables and a partial can- 
cellation of two opposing factors: (a) an increase in rate as recombination pro- 
ceeds owing to the increasing concentration of the more effective third body, 1 2 ;  

( b )  a decrease in apparent rate due to the thermal effect. The authors of the study 
with bromine claimed that such a cancellation could not have occurred in their 
experiments, since the [Br,] varied only from 95 to 99 per cent of its initial value. 
They attributed the greater thermal effect in the experiments with iodine to the 
use of measurement times much longer than the time of 1 millisec. used in the 
experiments with bromine. 

(5) Shock-wave studies 
Palmer and Hornig (55) have measured the dissociation of bromine, both pure 

and diluted with argon, from 1200'K. to 2225°K. They compressed bromine 
(or mixtures of bromine and argon) a t  pressures of 1 to 4 cm. of mercury by shock 
waves produced by helium a t  pressures up to 12 atm. In  addition, Britton and 
Davidson (14a) have studied mixtures of bromine and argon from 1400" to 
2700°K. The change in bromine concentration was followed by measuring the 
absorption of bromine. Palmer and Hornig determined the extinction coefficient 
as a function of temperature from the absorption just after the shock before 
appreciable dissociation occurred. A wavelength (4390 A.) was selected in the 
pure continuum region in order to reduce the deviations from Beer's law occurr- 
ing in banded regions. 

The authors reported that the most obvious limitation upon the precision of 
their rate constants was the estimation of an angle in the oscilloscope trace which 
measured the initial rate of change of absorption of bromine. The original article 
should be consulted for discussion of errors. 

The rather widely scattered experimental rates could be correlated by either 
of two distinct theoretical models: (1) a simple bimolecular collision in which 
the energy of relative motion along the line of centers must exceed the activation 
energy (cf. equation 14) ; (2) a bimolecular collision in which some rotations and 
vibrations of the colliding molecules participate (cf. equation 15). 

Empirical fitting of experimental rates gave the equations for rate constants 
in the units of cubic centimeters per mole per second: 

d'Brzl - -  - kA[Br2][A] + kBrp[Br2I2 
dt 

Model 1 : 

a. kh = 2.52 X 101'Ti exp(-3.069 X 104/RT) 
b. kBrp = 2.70 X 10"T* exp(-2.921 X 104/RT) 

Model 2: 
a. Using only shock-wave data: 

(35) 

k A  = 1.99 X 108T1(Eo/RT)4.46e~p( - Eo/RT) (374 
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Combining shock-wave data with flash-photolysis data a t  298" and 
430°K. (75): 

kA = 1.39 X 1011T1(E~/RT)'.g7exp( -Eo/RT) (37b) 

Although model 1 gave a reasonable estimate for the collision efficiency (of the 
order of 5 per cent for a collision diameter of about 3 A.), it gave an apparent 
activation energy about 15 kcal. less than the energy of dissociation. Palmer and 
Hornig argued that if a molecular complex were formed, it might stabilize one 
of the bromine atoms in the collision. This could reduce the energy of activation 
perhaps 0.5 kcal. for argon and 3 kcal. for bromine as a third body, but certainly 
not 15 kcal. Therefore, the empirical equations for model 1 seem physically 
unreasonable. 

A bromine molecule colliding with an argon atom might contribute energy 
from one rotational and one vibrational degree of freedom; if a bromine molecule 
replaced the argon atom, it might supply energy from one additional vibrational 
and two rotational degrees of freedom. This would give maximum exponents of 
(EoIRT) of 1.5 for argon and 3.5 for bromine. However, if all energy of relative 
translational motion contributed, rather than just the energy along the line of 
centers, this would lead to an added term of (EoIRT). The latter maximum ex- 
ponents are greater than those for equations 37b and 38b but less than those for 
equations 37a and 38a. Palmer and Hornig concluded that equations 37b and 
38b were more satisfactory. 

(6) Summary of results: suggested values for the parameters 

The recombination rate constant for bromine atoms still seems uncertain to a 
factor of 2 or more. Temperature coefficients have been measured only for the 
following three third bodies: oxygen and argon (by flash photolysis between 
300" and 430°K. (75); bromine and argon (by shock waves between 1200" and 
2200°K. (55)). 

Flash-photolysis experiments are still subject to unexplained erratic variation 
(see Section III,D,3,b), and the shock-wave studies give considerable scatter, 
In  fact, the scatter was so great that Britton and Davidson (14a) found that their 
shock-wave values alone were not sufficient to determine the sign of the recom- 
bination rate which varies only slowly with temperature. The uncertainty in the 
temperature coefficient is illustrated by the difference between equation 37s for 
the rate of dissociation of bromine (based only on shock-wave data) and equa- 
tion 37b (based on both shock-wave and low-temperature flash-photolysis data). 

25 Equation 38a, which was derived by empirically fitting the rate data, was considered 
unsatisfactory because of the low collision efficiency and because of the unreasonably large 
exponent of (Eo/ET) .  Equation 38b was proposed as a more reasonable one which would 
still correlate the wide scatter of the data rather well. 
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The workers with flash photolysis suggested that bromine was not a vastly 
more effective third body than argon even at room temperature (see Section 111, 
D,3,c,(4)). However, this possibility cannot be definitely excluded. If bromine 
were as effective, compared with argon, as iodine compared with argon, then the 
true constant for argon as a third body would be several-fold smaller than the 
present ones obtained by flash photolysis. 

The rate of dissociation (which shock data measure) varies rapidly with tem- 
perature, while the rate of recombination varies only slowly. Therefore, the 
best procedure for obtaining empirical equations consists in (a) computing an 
experimental recombination rate from the measured dissociation rate and the 
corresponding equilibrium constant by equation 16, ( b )  fitting the experimental 
recombination rates to an empirical function, and (c) obtaining the function 
for the dissociation rate by dividing the empirical function for recombination by 
the equilibrium constant. Obviously, this process cannot reduce the basic uncer- 
tainty in the data. The maximum estimated error of 50" a t  high temperatures 
and 30" a t  low temperatures (55) leads to possible errors in the correlation of 
dissociation rates with temperature of a factor of 20 per cent or 30 per cent, 
respectively. Thus, Britton and Davidson (14a) found that the scatter of their 
recombination rates was so great that they were unable to determine even the 
sign of the temperature dependence. When the data of Palmer and Hornig ( 5 5 )  
on the dissociation rate were recomputed following the foregoing scheme, the 
rates showed a definite trend with temperature which could be correlated by the 
parameter values (cf. table 11): 

X = argon: gT = 1-19 X hi = - 3.5 f 0.5; AET = 0 (39) 

TABLE 11 
Shock-wave values for k;, X = argon 

T 

OK. 

1310 
1330 
1380 
1425 
1520 
1580 
1750 
1840 
1840 
1965 
2050 

2225 
2080 

21.8 
14.24 
27.8 
5.54 
7.82 
8.16 
5.30 
2.12 

12.04 
4.10 
3.16 
2.70 
2.50 

17.74. 
12.22 
27.14. 

8.05. 
10.71 
9.66 

11.88 
5.67' 

32.18' 
13.99 
12.32 
11.08 
13.00 

Per Cent Deviation 

+m* 
+3 

4-129. 
-49' 
- 10 
- 18 
$0.2 

-52. 
+172* 

$18 
+4 
-7 

$10 

Average.. . . . . . . . . . . . . . , . . . . . . . . . . . . . ' .  . . . . . . . . . . . . . . . I  11.86 I 8.8 

The experimental values were computed aa deacribed in the discusaion preceding equation 39. The rate law ia 

dt =. - k:IBrl*lAI 
dIBr] 

and the units of k: are moles cm.-Q sea-1 The starred values were excluded in computing the two aversgee. Column 4 
ia the per cent deviation of column 3 from its average value. 
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T 

TABLE 12 
Flash-photolysis values f o r  k;, X = argon 

k: x lo-" (k:T2.76) x 10-2s Per Cent Deviation 

O K .  

298 
299 
300 
302 
333 
347 
348 
364 
372 
380 
394 
4a5 
429 
433 

[k:T8.5 e x p ( + M / R T ) ]  Per Cent 
Deviation x 10- 

7.46 
7.30 
7.44 
7.24 
5.44 
4.50 
4.94 
4.44 
3.96 
3.58 
3.44 
3.10 
2.14 
2.80 

4.75 
4.69 
4.83 
4.78 
4.70 
4.36 
4.82 
4.90 
4.64 
4.45 
4.72 
4.59 
4.75 
4.98 

+0.85 
-0.42 
+2 54 
+1.49 
-0.21 
-7.43 
+2.33 
+4.03 
-1.49 
-5.52 
so. 21 
-2.55 
+O. 85 
+5.73 

8.37 
8.26 
8.50 
8.41 
8.19 
7.58 
8.39 
8.53 
8.08 
7.75 
8.24 
8.03 
8.37 
8.78 

$1.45 
+o. 12 
+3.03 
4-1.94 
-0.73 
-8.12 
+1.70 
+3.39 
-2.06 
-6.06 
-0.12 
-2.67 
4-1.45 
$8.42 

Average . . . . . . . . . . , . . . . . . . . . , . . . . , . 1 4.71 1 2.55 I 8.25 1 2.80 

The experimental values were obtained from reference 75. The rate law ia 
d[Brl = - ky[Br]2[A] 

dt 
and the units of kf are mole2 cm.-B aec.-1 Columns 4 and 6 are the per cent deviations of columns 3 and 5 from their 
average values. The calculated values in columns 3 and 5 use the parametera of equations 40a, b. 

The limiting values (k; = 3.0, 4.0) gave opposite trends with temperature of 
borderline significance. The more consistent flash-photolysis experiments gave 
the following values (cf. table 12): 

X = argon: g1 = 4.71 X hi = - 2.75 =t 0.05; AEI = 0 (40a) 
or 

gi = 8.25 X hi = - 3.5 & 0.05; AE; = 267.85 R (40b) 

Unfortunately the two sets of data cannot be correlated by a single equation of 
the form of equation 11. Comparison of the two indicates an overall temperature 
dependence of the order of A similar discrepancy between results from the 
two methods occurs also in the case of the recombination of iodine atoms. In  
the latter case, the high-temperature shock-wave rates varied far more rapidly 
[exp( +4560/RT)] than low-temperature flash-photolysis rates [exp( + 1400/RT)] 
(15). Nevertheless, the temperature dependence of the flash-photolysis rates 
agrees well with the overall trend, exp(+1330/RT), predicted by comparing the 
rate at room temperature with a rate in the middle of the range of shock-wave 
temperatures where the measurements were believed to be somewhat more 
reliable. 

Since shock-wave rates have been shown above to be subject to uncertainty 
which can alter the order of their temperature variation, the data on the recom- 
bination of bromine atoms have been correlated by a procedure suggested by the 
studies of the recombination of iodine atoms. The value a t  1750°K., which lay 
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TABLE 13 

_- 
I I 

k: exptl.  X 10-14 T 1 k: erptl .  x IO-" i k: o d d .  X T 
1 

O K .  I 1- " K .  
1310 1 21.8 6.35 1840 2.12 
1330 ~ 14.24 6.29 ~ i:&l: 1 12.04 

A .  Correlation of shock-wave and 

T k r  x 10-16 
1 

k: c a ~ .  X 10-14 

5.26 
5.26 

OK. 

298 
299 
300 
302 
333 
347 
348 
364 
372 
380 
394 
405 
429 
433 

7.46 
7.30 
7.44 
7.24 
5.44 
4.50 
4.94 
4.44 
3.96 
3.58 
3.44 
3.10 
2.74 
2.80 

Average 

zsh-photolysis data for X = argon 

Per Cent 
Deviation 

I 
I 

1.41 1 -1.40 
1.39 ~ -2.80 

+0.70 
0.00 

1.44 
1.43 

+1.40 
-5.58 
+4.90 

+0.70 

1.45 
1.35 
1.50 
1.52 
1.44 
1.37 -4.20 
1.45 +1.40 

-2.80 
-1.40 
$2.80 

1.39 
1 .41  
1.47 

1.43 2.60 

I 

i 
~ +6'2g 

i 
- -- 

The eslculated valueswere computed as described in this section preceding equation 41. The rate law ia 
d B r l  - = -k:[Br12[Al 

dt 
and the units of k; are mole2 cm-6 sec-1 Column 4 is the per cent deviation of column 3 from its average value. 

The experimental values were computed as described in the paragraph preceding equation 39. The rate law ia 

-k:[Br121Al 
dlBrl 

dt 
- =  

and the units of k; are mole2 om.-' sec.-l The calculated values were computed from the parameters of equation 41. 
As discussed above, these parameters were obtained by  fitting the flash-photolysie data with the 1750" datum in the 
shock-wave experiments. 

in the mid-range of measurements and near the smoothed curve for shock-wave 
values (55),  was combined with low-temperature flash-photolysis values. The 
combined data did not fit an inverse T-" dependence but could be fitted by the 
following parameters (cf. table 13) : 

X = argon: 91: = 1.43 X (41) 

The only low-temperature measurement for X = bromine was seen in Section 
III,D,3,c,(l) to be only of qualitative significance. Table 14 on shock-wave 
measurements shows such a great sca,tter that the empirical equation 

hl = 0.1; AET = - 1013.0 
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T 

OK. 

1010 
1050 
1100 
1220 
1240 
1245 
1320 
1370 
1390 
1425 
1445 

199 

k; X 10-16 k: T4 x 10-n 

69.20 71.97' 
36.46 44.34' 
11.78 17.25' 
4.01 1 8.89 
6.28 14.88 
2.89 6.94 
3 .24  9.84 
3.48 12.26 
4.12 15.38 
1.97 8.12 
1.44 6.28 

TABLE 14 

Shock-wave values for k:, X = bromine 

1.11 
1.31 -- 

1550 
1610 - 

Average.. , . . . . . . . . . . , . . . . . . . . . , . . . . . . . . . . . . . . . . , . . . . , . 

6.41 
8.80 

9.78 
- 

Per Cent Deviation 

-9 .1 
+52.2 
-29.0 
+0.6 

+25.4 
+57.3 
-17.0 
-35.8 
-34.5 
-10.0 

27.1 

and the units of k; are mole' cm.-o sec.-l The starred values were believed to be less accurate for experimental reasons 
and were excluded from the average of column 3. 

X = Brz: g l  = 9.78 X lo"'; hi = -4.0; hEI = 0 (42) 

can do little more than suggest that (a) bromine appears to be more effective as 
a third body by about a factor of 2 over the temperature range common to the 
two measurements, and (b)  the rate may decrease somewhat more rapidly with 
increasing T for X = bromine than for X = argon. The discussion of the repre- 
sentation for X = argon suggests that equation 42 probably does not represent 
even the true high-temperature variation of kr. 

In  lieu of accurate data the rate of recombination for X = bromine has been 
taken to be just twice that for X = argon. Actually, the two rates should have a 
different temperature dependence. For X = oxygen, the values suggested by 
flash-photolysis studies have been adopted (75). In each case the value of the 
dissociation rate was computed from the equation: 

k f ( T )  = &(T)k;(T)  (43) 

As an aid in estimating values for other third bodies, various results have 
been collected in table 16. 

Extensive flame calculations were begun before recent flash-photolysis and 
shock-wave studies were made. Since a t  that time no temperature coefficients 
had been determined, the following simple but unrealistic equations were used: 

k; = 1 X for all X, T (44) 

IC: = KI(T)ki 
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oa , . . . . , , , , . 
Bra . , , , . , . , . , 
A , .  . , . . , , , , , . 

TABLE 15 
Parameters f o r  reaction 1:  Br2 + X + 2Br + X 

I- _____ 
2.08 x io+" 0.00 -629.7 R +4.8958 44616 X 10+16 -0.50 f4.4813 18710 X lO+4 
d.86 X lo+" fO.10 -1013.0 R f 4 . 1 1 6 5  86804 X 10+1@ -0.40 f4 .4038 6840s X lo+' 
1.49 X lo+'' f0.10 -1018.0 R +2.0584 6810d X 10+16 -0.40 $4.408g 68405 X lo+' 

Hz 1 Nz 

2.50 1.64 

8.0 9.1 
3.9 
6.8 

11.4 

The units of k; are moles cm.-'sec.-l The parameters for the forward reaction were computed from equation 43 using 
the parameters of table 5 for Kl(T) .  

Oa Brz HBr 1 HC1 
-,---__- 

5.2 4.2 9.4 

11.6 
10.0 
16 

- 

TABLE 16 
Experimental values f o r  the rate of recombination of bromine atoms 

So;fHCteaof Temperature , He A CHI COz 
' 

(34) 

(61) 13.1 19.6 
(69) 
(75) 6.1 

X 

The values are for k; X 10-15 om.8 mole-' sec.-l, the three-body recombination rate in the equation 

d[Brl/dt = - kr [BrPIXI 

Note that there are small discrepancies between the values reported by Rabinowitch in his different articles. The 
flash-photolysis value for argon (75) is an averageof a setof sequencesof runs. The valueswithin each sequence had 
average deviations of 10 per cent or leea, but  the different sequences hadaverage values rangingfrom 5.92 to 7.46 X 
10+15. 

d.  Experimental studies of reaction 2: Hz + X e 2H + X 
Despite numerous studies there is no agreement on the relative importance of 

HO and of H as third bodies for homogeneous recombination, of wall reactions 
under the various experimental conditions, and of processes such as diffusion in 
flow systems. Kassel (43) has summarized excellently the earliest work (9, 31, 
65, 66, 67,70, 73) which later studies have superseded. These more recent studies 
are grouped according to method and discussed critically in the following sub- 
sections (1 to 5 ) .  

(1) Determination of H by the rate of conversion of para-hydrogen 
to ortho-hydrogen 

Farkas and Sachsse (22) irradiated a mixture of hydrogen and mercury in a 
100-ml. quartz vessel with a mercury resonance lamp and produced a low sta- 
tionary-state concentration, [HI 'v 0.001 mm. Hg. As evidence that the reaction 
was homogeneous in quartz vessels a t  sufficiently high light intensities and pres- 
sure of hydrogen, they observed that (a) the [HI varied as d[Hzl (vide infra), 
and ( b )  the rate was not affected by changing the size of the vessel. However, 



THE HYDROGEN-BROMINE SYSTEM 201 

heterogeneous reaction must have occurred, since the reaction was catalyzed by 
dust, grease, and other impurities. Since the wall reaction was assumed to be 
negligible, the steady-state rate of homogeneous recombination was equated to 
the rate of production, which was given by twice the rate of absorption of quanta 
from the excited mercury atom: 

21 = ?C;[H]~[H~] (45) 

where I = rate of absorption of quanta. 
The [HI was computed as follows: Since ortho- and para-hydrogen have dif- 

ferent thermal conductivities, the rate of conversion of para-hydrogen to ortho- 
hydrogen was followed by measuring the change in thermal conductivity of a 
nonequilibrium mixture. Previous work on this conversion (21)26 had shown that 
over a temperature range of GOO-750°C. in static experiments: 

(P t  - P,) = ( P O  - P,) exp(-kztd[Hzl) (46) 

where 

Pt = the pressure of para-hydrogen a t  time t 
P ,  = lim Pt  

Po = P t a t  t = 0 
kz = 1.02 X lo1' exp[-58,700/RT] (in the units of (dl./mole) set.-') 

t -m 

This rate law was interpreted by the mechanism: 

Hz 2H (equilibrium) (47) 

H + para-Hz T? ortho-Hz + H 

If H is assumed to be in equilibrium with Hz, then equation 46 yields 

dZ Po - Pm 
= kzt In ( P t  - P,> 

Two obvious limits on the accuracy of IC: are the accuracy in the measurement 
of the absorbed light and the uncertainty of lcz. As tables 10 and 17 show, ex- 
trapolation of a rate constant determined a t  a temperature of 600-750°C. t o  
24°C. could introduce an error of several-fold. 

At 24°C. and a hydrogen pressure of 200 mm. of mercury, Farkas and Sachsse 
calculated : 

ki = 3.4 X 1OI6 cm.6mole-2 set.-' (49) 

- -  d[H1 - -k~[H]2[Hzl 
dt 

When newer, more accurate data are used for K1, the value is 

122' = 2.2 x cm.6 mole-' sec.-' 

24 See Kassel (43, pp. 136-7). 



202 EDWIN S. C4MPBELL AND ROBERT M. FRISTROM 

(2) Generation of hydrogen atoms by a Wood discharge tube; measurement of 
the pressure change 

Smallwood (71) generated hydrogen atoms in a Wood discharge tube to obtain 
mixtures of from 20-30 mole per cent hydrogen atoms a t  total pressures of a few 
tenths of a millimeter of mercury. He followed the recombination in a static 
system by measuring the pressure change. He reported that a bimolecular wall 
reaction could be suppressed by flushing the apparatus with atomic hydrogen. 
His claim that the rate constant for atomic hydrogen was a t  least fifty times as 
large as that for molecular hydrogen revived the surprising suggestion of Senftle- 
ben and Riechemeier (66) that H was vastly more effective. The value a t  298°K. 
was reported as 

k,' = (1.7 f 0.3) X 10l6 cme6 mole-' see.-' 

( 3 )  Measurement of [HI by the Wrede slit technique 
Steiner (72) made a new study to answer Amdur's criticism (1) of his earlier 

study (73). A Wood discharge tube gave as high as 80 per cent concentration of 
atoms a t  total pressures of several tenths of a millimeter of mercury. Steiner 
measures the [HI a t  the entrance to the recombination tube by the Wrede slit 
technique (84) and relative values along the tube spectroscopically. Although he 
tried to poison the walls of the tube by the constant addition of about 3 per cent 
water vapor, he did not eliminate the wall reaction, and therefore he was able to 
determine only an upper limit for the rate of homogeneous recombination. At 
20°C. for H, as a third body he found that k l  < 1.3 X and suggested that 
the more probable value was 

(52) k,' = 1.1 X 10l6 cm.6 mole-'sec.-' 

d[H1 - -  - -k;[H12[Hzl 
dt 

He decided that the recombination rate for H as a third body could be a t  most 
one-tenth that for Hz. 

(4) Measurement of [HI in a flow system by heat transferred to a 
catalyst-calorimeter 

By virtue of its completeness, Amdur's 1938 paper (3) supersedes earlier studies 
(2, 7, 8, 70) with this method. Amdur used essentially Smallwood's technique 
(70). Hydrogen a t  pressures of a few tenths of 1 mm. of mercury was dissoci- 
ated to give mole-fractions of hydrogen atoms in the range 0.04 to 0.69. The 
[HI was determined by the heat of recombination absorbed by a platinum 
catalyst calorimeter inserted a t  various positions of a flow tube. Smallwood (70) 
had previously shown that the catalyst was almost completely efficient. 

Objections to determining H in a flow system by a catalyst-calorimeter were 
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raised by Smallwood in his later paper (71) and by Steiner (72). Smallwood dis- 
counted Amdur and Robinson’s defense (7, pp. 1402-3) of the method and 
argued that the abrupt recombination a t  the catalyst gave a pressure drop that 
caused diffusion in the gas mixture. 

Since Amdur surmised that the disagreement between the various investiga- 
tions might be caused by the fact that rather inaccurate kinetic data covering a 
narrow range of experimental conditions could not define a unique mechanism, he 
decided to cover a wide range of experimental conditions. He employed seven 
different pumping speeds and varied the mole-fraction of H from 0.04 to 0.69. 
In  analyzing his data, he first found an empirical equation to represent the total 
pressure and mole-fraction of H as a function of distance through the tube. Then 
he used these smoothed values of mole-fraction and pressure, together with 
their first and second derivatives with respect to distance, to solve for the rate 
constants in the equation 

where kl ,  k2  = wall-reaction constants, and k3, IC4 = homogeneous reaction 
constants. 

In  order to  see how well his smoothed data determined the mechanism, he then 
assumed that various of the processes were negligible (i.e., he equated the cor- 
responding rates to zero) and computed the mole-fraction of H using the cal- 
culated values for the remaining rate constants. He eliminated, as less probable, 
those mechanisms that gave deviations two to three times larger than the better 
ones. However, deviations even on the best runs lay between 3 and 8 per cent. 
On this basis he decided that collisions with Hz had to be included, but that 
alternative assumptions could be made about the wall reactions. One of the five 
possible mechanisms excluded H as an effective third body; the other four gave a 
larger rate constant for H than for HP. Nevertheless, all the rate constants for 
homogeneous recombination2’ lay between 0.9 and 3.1 X 10l6 mole-’ cm.6 set.-' 
The temperature was 30°C. 

Whereas Amdur found that i t  was necessary to use highly consistent data in 
the simultaneous solution for rate constants, his original data deviated by about 
3 per cent from his smoothed curves. Furthermore, although diffusion could be 
treated only roughly and made only a small contribution to the equations for 
mole-fraction and pressure, neglect of diffusion gave an enormous variation in size 
and even negative values when the rate constants were determined simultane- 
ously. The importance of diffusion suggests that Smallwood (71) may have been 
correct in his surmise that the effect of the catalyst-calorimeter cannot be ig- 
nored. Certainly the critical effect of diffusion casts doubt upon results which 
treat i t  only roughly. For this reason, and also because of the rather large devi- 
ations of even the best mechanisms, the exclusion of other kinetic models must 
remain in doubt. 

This statement excludes the one mechanism in which the rate constant for H as a third 
body was equated to  zero. 
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Amdur's work on alternative interpretations shows beautifully the danger 
lurking in the plausible explanation of inaccurate data. 

(5) Measurement of [HI in a static system with large H2 by pressure changes 
Like Farkas and Sachsse (22), Shida (68) used collisions of the second type 

between excited mercury atoms and hydrogen molecules to produce low con- 
centrations of hydrogen atoms a t  a high pressure of hydrogen molecules (650 
mm.). Two processes produce pressure changes: the variation in [HI and the rise 
in temperature produced by the heat released upon recombination. An oscillo- 
graph recorded pressure measurements by an elec-capacity differential manome- 
ter. Because of the high HZ pressure and low [HI, Shida reduced the significance 
of wall reactions and of recombination with H as a third body. He obtained 

(54) k2' = 4.4 x 10'~ cm.' mole-' set.-' 
- -  d[H1 - -lc2'[H12[H21 

dt 

(6) Summary of results; suggested values for the parameters 

a t  about room temperature for the recombination of hydrogen atoms with H2 as 
the third body. Therefore, i t  has been assumed that 

Farkas and Sachsse, Amdur, and Shida all obtained values greater than 

ki(293") = 2 X 

- -  d[H1 - -kz'[H]'[Hz] 
dt 

(55) 

Since no data on the temperature coefficient are available, it is necessary to use 
the value of equation 55 a t  one temperature and to choose a reasonable functional 
form for the temperature dependence. The discussion of the recombination of 
bromine atoms in Section III,D,3,c,(6) suggested that the following equation 
should be qualitatively but not quantitatively correct. It is recommended for use 
in lieu of actual data. 

X = H2: 92' = 1.0 X hi = -1 .5;  AE; = 0 (56) 
Although there are no quantitative data on the relative effectiveness of various 

third bodies, Amdur's experiments (3) suggest that the efficiencies of H2 and H 
are of the same magnitude, and the experiments of Senftleben and Hein (64) 
suggest that the efficiencies of the inert gases increase with increasing molecular 
weight. 

Since the first flame studies were begun before measurements of the temper- 
ature coefficient of the recombination of bromine atoms were available as a basis 
for suggesting a qualitatively reasonable functional dependence upon temper- 
ature, the following unrealistic equation has been used in flame calculations: 

IC; = 2 X for all T and X 

d[H1 -- - -kz'[H]'[X] 
dt 

(57) 
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The dissociation rate was obtained for both equations 55 and 57 from the 
equilibrium relation: 

ki(T) = &(T)k2'(T) (58) 

It is fortunate that at least in the case of the flame produced by burning an 
equimolar mixture of hydrogen and bromine (17), the contribution of reaction 2 
to the differential equation appears to be of the order of 1/1000th that of re- 
actions 3 and 4. Nevertheless, the dissociation of Hz should become more im- 
portant at higher temperatures, and it would be desirable to obtain significant 
information about the recombination process. 

e. Reaction 5:  X + H + Br HBr + X 
There are no data on this reaction. For flame studies, this rate has been given 

an arbitrary equation based on the equations assigned for the recombination of 
hydrogen atoms and of bromine atoms. When equation 44 is used for the recom- 
bination of bromine atoms and equation 57 for the recombination of hydrogen 
atoms, the recombination rate has been given the value: 

k: = 1.5 X 10l6 for all T ,  X (59a) 
When equation 56 is used for the recombination of hydrogen atoms, it has been 
given the parameters : 

g: = 1.6 X hi = -1.5; AEl = 0 for all X 

dB = k{[H][Br][X] 
dt 

In  both cases the dissociation rate was obtained from the equilibrium relation: 

k;(T) = ki(T)/K6 (60) 

4. Summary of suggested values 
The bases for assigning these values and their uncertainties have been dis- 

cussed in Section III,D,l-3. Table 10 shows how the scatter of even the best 
rate data on the hydrogen-bromine reactions has led to empirical equations that 
predict marked differences in the high-temperature reaction rates. Table 17 
shows the effect of using data from different temperature ranges to determine an 
empirical rate equation in the case of the bimolecular hydrogen-iodine reaction. 

Clearly, lengthy extrapolation of rate data introduces order of magnitude un- 
certainty. Nevertheless, since in calculations it is sometimes desirable to main- 
tain thermodynamic consistency, the parameters in table 18 have been recorded 
to ten digits. The graphs of the data have been included for use when such con- 
sistency is not important. 

IV. TRANSPORT PROPERTIES 
The solution of the hydrogen-bromine flame equations requires a knowledge of 

the thermal conductivity and of the diffusion coefficients over a 1400°K. range. 
The terms involving viscosity have been omitted from the hydrodynamic equa- 



206 EDWIN S. CAMPBELL AND R O B E R T  M. FRISTROM 

I 3.58 x 10-8 
1.81 x 10" I 3.39 x lo+' 

TABLE 17 
Extrapolated values for the specijc rate constant for the hydrogeniodine reaction 

I T ka (T) 1 k d T )  I &(T) 
I 

1.76 X 10-8 4.42 X 10-6 
2.98 X lo+' 1.21 x 10+4 
8.36 x io+' 1.85 x 10+7 

"K. 
500 
1000 
1500 

h'i 

i 
. . . . . . . . . . . . . . . . . . . . . .  4 . .  . , I  $4.1165 36204 X 10'1' 

&. +6.6376 17476 X 10c's 
+3.4600 00000 X 10+'0 
+6.4ws 81061 x io+lz 

+6.8800 00000 x IO+" 
. . . . . . . . . . . . . . . . . .  +1.0ooo OOOOD x 10+20 

+7.6468 86815 X 10+11 
+6.4479 09685 X 10'10 

. . . . . . . . . . . . . . . . . . . . . . . . .  
d .  . . . . . . . . . . . . . . . . . . . . . . . .  
e, +1.6000 00000 X 10+'0 

. . . . . . . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . . . . . . . . .  
k;. . . . . . . . . . . . . . . . . . . . . . . . .  

:%, : 1 : : : : ,  . . . . . . . . . . . . . . . . . .  
k ; .  ......................... 

. . . . . . . . . . . . . . . . . . . . . . . . .  k ; .  $6.1678 67048 X 10t2Q 

~~ 

hi  1 ai 

-0.40 $4.4090 58408 X lo+' 
-1.00 +l.OZQS 14885 X 10*6 

+0.60 +1.1006 08600 X lot' 
-1.60 0 
+O.lO -2.0150 $5470 X lo+: 
-1.60 0 
+0.60 +l.l096 96500 X lo+' 
+l.OO +4.2618 80000 X lo+' 
-1.50 

+l.OO +l.6640 00000 X loc' 

$8.7461 11600 X 10tk 

The subscripts a, 8, and y identify the temperature rangeused to  determine the parameters of the empirical rate 
constant by the criterion of best fit. The ranges are: 

k d T )  = 2.05 X 1010 T i  exp[-43,714/RT], 556-781°K. 
kg(T)  = 1.13 X 1018 Ti exp[-46,116/RT], 660-781°K. 
k?(T) = 7.40 X 10" Ti exp[-42,493/RT], 55566OOK. 

Cf. Kassel (43, p. 150). 

TABLE 18 
Numerical parameters for the specific rate constants of the reactions 

tions. For flames with a burning velocity less than one-tenth the speed of sound 
the equation of motion involving viscosity can be neglected (38, p. 780). Since 
the pressure is relatively low and is practically constant, the V-T relation can be 
obtained from the ideal gas law (37). Furthermore, terms involving kinetic 
energy can be neglected in the energy balance equation. Present flame studies 
include only first-order terms and neglect second-order transport effects such as 
thermal diffusion. 

Although the hydrogen-bromine system is the best-known multicomponent 
flame system, much of the required information is not in the literature. The es- 
timation and extrapolation of necessary parameters can be accomplished using 
either empirical equations or the results of the rigorous kinetic theory of dilute 
gases which gives the transport coefficients as functions of the intermolecular 
potential. 

The techniques for direct experimental determination of thermal conductivity 
and diffusion coefficients will be discussed in Section IV,A and the methods of 
estimation in Section IV,B. 
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TDK. 
FIG. 8 .  Logs for specific rates for the equation d[H]/dt = k{[&][Br] - k;[HJ[HBr]; cf 

table 18. 

A. EXPERIMENTA4L T E C H N I Q U E S  FOR MEASURING TRANSPORT COEFFICIENTS 

1. Thermal  conductivity 

Generally thermal conductivity is measured by heating a wire or other surface 
to a known temperature and determining the heat loss to a surrounding gas a t  
some other known temperature. The surface loses heat by radiation, convection, 
and conduction. The major experimental difficulty-the reduction of the effects 
of convection-usually limits the accuracy of measurements of thermal con- 
ductivity to  a few per cent. 

2. D i f f u s i o n  coeficients 

In  general, diffusion coefficients have been determined by measuring either ( a )  
the amount of material transferred in a unit time across a carefully constructed 
boundary between two systems or ( b )  the rate of evaporation from a liquid sur- 
face with a known concentration gradient above it (74). As in measurements of 
thermal conductivity, the effects of convection generally have limited precision 
to a few per cent. Recently, very careful measurement of concentrations with an 
interferometer has yielded results reliable to a few tenths of a per cent (78). Un- 
fortunately, interferometric techniques are limited to temperatures below about 
100°C. In a fourth method a small gas source is inserted in a laminar stream and 
the rate of diffusion from this approximately point source is measured by a 



FIQ. 9 
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:Br]; 

sampling procedure (79). This technique is applicable a t  high temperature and 
has been used to study levels of turbulent diffusion in flames (78).  By modifying 
this technique, it appears possible to derive diffusion coefficients to 1300°K. or 
higher with an accuracy approaching 1 per cent (79). It is hoped that in the near 
future this method will give direct experimental values for diffusion coefficients 
for the hydrogen-bromine system over an extended temperature range, 

3. Coeficient of viscosity 
Viscosity is not directly important in most flame studies, since it does not con- 

tribute appreciably to the kinetic energy of ordinary low-velocity flames.28 
However, viscosity data are of indirect value in estimating the other transport 
coefficients (cf. Section IV,B,l,c). 

28 See reference 35: (a) pp. 206-9; (b) pp. 208-13; (c) pp. 215-22. 
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Fro. 10. Logs for specific rates in the equation d[HBr]/dt = ki[H][Br][X] - k;[HBr][Xl 
cf. table 18. 

Viscosity is a function of the moinentuni transport by molecules and is meas- 
ured experimentally by studying flow through capillaries or measuring the drag 
on a moving surface. Accurate measurements require careful work and correc- 
tions for effects such as slip, Aow, and curvature of the Aow path (if coiled capil- 
laries are used). Recent studies of mixtures over a 1000" temperature range (80) 
have verified the applicability of the Sutherland relation for viscosity to some 
complex systems. 

7 = vo(T/To)gC + To)/(C + T) (61) 
B. THEORETICAL ESTIMATION AND EXTRAPOLATION O F  TRANSPORT COEFFICIENTS 

The intermolecular potential function for isolated molecular pairs defines the 
transport coefficients, the second virial coefficient, and the scattering of molec- 
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ular beams. Therefore, if any one of these quantities can be experimentally 
measured, i t  can be used to determine the intermolecular potential function, and 
hence to calculate the desired transport property. In  practice, it is necessary to  
assume that the potential can be described by some simple function involving 
arbitrary parameters which are determined by fitting experimental data. The 
two most popular models for spherically symmetric molecules are the Lennard- 
Jones 12-6 potential: 

U ( r )  = 4t [-e>" + (y] 
and the modified Buckingham exponential-six potential : 

U ( r )  = E {c exp[a (1 - t)] - ff>"}, r 2 r ,  (62b) 
1 -  CY) CY 

where U ( r )  = 

r =  
ro = 

E =  

U(r)  = + m,  r < rm 

potential function (62c) 
depth of potential well 
distance between centers of spherically symmetric molecules 
value of r a t  which U ( r )  is zero, or, equivalently, the limiting 

value for the collision diameter as the velocity of approach 
tends to zero 

The transport coefficients are related to these parameters through a set of 
collision integrals which contain the intermolecular potential in the integrand. If 
the potential parameters have been assigned by an empirical fit of data on one 
coefficient, then any other can be evaluated by interpolating in a set of tables 
constructed by numerical integration for a set of values of the parameters, with 
an accuracy of about 0.3 per cent (38). 

The use of experimental data to determine the potential function is discussed 
in Section 1 and the derivation of the thermal conductivity and diffusion coef- 
ficients in Section 2. 

1. Empir i ca l  determination of potential parameters 
a. Second virial coefficient data 

The P-V product can be expressed as a series in inverse powers of volume. The 
coefficient of VFn in the expansion is a function of the simultaneous interaction 
of (n + 1) molecules. Thus, the second virial coefficient, i.e., the coefficient of 
V-1, can be used to determine the potential of interaction of two isolated mole- 
cules. However, since the second virial coefficient, B,, must he measured by the 
first-order deviation from the ideal gas law, 

B, = ~ i m  P ( ~  PV - 1) 
P-0 

(63) 

P-V-T data accurate to within a few parts in 20,000 are frequently required to 
determine BI within 1 per cent or so. 
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b. Molecular beam scattering 
Molecular beam scattering, the most direct method, gives potential constants 

with a precision of a few per cent (4,5). Unfortunately, the detection problem has 
limited most studies to high-velocity beams corresponding to t,emperatures in the 
millions of degrees. Such hard collisions emphasize the repulsive part of the 
potential curve and therefore cannot yield parameters for the attractive part 
which plays a role in determining transport properties a t  flame temperatures. 
Recently tables have been prepared which give the parameters in the exponential- 
six potential by the numerical analysis of data from low-velocity beams (52a). 

c. Transport coefficient data 
Viscosity is the only transport property that has been studied over a suf- 

ficiently broad temperature range with sufficient precision to allow the evalu- 
ation of potential parameters. One of the first attempts to determine 12-6 param- 
eters that would reproduce experimental viscosity data met several surprising 
successes28a and several failures.28b In  favorable cases i t  was even possible to 
predict the viscosity of mixtures within 1 per cent or so.28c 

Whalley and Schneider (81) reported that viscosity data should be accurate 
to 0.5 per cent and preferably to  0.1 per cent if the criterion of best-fit were to 
define the 12-6 parameters within narrow limits. Although table 19 shows that 
the parameter values depend on the method used to fit the data, within the range 
kT/c = 1.2-3.0 the fit of viscosity data was excellent and similar values for 
e lk  and T O  were obtained from both virial and viscosity data. Simple gases, such 
as helium, carbon dioxide, nitrogen, oxygen, nitric oxide, and argon, showed 
a decrease in the apparent values of e lk  with increasing T .  Thus, for helium the 
values varied from about 6" to 185°K. over the temperature range 15-1000°K. 
The upper temperature a t  which viscosity data could be fitted within the limits 
of experimental error by a single pair of parameters was about 500, 730, and 
830°K. for nitrogen, oxygen, and argon, respectively. For carbon dioxide, e lk  
from virial and viscosity data gave opposite trends with temperature. Despite 
the apparent inadequacy of the 12-6 model, Whalley and Schneider concluded 
that for simple gases such as the ones that they studied, a single choice of param- 

22.3 33.3 
70 91.5 

104 113.2 
129 124 
216 190 

TABLE 19 
Dependence of 11-6 potential parameters upon the method used to $t viscosity data 

Substance 

Method 

Initial gueqs with 

approximations 
SIT curves s curves successwe 
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eters from low-temperature data should be capable of predicting the viscosity 
up to about 1500°K. within an error of about 5 per cent. This apparent anomaly 
can be explained as follows by considering the theoretical equation for q ,  the 
coefficient of viscosity (38) : 

In  this equation A(lcT/e) is a comparatively slowly varying function of temper- 
ature. Thus if kT/e were to vary over the enormous range of 0.3 to 400, A(kT/e) 
would vary only by a factor of 5.8. If e / k  = 100"K., then for this range of kT/6, 
Tt would vary by a factor of 36.5. Note that from room temperature to 1500°K. 
the actual variation of kT/e is only a factor of 4. 

The use of viscosity data to determine parameters for the components of a 
hydrogen-bromine flame has been reasonably successful only for hydrogen (81). 
For bromine, the viscosity data could be reproduced by e lk  in the range 520- 
700°K. and rg, 4.268 to 3.956 A. The latter values compare with viscosity-assigned 
ro for chlorine of 4.115 A. Existing data on hydrogen bromide cannot be fitted 
a t  all (35, p. 210). Since the data for hydrogen chloride and hydrogen iodidez9 
both can be fitted, this is probably due to inaccuracy in the data. 

2. Use of 16-6 parameters to estimate diflusion coe8cients and thermal conductivity 
Since, in general, transport coefficients and the second virial coefficient each 

have a different functional dependence on the intermolecular potential, each will 
predict somewhat different values for the parameters. The importance of these 
differences is discussed in the two following subsections. 

a. Estimation of diffusion coefficients 
Since E and ro should be very similar for isotopes, recent experiments on the 

diffusion of isotopes offer a direct check upon the applicability of viscosity- 
assigned parameters to predict diffusion coefficients. Winn's experiments on 
isotopic diffusion (82) in several cases covered temperatures between - 196°C. 
and 80°C. He obtained excellent agreement in the case of argon, deviations up 
to 5 per cent for neon, 10 per cent for nitrogen, 4 per cent for carbon dioxide, 10 
per cent for oxygen, and 20 per cent for methane (at the lowest temperature). 
Winter (83) measured nitrogen, oxygen, and carbon dioxide a t  273°K. and 318°K. 
His values for nitrogen and oxygen were different from Winn's and agreed with 
calculated values within 2 per cent. The discrepancy for carbon dioxide re- 
mained. It seems that viscosity parameters will produce the diffusion coefficients 
for such simple molecules within a few per cent a t  about room temperat~re.~' 

If viscosity studies are to be used to estimate diffusion coefficients of anything 
but isotopes, then an assumption must be made about the parameters for the 

2 9  Note that  in both reference 35 and reference 38 (Table 8 .44 ,  p. 567) the claim is made 
that  hydrogen iodide cannot be fitted. However, reference 38 gives parameters for hydrogen 
iodide on p. 1112. 

80 For further discussion on diffusion measurements see reference 38, pp. 578-81. 
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different species. One of the most valuable accomplishments of the theory has 
been its prediction of diffusion coefficients using the very simple  assumption^:^^ 

(65) 
The only data over a wide temperature range are for the diffusion of carbon 

dioxide and water into air from about room temperature to  1500°K. (47). The 
investigators found that the conventional formula: 

712 = ( T u  + T2*)/2; (E/k)12  = [ ( € / k ) 1 1 ( € / 4 2 2 1 *  

D ( T )  = D(To)(T/To)" (66) 
gave values that were too high when n = 1.96 and too low when n = 1.5 (the 
hard-sphere value). However, they could correlate their data with the empirical 
formula : 

D ( T )  = CT'/(Co + T )  (67) 

The 12-6 model gives an excellent fit for their data for carbon dioxide (78) but 
a poor fit for the highly polar water molecule. The success for carbon dioxide leads 
to the hope that the 12-6 model may be reasonably successful in predicting 
diffusion coefficients (as well as coefficients of viscosity) for nonpolar molecules 
such as nitrogen, carbon dioxide, etc. up to temperatures as high as 1500°K. 

Unfortunately, this is not the case for the components of a hydrogen-bromine 
flame. Whalley and Schneider (81) were unable to  find reasonable 12-6 param- 
eters which would reproduce the scant data on the diffusion of bromine. This 
failure can be attributed either to inaccuracy of the data or to the inapplicability 
of the 12-6 potential. Kevertheless, since the 12-6 model is as good as any other 
for handling the data which are of limited accuracy, it has been used to provide 
data for flame calculations. 

b. Estimation of thermal conductivities 

Viscosity-predicted 12-6 parameters do not give adequate estimates for thermal 
conductivity (35, p. 230). For example, errors of 5-15 per cent were found for 
carbon dioxide over the range 100-300°K. This has been attributed to the failure 
of the Eucken approximation, which incorrectly assumes a complete exchange 
between translational energy and internal degrees of freedom. If this expla- 
nation is correct, then viscosity parameters should predict accurately the thermal 
conductivities for monatomic gases which lack internal degrees of freedom. Over 
a temperature range of - 186°C. to 306°C. the only deviations exceeding 2 per 
cent for the inert gases occurred with a single datum for krypton and some data 
for helium which were considered less reliable experimentally (42). This ex- 
planation has also been tested by comparing the dimensionless ratio of the 
thermal conductivity to the product of the viscosity and heat capacity: 

where h = thermal conductivity in cal. em.-' set.-' deg.-' 
q = viscosity in poises 

C, = heat capacity a t  constant volume in cal. deg.-' g.-' 
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?',OK.. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
107 X (Ht), calculated. . . . . . . . . . . . . . . . . . . . . . . . . .  
101 X ( H d ,  experimental.. . . . . . . . . . . . . . . . . . . . . .  

Chapman (18) shows that for molecules without internal degrees of freedom 
which repel according to the law of r-*, f should be approximately independent of 
temperature and should have a value varying between 2.5 (s = 5) and 2.522 
(s = m). In  agreement with this prediction the inert gases show no appreciable 
temperature dependence for f (42). Conversely, Grilly (29) found that for gases 
such as carbon monoxide, oxygen, nitric oxide, carbon dioxide, methane, and 
nitrous oxide, there is no correlation between the temperature variation for f 
found experimentally and that predicted by the Eucken approximation. In  dis- 
agreement with Kannuluick and Carman, he claimed that f for helium does vary 
with temperature. Since the data of Kannuluick and Carman (42) on thermal 
conductivity agree well with the values of Johnston and Grilly, the discrepancy 
must be due to the 

The Eucken approximation predicted well the thermal conductivity of only 
H, ( c f .  table 20). Therefore, the 12-6 potential model seems to be of doubtful 
value in estimating the thermal conductivity of bromine and hydrogen bromide 
and empirical extrapolations have been used. 

values used. 

~~ ~~ 

100 1 200 1 273 ~ 300 
1618 I 3053 3878 4140 
1625 I 3064 ~ 3965 i 4227 

C. EMPIRICAL REPRESENTATIONS FOR TRANSPORT COEFFICIENTS 

Extrapolation of experimental data for use in flame calculations requires that 
the transport coefficients be known as explicit functions of temperature. Various 
empirical representations are discussed in the following subsections. 

1. Thermal conduct iv i ty  of pure gases 

Keyes (46) has given analogous equations for correlating thermal conductivity 
and viscosity data of pure gases: 

X = CaT*/[l + CT-' exp[-(CI In, 10)/T] (69) 

where X 

C, Co, C1 = empirical constants 

For air, constants (determined by empirically fitting data over the temperature 
range - 183" to 300°C.) reproduced recently measured data up to  temperatures of 
about 2500°K. to within about 3 per cent. Keyes observed that for air, the 
vibrational energy remains small relative to the sum of rotational and trans- 
lational energies, even a t  2500°K. Conversely, for methane, no single set of 
constants sufficed to represent the data up to 800°K. At  that temperature, the 
vibrational energy for methane exceeds the total energy of translation and ro- 

= thermal conductivity in cal. cm.-l set.-' deg.K.-' 
T = absolute temperature (in degrees Kelvin) 

TABLE 20 

The calculated values of thermal conductivityare based on the viscosity-assigned 12-6 parameters for HI. The 
unit% are cal. crn.-1 sec -1 ('K.)-I The data are from reference 38, Table 8, 4-10, p ,  574. 
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tation. Presumably the adequacy of the representation decreases when the rela- 
tive contribution of vibrational energy increases. 

Keyes' equation is a modification of the Sutherland equation for viscosity : 

7 = CJ'*/(l + CT-') (70) 

The viscosity of hard spheres whose attraction varies with an inverse power of 
distance approaches this equation when the temperature is sufficiently high that 
only first-order terms in attraction need be considered. At lower temperatures, 
where the attraction is larger, the Sutherland equation is expected to under- 
estimate the viscosity (18, pp. 223-6). Keyes selected a function which increases 
the predicted viscosity a t  low temperatures and approaches the Sutherland form 
as T increases. 

2. Themnal conductivity of mixtures 

At the present there is no rigorous method of calculating the thermal con- 
ductivity of a mixture of polyatomic gases (38, p. 536). Even the empirical re- 
lation between the thermal conductivity of the mixture and the thermal con- 
ductivities of the pure components is complicated. In  the case of the binary 
mixture of nitrogen and carbon dioxide, the deviation from the linear composi- 
tion rule 

X (mixture) = Z Xihi (71) 
i 

changes sign as the temperature is varied (46, p. 20). 
Since present data on thermal conductivities of the pure components are so 

inadequate, the simple linear composition of equation 71 is recommended for the 
hydrogen-bromine system. 

3. Binary difusion coeficients 

a. For gases which obey the 6-12 potential when ( k T / s )  2 3 

The binary diffusion coefficient for a pair of gases which interact according to 
the 6-12 potential is given by 

where DI2 = diffusion coefficient, in cm.' set.-' 
MI,M2 = gram-molecular weights 

T = temperature, in OK. 

P = pressure in atmospheres 
Qk"' = reduced average collision integral for the Lennard-Jones po- 

tential; this is a function of kT/e12 
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TABLE 21 
Correlation of binary dif fusion coeficients bi 

Gas Pair 

Argon-helium , , , . . . . . . . . . . . , , . , , , , , . , . , . , . , . . , , . , , , . . . . . . , . 
Nitrogen-hydrogen . . . . . . . . , . , . . . . . . . . . , . . . . . . . . . . , . , . , . . 
Nitrogen-csrbon dioxide . . . . . . . . . . . . . . . . . . . , . , . . . . . , , . . . . 
Carbon monoxide-ethylene . . , . . . , . , . . . . . . , . , . , . , . . , . . 
Methane-air . . , . . . . . , . . . . . . . , . . , , . , . , . , . , . . . , , . , . . , . , . . . . 
Carbon dioxide-air. . . . . , . . . . . , . , . , . . . . . , . . , . . , . , . , . . . . . . 
Hydrogen-nitrous oxide . . . . . . , . , . . . . . . . . . . . . . , . . . . . . . . , . . 
Nitrogen-ethylene . . , . , . . . . . , . , . , , , . , , . , , , , . , , , . , . , . . . , , . . . 
Nitrogen-ethane . . , . , . , . . . . . . . . . . . . . . . . . . . . , . . . . . . . . . , . . . , 
Hydrogen-methane . . , . . . . . . , . , . , . . , . , . . . . . , , , . , . . . . . . . . . 
Hydrogen-butane. , . . . . . . . . , , , , . , . , . , . , . , , , . , , , , , . , . . . . . . . . 

Temperature 

OK. 

273 
273 
273 
273 
273 
273 
273 
298 
298 
298 
430 

equation 74 

Drr 
(calculated) 

cm.2 set.-! 

0.61 
0.65 
0.140 
0.143 
0.194 
0.140 
0.57 
0.166 
0.153 
0.72 
0.84 
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Diz 
(experimental) 

cm.2 sec.-1 

0.64 
0.67 
0.144 
0.118 
0.186 
0.138 
0.54 
0.163 
0.148 
0.73 
0.76 

e12, r12 = Lennard-Jones parameters for the interaction between gases 1 

Westenberg (78) found that for (kT/elz) 3 3 he could represent the collision 
integral by the empirical equation 

and 2 

= a ( k T / Q  (73) f-j~;J)' 

where a = 1.12 and b = -0.17. For work in flames, many gases are likely to  be 
in this range. Therefore, the empirical representation of the binary diffusion 
coefficient of equation 72 is 

Table 21 compares experimental values a t  atmospheric pressure and low temper- 
ature with values calculated by the empirical formula (given in equation 74), 
using equation 65 for r12 and (e/k)12 and viscosity-assigned values for ri and ci. 
Agreement at high temperatures would be poorer. 

Since lack of experimental data and of a better method of estimating transport 
coefficients has forced us to  use estimates based on the 6-12 potential and 
viscosity-assigned parameters, equation 74 is recommended as a formula that 
will be consistent with the method of estimation whenever kT/e12 3 3. It should 
be reemphasized that the 6-12 representation is known to be inadequate for 
bromine (81). 

b. Alternative empirical formula 

The preceding formula cannot describe the behavior of the components of the 
hydrogen-bromine system to which the 6-12 potential does not apply and was 
recommended only because a t  the present time the only estimates for the dif- 
fusion coefficients are based on that model. A two-parameter equation has been 
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successfully used to represent the data for the diffusion of the polar water mole- 
cule into air over the range 290-1470°K. (47). 

This Sutherland type formula should be considered as a possible representa- 
tion when actual experimental data become available. Even now i t  is being used 
in flame calculations, since the successful representation of data for the polar 
water molecule suggests that its functional form may perhaps be applicable to  the 
components of a hydrogen-bromine flame that do not obey the 6-12 potential. 

D.  ESTIMATION OF PARAMETERS I N  EMPIRICAL F O R M U L A E  FOR T H E  

TRAKSPORT COEFFICIENTS 

1. Thermal conductivity of pure substances 

a. Hydrogen3’ 

Keyes (46) reviewed existing data and selected best values over the temper- 
ature range 90-595°K. He fitted equation 69 to these values to obtain the con- 
stants: 

(76) CO = 3.760 X C = 166.0, C1 = 10 

b. Hydrogen bromide 

Franck (25) studied the thermal conductivity of hydrogen bromide over the 
temperature range 193-582°K. As a check on the general quality of his data, his 
values for nitrogen and for carbon dioxide were compared with values inter- 
polated from Keyes’ tables (46). Below about 200°K. Franck and Keyes agree. 
As the temperature increases, Franck’s values fall increasingly below those of 
Keyes, until a t  about 600°K. they are 8 or 9 per cent lower. On the assumption 
that Keyes’ values were more reliable, Franck’s were adjusted, as shown in table 
22. 

The adjusted values were correlated by Keyes’ equation 69, using the con- 
stants? 

C: = In, 10Cl = 122; Co = 1.32 X lo-’; C = 4.94 X (77) 

For these parameters and for flame temperatures less than 2000°K. the equa- 
tion for the thermal conductivity of hydrogen bromide can be approximated with 
less than 0.5 per cent error by the simple form: 

31 Recently an even more thorough critical review of thermal conductivity data on hy- 
drogen has been published (77). 

3* The data were fitted empirically by the following steps: (1) choose a value of CI; (2) 
compute CO, C using data a t  two temperatures; ( 4 )  repeat steps 1 and 2 for another choice; 
( 4 )  for the final choice of C1, readjust CO and C to eliminate apparent trend in the deviation 
with temperature. 
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TABLE 22 
Thermal conductivity of hydrogen bromide 

T 

"K. 

193 
275 
393 
475 
495 
582 

Experimental Values 
x x 10' 

(a) I (b) 

col. cm.-l sec.-l 

1.41 
1.79 
2.87 
3.32 
3.46 
4.31 

cai. cm.-l ace.-' 
deg.-l 

1.41 
1.81 
2.96 
3.55 
3.70 
4.71 

Calculated Values 
x x 105 

cal. cm.-1 sec.-l &.-I 

1.347 
1.897 
2.837 
3.572 
3.760 
4.620 

Per Cent Deviation 

-4.3 
+4.8 
-4.2 
+O. 6 
+l.6 
-1.9 

2.9 (av.) 

Column (a) gives Franck's data (25); column (b) gives the values adjusted inthe way diacuased above. The oal- 
culated values correapond to equations 69 and 77. 

X(T) = dTt exp (+&IT) 

d = C,/C = 2.67 X 

At temperatures greater than 373°K. this equation can in turn be approxi- 
mated with less than 6 per cent error by the form 

X(T) = d[T3 - CiT'] (79) 
c. Bromine 

For bromine there is only a single datum a t  a single temperature (25): 

X(276'K.) = 1.03 X cal. cm.-' deg.-' set.-' (80) 

Both the fact that the thermal conductivity for bromine is less than that for 
hydrogen bromide and the fact that the Lennard-Jones €/IC is greater for bromine 
than for hydrogen bromide (cf. table 23) suggest that for bromine the parameter 
C in equation 77 will probably be larger for bromine than for hydrogen bromide. 
Therefore, the simpler two-parameter equation 78 should also give a reasonable 
temperature dependence for X(Br2). Since there is no basis for any more quanti- 
tative estimate of the parameter C:, the value for hydrogen bromide has been 
used for bromine, and the parameter d has been determined from the sole meas- 
ured value: 

d = 1.44 X lo-'; C: = 122 (81) 

d. Atomic species 

There are no data on the thermal conductivity of either hydrogen or bromine 
atoms. The mole-fraction of hydrogen atoms is so lorn that it cannot contribute 
significantly to the thermal conductivity. However, in a flame produced by a fuel 
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Bromine . . . . . . . . . . . . . . . . . .  
Argon . . . . . . . . . . . . . . . . . . . . . . . .  
Methane . . . . . . . . . . . . . . . . . . . . .  
Hydrogen chloride . . . . . . . .  

TABLE 23 
Lennard-Jones parameteis for the gases of table 24 

Gas I ( J k )  1 10 1)  Gas I (&) 1 10 

OK. O K .  

520 4.268 Hydrogen.. . . . . . . . . . . . . . . . . . . .  33.3 2.968 
124 3.418 Carbon dioxide. , . . , . , . , . . , . , , 190 3.996 
137 3.882 Nitrogen.. . . . . . . . . . . . . . . . . . . . .  91.5 3.681 
360 3.305 Hydrogen bromide.. . . . . . . . . . .  342 3.50 

Sources of data: Values for all substances except hydrogen bromide were taken from Table 1-A on pp. 1110-13 of 
reference 38. Since the existing data on the viscosity of hydrogen bromide cannot be correlated with this model (cf. 
Section IV,B,l,c), the parameters were estimated as follows: Proceeding from the observations 

ro(Clz)/ro(HCl) = 1.245 
and 

it neem reaaonable to suppose that  
ro(Iz) /ra(HI)  = 1.208 

ro(HBr) ro(Brs)/l. 22 

The e / k  was taken to be the mean of the values e/k(HI) and t/k(HCI). 

TABLE 24 

Comparison of calculated with experimental binary di$usion coeficients, Day 

Pair 

B I Y i T  
Brr 
Bra 
Bra 
Bra 
Bra 
Bra 
para Ha 

HBr 

A 
CH4 
HCI 
Ha 
con 
N t  
H2 

DBr 

O K .  

288 
288 
287 
288.5 
288.5 
288 
273 
85 
295 

D8r 
Experimental 

0.085 
0.156 
0.077 
0.56 
0.085 
0.132 
1.285 
0.172 
0.079 

D8-I 
Calculated 

0.082 
0.105 
0.066 
0.50 
0.061 
0.095 
1.234 
0.166 
0.078 

Per Cent Error 

-4 
-33 
- 14 
-11 
-28 
- 28 
-4 
-3 
-1 

The valuea are for P = 1 atm. intheunits of cm.2 set.-* Sources of data: (a) Brr-Na (49). Thia value is somewhat 
uncertain. The diffusion coetfcient that  the authors reported for the pair Brz-HZ was altered about 7 per cent in a 
later atudy (50). Unfortunately they did not repeat the measurement on Bra-Ni. ( b )  Brl - y  (r # Nm) (50). (c) 
para-Ht-normal Hz (30). ( d )  HBr-DBr (13). 

gas of 50 mole per cent hydrogen and 50 mole per cent bromine, the mole-fraction 
of bromine atoms appears to go as high as 0.05-0.10 (17). 

2. Thermal conductivity f o r  the gas mixture 

The simple linear composition rule of equation 71 has been suggested for 
estimating the thermal conductivity of the gas mixture. 

In  previous flame calculations a very poor representation was adopted for the 
sake of simplicity. The thermal conductivity of the flame produced by a fuel of 
50 mole per cent hydrogen and 50 mole per cent bromine was estimated a t  the 
hot and cold boundaries, and a linear function of temperature was used for 
intermediate points. 
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8 

Br 
H 
Brr 
Brz 
Hz 

TABLE 25 

Calculated values of binary d i fu s ion  coeficients of the hydrogen-bromine system 

Y D p , ( 3 i 3 ° K . )  1 D~y(15000K.) 

cm.2 sec.-1 cm.2 rec.-l 

Brz 5.88 X 10' 1 8.47 X 10-1 
Hz 2 . 5 3  X 10' 2.55  X I O c '  

7 .99  x 100 
1.08  x 100 
8 . 5 3  X IO0 

H, 7 . 5 1  X 10-1 
HBr 7.90 X 10-2 
HBr 6.65 X 10-1 i 

- ~~ 

8 Y 

H Hz 
Bra 

Hz Brz 

Br 

A X IOr 

11.7 
5.68 
3 .92  

H 

Brz 

Ht 

H 
Bra 
Ha 
HBr 
Brz 
Ha 
HBr 
Hz 
HBr 
HBr 

81.7  

15.6 

21 .7  
47.9 
25.8 
16 .4  

18 .5  

1 . 9 7  

8.81 

d. 4s 

1.71  
6 . 1  
1 .77  
4.49 
1.77  
1 .56  
S . 6 4  
1.77 

5.64 
4.48  

Since there are no data on the potential parameters of the free atoms. the expected large difference between the 
atomic and molecular force fields has been ignored and the same e/k and ro have been used for theatom X and the 
molecule Xa.33 Therefore the binary diffusion coefficients involving X an; related to those involving XI by the follow- 
ing maaa corrections: 

dBr,Ha = 1.01 ~ B ~ . H Z ;  dBr,HBr = 1.16 dBrl.HBr 
dBr,H = 1.41 dBrz.Ha; dH.Brr = 1.41 dHz,Brz 
dH,HBr = 1.41 dHa,HBr 

I n  previous dame calculationa the values for (Br, Brz), (H,  Hz), (Bn,  Hz), (Brz, HBr), ( H a ,  HBr) were rounded to 
the nearest integer with the exception of dBr.Brr = 6 X Then therounded mass corrections 
used were: 

dar.HBr = 3 X 

dBr,H = (3/2) dBQ,Ha; dI3rl.H~ = dBra,Hz 
dBr.HBr = (5/4) ~ B ~ z . H B ~ ;  dE.Brz = 

dH,HBr = (3/2) dH1,HBr 
dHr.Brr 

All valueu are for Dp, a t  P = 1 atm.,when the diffusion coefficients are in the units om.' sec.-' 

TABLE 27 
Values for the parameter in equation 74 Jor Dp,(T)  

The valuee of Dpy(2') are in the units of om.'8ec. 1 for P = 1 atm. 
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FIG. 11. Binary diffusion coefficient in em.* sec.-l a t  P = 1 atm.; cf. table 26 
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FIG. 13. Binary diffusion coefficient in cm.* sec.-l a t  P = 1 atm.; c j .  table 26 
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FIG. 15. Binary diffusion coefficient at P = 1 atm.; cf. table 26 
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FIG. 16. Binary diffusion coefficient a t  P = 1 atm.; cf. table 26 
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TOK. 

FIG. 19. Binary diffusion coefficient at P = 1 atm.; cf. table 26 

3. B i n a r y  di f fusion coejicients 

The only experimental datum on the binary diffusion coefficients for the 
components of a hydrogen-bromine flame is one measurement for the pair 
bromine-hydrogen a t  289°K. The coefficients had to  be estimated from the 
kinetic theory of dilute gases with the spherically symmetric 12-6 potential 
function and the simple composition equation 65. Section IV,B,2 discusses the 
limitations of this model for the components of a hydrogen-bromine flame. Table 
24 illustrates the order of uncertainty introduced by using this model a t  low 
temperatures. The error probably increases with temperature. 

Since there are no data on the potential parameters of the free atoms, the 
expected large difference between the atomic and molecular force fields has been 
ignored and the same €/IC and ro have been used for the atom X and the molecule 

The parameter values of table 23 were used with tables of the collision integrals 
to compute the binary diffusion coefficients a t  two temperatures recorded in 
table 25. These values were in turn used to calculate the two parameters in equa- 
tion 75 which are recorded in table 26. 

Unfortunately, only the binary diffusion coefficients involving H or H, satisfy 
the condition k T / e  > 3 for Westenberg’s empirical equation (equation 74). 
The values for the parameter a for these pairs are recorded in table 27. 

38 Because of the uncertainty of the theoretical potential function governing the inter- 
action of two hydrogen atoms, i t  did not seem worthwhile to use it as a basis for estimating 
the diffusion coefficient involving hydrogen atoms (51, 53, 5 4 ) .  

x2.33 
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V. SUMMARY 
This review was undertaken to collect and evaluate the information required 

for a detailed theoretical analysis of the hydrogen-bromine flame. Although this 
is the best-known multicomponent flame system, much data had to  be taken 
from conflicting information and untested extrapolations. The following summary 
presents an integrated view of the status of our knowledge. 
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A. THERMODYNAMIC P R O P E R T I E S  

The thermodynamic properties are the most satisfactory of the available data. 
There is information on all of the molecules of interest in this system and re- 
liable estimates are given for the accuracy of the data. These data include 
energy, enthalpy, free energies, and heat capacities. 

B .  REACTION KINETICS3* 

The most important asset of this system from the standpoint of Aame studies 
is the general agreement on the mechanism of the reaction and its relative 

3 4  Note added in  proof: Two important reports on the kinetics of the hydrogen-bromine 
reaction were presented at  the 1957 meeting of the American Chemical Society in New York 
after this review had been submitted. 

Theoretical calculations by Bunker and Davidson showed that the order of magnitude 
of the variation of the three-body recombination rates for iodine atoms could be predicted 
for various third bodies by assuming an equilibrium between an iodine atom and an X 
molecule, 

X + I * I X  

IX + I + I 2  + x* 
Because the important factor is the potential energy of interaction of X with I, and because 
the interaction of two iodine atoms is weaker, the other possible sequence 

followed by a collision with a second iodine atom, 

21 7=? 1-1 

1-1 + x + I2 + x *  

would not reproduce the experimental data. 
Another paper by Levy (48a) reported on a study of the kinetics of the hydrogen-bromine 

reaction in a flow system over the range 60G-1400"K. Preheated samples of hydrogen and 
bromine were mixed by a jet mixer, and the reactive gases were cooled by striking a water- 
cooled cold-finger assembly in the furnace wall. Levy emphasized that his calculations are 
dependent upon rapid mixing of the hydrogen and bromine, and upon the subsequent rapid 
cooling of the reacting gases. 

The reaction was followed by freezing out bromine and hydrogen bromide, separating 
them by vacuum condensation techniques, and measuring the gas volumes. As a measure 
of the consistency of Levy's data, one may take a sequence of thirty studies a t  1250". After 
omitting four values which showed a deviation greater than four times the average, the 
remaining twenty-six gave: 

k: = (1.48 f 0.58) X 1O'O 

Levy reported the following results: (a) The reaction could be treated by the classical 
mechanism described by equations 17-20 and 23-26. Note especially that his data were 
interpreted (within the limits of their accuracy) by assuming that k{/ZkS' = 4.2 over the 
entire temperature range. This is the value reported from low-temperature studies by 
equation 26. (b) His data could be represented by the equation 

k{ = 2.04 X 1012T1/2 exp[-l.728 X 104/RT] 

(c) His quantitative results agreed roughly with the earlier low-temperature studies. Thus 
at  500"K., k{ computed from equation 29 is 9.27 X 106; from Pease's (56) equation, 6.80 X IO5; 
from Levy's, 12.6 X 105. At 1400°K. the values were 1.22 X 1011, 1.98 X 1011, and 1.54 X IO", 
respectively. 
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simplicity. The reactions which are considered important in the hydrogen- 
bromine flame are: 

(1) Br2 + X 9 2Br + X* 

(3) Br + Hz * HBr + H 
(4) H + Br2 HBr + Br 
(5)  H + Br + X HBr + X* 

(2) H z + X * 2 H + X *  

Of these reactions, 2 and 5 are of only second-order significance. Although quan- 
titative studies have been made on the rates of all reactions except reaction 5, 
all of the data are of limited accuracy. As the review has noted, kinetic data of 
low precision can be correlated within the limits of experimental accuracy by 
various temperature functions which predict extrapolated values differing by 
order of magnitude. Unfortunately, theory does not help, since i t  does not yet 
predict a unique temperature dependence. The necessity of extrapolation is 
probably the most serious limit on the use of kinetic data in flame studies. It is 
not yet known whether the rapid changes in the hydrogen-bromine flame will 
violate the basic assumption of conventional equilibrium theory of reaction 
kinetics that the formation of the activated species is rapid compared with the 
reaction itself. For some oxygen flames, this assumption has been shown to be 
false. 

C. TRANSPORT P R O P E R T I E S  

The important transport properties for flame studies are the thermal conduc- 
tivity and the diffusion coefficients. The information available is scattered, is of 
low precision, and does not cover the temperature range of interest. 

1. D i g u s i o n  coeficients 
The extrapolation of available diffusion coefficient data from the low temper- 

atures a t  which they are available has been made using the rigorous kinetic theory 
and the 12-6 potential function in lieu of a more adequate model. The estima- 
tion of diffusion coefficients with potential constants derived from viscosity data 
and the composition equations has been reviewed and reported to  give values 
with an accuracy of a few per cent for some nonpolar molecules, particularly 
those which are close to symmetric tops. The estimates are in general unsatis- 
factory for polar molecules and some nonspherical molecules such as Br2. Never- 
theless, these estimates had to be used in this review. At present there are neither 
experimental nor theoretical data on the transport properties of free radicals. 
In  the absence of data, the difference between the force field of X and of X2 has 
been ignored and the diffusion coefficients for X have been calculated from those 
for Xz, using simple mass corrections. 

2. Thermal conductivitg 
Thermal conductivity data on hydrogen are good to a few per cent a t  temper- 

atures up to about 600°K. The data on hydrogen bromide are less reliable and 
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there is only a single datum for bromine. Data on bromine atoms would be desir- 
able, since XBr approaches the order of 0.1 in part of the high-temperature 
flame zone. Unfortunately there is no adequate theory for the extrapolation of 
thermal conductivity data to higher temperatures and empirical extrapolations 
had to be used. Since available theory does not predict the relation between the 
thermal conductivity of a mixture of polyatomic gases and that of the com- 
ponent species, a simple linear composition approximation (equation 71) was 
adopted. 

D.  CONCLUSIONS 

Flame theory and experimental techniques have advanced to the point where 
direct comparison of theory and experiment should be possible. This review has 
sought to  aid these studies by collecting the best available data and by pointing 
out its limitations. Theoretical calculations on the hydrogen-bromine flame using 
presently available data are important primarily as mathematical experiments, 
to discover the significance of various physical processes within the flame. More 
precise experimental studies of high-temperature kinetic and transport properties 
should be made, as a basis for the necessary detailed comparison of theory with 
experiment . 

The authors gratefully acknowledge the importance of the assistance and en- 
couragement given by Professor J. 0. Hirschfelder in connection with the prepa- 
ration of this review. Those who have had the pleasure of working with Professor 
Hirschfelder will appreciate what this has meant. 
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APPENDIX A 
BIMOLECULAR REACTION BETWEEN Hz AND B R ~  

Since a bimolecular mechanism seems to dominate the hydrogen-iodine re- 
action a t  ordinary temperatures, it is necessary to consider the possible sig- 
nificance of such a mechanism for the hydrogen-bromine reaction a t  elevated 
temperatures : 

One form of the collision theory predicts that a specific rate constant will have the 
form 

Brz + Hz 2HBr (82) 
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k = Z exp(-AEIRT) (83) 
where Z = collision number. Since this equation predicts the order of magnitude 
of the specific rate for the hydrogen-iodine reac t i~n ,~ '  the frequency factor for the 
bimolecular hydrogen-bromine reaction was estimated from the value for 
Z(H2, 12), given by fitting experimental kinetic data: 

= 1.7 X 10'*T' 

Using the semiempirical estimate for the activation energy,36 

d[HBrl - 'v i1.7 X 1012Ti exp[-4 X 1O4/RT1][H~1[Br21 
dt 

where [ ] = units of mole cc.-' Although this review has reported that the 
conventional rate law should not be used to calculate rates a t  elevated temper- 
atures, the quotient of the biomolecular rate to the conventional rate has been 
taken as a crude measure of the relative importance of the former. The ratio can 
be written in the form 

Using the parameter values given in this review and a pressure of 0.983 atm., 
C(T)  has the following values: a t  500°, 3.0 X a t  
1738", 1.5 X An upper bound to the ratio R of equation 86 can be estimated 
as 

a t  lOOO", 2.1 X 

Assuming that XBrZ in the flame > XBrZ a t  equilibrium, 

R(1738") < 0.034 (88) 
Because R is relatively large, this crude estimate suggests, but does not insure, 
that the free-radical mechanism is more important than the bimolecular mecha- 
nism. 

55 Kassel (43; cf. pp. 150-1) illustrates how crude a guess based on the collision theory 
must be. For the hydrogen-iodine reaction he shows that changing the temperature range 
t o  which the empirical rate is fitted changes the calculated value for the collision diameter 
by a factor of 4. 

86 Hirschfelder (34a) calculated AE = 41 kcal. from the rule that  the energy of activation 
was approximately 0.28 times the strength of the broken bonds (cf. p. 653) and AE = 38 
kcal., using n = 0.14 (cf. Table 111, p. 652). 
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APPENDIX B 
GLOSSARY O F  SYMBOLS 

c:, . . cj. equation 77 
C, (70.. .constants in an empirical equat,ion for the binary diffusion coefficient 

constants in an empirical equation for thermal conductivity (cj. equation 

constants in an empirical equation for viscosity (cf. equation 70) 

(cf. equation 67) , or 

69)) or 

C 1 . .  .cf. equation 69 
(Cm)m., .cf. equation 1 ma. . .cf. equation 1 
A&,. . .cf. equation 1 

0 1 2 ,  Ob7.. . the  binary diffusion coefficient between species 1 and 2 and 71 in the 
units of cm.2 sec.-1 

Eo. . I the energy change accompanying reaction 1 a t  0°K. 
aiE". , . cf I equation 4 
A i F O . ,  .cf. equation 6 

K i ( T ) .  . .cf. equation 1 
KdT,). . . cf. equation 6 

P .  , .pressure 
R . ,  . the ideal gas constant 
2'. . .absolute temperature 

Tp. , . cf. equation 1 
T,. . . cf. equation 9 
X.  , .a symbol for various chemical species 

X,.  . . the  mole-fraction of species a 
a. . . cf. equation 73 
d . .  .cf. equation 78 
d l . .  . a  constant in the empirical equation for the ith equilibrium constant 

when concentrations are expressed in the units of moles m.-l (cf. 
equation 4) 

e i .  . .cj. equation 4 

H:. . . the enthalpy of species LY in its standard state (cj. equations 8,9, and 10) 

M , .  . . gram-molecular weight of species OL 

dB.,, d i7 .  . . cf. equation 75 

gf, h f . .  .constants in the empirical equation for the specific rate for the forward 
(p = f )  or the reverse (p = 7) of the ith reaction (of. equation 11) 

k. . . Boltzmann's constant 
J c ~ J l i g , ~ ,  k ~ , ,  kx.. .specific rate for atom recombination with argon, bromine, iodine, or 

k? .  . .specific rate for the forward (p = f) or the reverse ( p  = r) of the ith 
X as the third body 

reaction (cf. equation 11) 
A m . .  .cf. equation 5 
T O .  , , cf. equation 62c 

r 1 2 .  . . cf. equation 66 
t . . .time 
E ,  , .parameter in empirical equations for the intermolecular potential func- 

tion (cf. equation 62) 
€ 1 2 ,  . . cf. equation 65 
y . . . coefficient of viscosity 
X ,  , .coefficient of thermal conductivity in cal. cm.+ deg.-' sec.-L 


