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l We discuss the critical evaluation of the vi scos ity 
and thermal conduc tivity coeffi cients of dilute p- , 0-, 

and n-hydrogen and present tables of values for para 
and norm al hydroge n. New information- parti cularly 
with regard to expe rim ental data from our laboratory ­
justifies a ree valuation of th ese prope rti es of thi s 
well-known fluid. The tables given here differ sig­
nificantly at th e extre me te mperatures from those 

with 

(Ib) 

where T is th e te mperature (K), m the we ight of a 
molecule, k Boltzmann 's co ns tant , cr a c ross-sec tion 
parameter, and D U,s) * (I , s = 1, 2, 3) are th e colli s ion 
integrals. Equation (1) is applicable to both classical 
and quantum fluid s provided one proper ly modifies 
the colli sion integrals. For exa mple, in the classical 
case the coJli s ion integral s involve the class ical cross 
section Q(l ) where 

/ published pre viously. 
The coefficients are represented by s tandard kine ti c 

theory express ions but the calculations are more than 
mere routine; to give two examples, at low te mpera­
tures, hydroge n behaves as a quantum fluid and at 

~ high te mperatures it dissociates. Furthermore, to 
I apply the theoretical expressions in practice one needs > to evaluate c ritically experimental data in the firs t 

') 

place, whi ch is not a c ut- and-dri ed proble m at all. 

1. Formal Equations 

The r equired kinetic theory e quations are given and 
briefly di scussed in thi s sec tion [1-4 J t. 

1.1. Viscosity of Molecular Hydrogen 

The vi scosity , 'Y) , is give n to a seco nd approximation 
by 

(la) 
*\Vork ca rri ed Ollt at lli l' Na tio na l Bu rt:au of S tandards undt' r the s pons orship of Ih e 
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Q(I ) - L'" (1- cos! X)bdb (2a) 

X is the angle of deflection and b is the impact param­
eter, and are computed using classical stati s tical 
mechanics. In the quantum case, however, the colli s ion 
integrals involve the quantum mechanical cross section 
given by 

QU) _ (7T'(l-cos ! X)I(X) sin XdX (2b) )0 

and are co mputed via the quantum mechanical phase 
shifts . I (X) is th e differential scattering C1'OSS section . 
In both cases the viscosity involves th e inte rmolec ulal 
potential fun c tion ¢(r) throu gh the scatte rin g angle. 

The integrals of eq (1) have been reduced by dividin g 
by the values for a hard sphere of diam e ter cr. To agree 
with previous worJ5 on hydroge n [4] we d efine her e a 
ne w parameter D (I, s) * by incorporating the cross 
section parameter with the collision integral: 

flU, s) * = cr2D(I, s) *. (3) 



Strictly speaking, the viscosity equation (1) applies 
only to a gas whose molecules interact according to a 
central force law and collide in a way so tha t the 
collisions are elasti c. In other words, the molecules 
should be sph erically symmetri c and not have a n in · 
ternal s tructure. This is not the case fo r the polyatomic 
hydrogen , of course, but it appears that a n effective 
spheri cally symmetric form of </> can be used for th e 
viscosity with eq (1) and give a proper compari son with 
experimental data. 

and involves the Hz-H z interaction. We already have 

However, the entities YJ z, D I Z , and (A;z) involve the 
interactions of H-H or H-Hz, and the appropriate / 
collision integrals need to be used. For example YJ2 is "­
given by an expression equivalent to eq (1) 

(9) 

1.2. Viscosity of Atomic Hydrogen and the Dissociating and D IZ , the diffusion coefficient is given by 
Mixture 

Di ssociating hydrogen can be regarded as a mixture 
of molecular a nd atomic hydrogen , the proportions of 
each species depending on the press ure, p , and the 
temperature T via the dissociation constant K: 

K 
Hz ~2H. (4) 

Specifically, the mole fraction of H, X H, is given by [5] 

(5) 

and 

The viscosity of the dissociating mixture, YJmi" 
can be expressed by the following kinetic theory 
equation [1 , 4, 6]: 

(10) 

where f.1- is the reduced mass for the H-Hz mixture 
and the collision integral in eq (10) is appropriate for 
diffusion in this H-Hz mixture. The term (A i2) is c' 

simply the ratio of the collision integrals 

(11) 

for the H-Hz interactions. To explain the angular 
brackets: for th e H-H or H-Hz interactions the 
colli sion integrals will not be a function of a single 
potential since a single intermolecular potential 
energy curve will not re prese nt a colli sion. Specifically c 

one has to take into account the fact that a number 
of forc e laws will be followed as two species approach 
each other; each law corresponding to a different 
alinement of electron spins. It might be supposed that 

where 

the determinati on of the resulting colli sion integral s 
is almost an impossibl e tas k, but th e problem can be 

(6) bypassed. Mason and Monchick [3], for example, show ~ 
that the kineti c theory format can remain straight­
forward and the transport coeffi cient formulas can 
remain essentially the same, provid ed the appropriate 

(7) 

In this equation we follow the work of reference [4] 
and adopt the convention that the subscript 1 refers 
to the molecular species H z and the subscript 2 refers 
to the atomic species H. 

A similar expression can be written for H 22 with the 
subscripts 1 and 2 interchanged. For H lz we have 

In the above equations M I and M z are the molecular 
weights of the species and the other symbols are ex· 
plained shortly. When xz(i.e., XH) tends to zero­
negligible dissociation - eq (6) reduces to eq (1) as it 
should [7]. 

In equations (6)-(8) the entities YJ I , YJz, D 12 and 
(A;2) appear. YJI is the viscosity of molecular hydrogen 

colli sion integrals are replaced by a weighted average 
over the possible force laws, thus they write 

where r; is th e stati sti cal weight of the i th force law. 
In the case of atomic hydrogen , fj has the values 1/4 
and 3/4 corresponding to the I~ state and the 3~ state 
respectively. The same line of reasoning applies to 
the H-Hz interaction (and by implication , to the 
Hz-Hz interaction, although it is not necessary from 
a practical point of view). 

1.3. p- and n-Hydrogen 

In the above section we have assumed no difference 
between di ssociating p-Hz and dissociating n-Hz; the 
comments on the weighted collision integrals refer ( 
to n-Ht . It has thus been assumed that enough of the 
p-Ht has already been converted to a-Hz to give a 
normal mixture at temperatures where di ssociation 
becomes s ign ificant [8]. 

In principle one should also take into account dif-
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fere nces in th e viscosity of the undissociated iso topes 
since th e colli sion integrals (i .e., the intermolecular 
potentials) must be different. Several authors have 
di scussed thi s . In particular, if the intermolecular 
potential is re presented by a two-parameter 12-6 
function with E and (T the energy and di s tan ce param­
e ter res pecti vely, Knaap et al. [9] show that one may 
expec t a difference in these parameters give n by 
/).E/ E - 0.6 X 10- 2 and /).(TI(T - 0.03 X 10- 2 • They find 
for the second virial coefficient a differe nce (81/ - Bp) I 
81/ - 1.0%. A similar difference in viscosities would 
also be ex pected only with TJp > TJI/. In fact, Becker and 
Stehl [10] find a small difference. Unfortunately since 
th e scatter in experimental viscosity coeffic ie nts is 
- 2.0 percent and since a model potential function 
has to be used to obtain theoretical viscosity coeffi· 
c ie nts , it is diffi c ult to judge if the d ifference is 
significa nt. 

1.4. Thermal Conductivity of Molecular Hydrogen 

The simple kin et ic theory formula for the th e rmal 
condu ctivity , 'A , of a gas with no internal structure is 

(13) 

where c;. is the specifi c heat per gram at constant 
volume for the tran sla tional degrees of freedom: 
c;,= (3 /2) kim. But equation (13) can not be used 
directly for a polyatomic gas because the internal 
structure substa nti ally inAu ences the thermal co n­
ductiv ity, specifically beca use inelastic colli s ion s 
have to be take n into account. Thus the kine ti c th eory 
treatment needs appropriate modifi ca tion . The effect 
of inelasti c colli sion s has been discussed formally by 
several authors [11] but their resulting fo rmal eq uation s 
are too eso teric for practical calc ulations . However, 
Mason and Monchick [3] have look ed a t the formal 
th eory and have s implified its application. They 
recognized that three mechani sms contribute to th e 
transfe r of heat: (1) the translational motion of the 
molec ules, (2) an effective internal diffusion of the 
internal degrees of freedo m, and (3) a coupling be­
tween the translational and intern al contributions. If 
the total conductivity is written as the sum of con­
tributions (1) and (2), i. e., 

'A = 'A' + 'A" (14) 

where 'A' is the translational co ntribution and 'A" the 
internal contribution , the n Mason and Monchick show 
that 

'A'=!TJ(C~-/).) 

'A "= pDillt( C~+ /).) 

(15) 

(16) 

where th e total speci fi c hea t per gram has also been 
written as a sum o[ th e tran slational and internal 
parts: 

(17) 

In eq (16), Dint is the effective diffusion coefficie nt [or 
the transfer of internal e nergy and /). is a te rm account­
ing for the interchange of the translational and internal 
energies. From eqs (15) and (16), 

_ 5 (3 k ) D " ( 5 pD illt) A 'A-"2 TJ "2 m +p intCv- TJ "2 --TJ- u . (18) 

One can further show that 

A 2",CZ(5 pDint) . u=- L.J - - --- + hIgher term s 
7T It" Z" 2 TJ 

(19) 

where c~. is the internal specific heat for the kth internal 
mode, and Z". is the collisi0n number associated with 
that mode. Equation (18) consequently becon.es, 

(20) 

Note that if the molecule has no internal s tru c ture, 
eq (20) reduces to eq (13) as it should. 

For hydroge n, both Z rot and Z vib are large and the 
last term on the right-hand side of eq (20) can be 
dropped. Another simplification is possible if Dint is 
approxi mated to the self-diffusion coefficient, D , 
because 

pDint _ pD,,_ 6 A * --=---- II' 

TJ TJ 5 
(21) 

Thus, for hydrogen , 

(22) 

The question of the validity of the ge neral equation 
(18) and of the particular eq uation (22) has been an 
object of di scussion for so me tim e. A rece nt rev iew is 
given by Sandler [12]. 

1.5. Thermal Conductivity of Atomic Hydrogen and the 
Dissociating Mixture 

The thermal conductivity of a dissociating mixture 
is given by an expression equivalent to the formula 
for the viscosity , with the appropriate allowance 
for 'A". This is not all, however, for an additional feature 
appears: the dissociation process has an associated 
heat of reaction and this dissociation heat substantially 
contributes to the overall heat transfer [4, 6, 13]. The 
conductivity of the mixture, 'A(mix), is then expressed 
as a sum of these contributions 

'A(mix)= 'Af(mix) + 'A(r) (23) 

where 'Af(mix) is the co nductivity in the absence of 
the chemical reactioll- called the froze n conduc­
tivity-and 'A(r) is the conductivity due to th e c he mi cal 
reac tion. W e write down the eq uation s for these 
term s separately. 
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Frozen Thermal Conductivity: We have, following 
eq (14) 

AJ(mix) = A' (mix) + A/I (mix) (24) 

where the prime and double primes refer to the tran s­
lational and internal portions respectively. The ex­
pression for the first part is similar to the viscosity 
equation, viz., 

[ 
X2 x 2 

A'(mix)=-4 -L I +L Z 

11 22 

(25) 

with 

Chemical Reaction Contribution to the Thermal 
Conductivity: The last term of eq (23), A(r), is given 
by [13]. 

where !1H is the heat of reaction for the dissociation. 
Hence the total thermal conductivity of the dis­

sociating mixture can be determined by summing the 
eqs (25), (31), and (32). 

1.6. p- and n-Hydrogen 

In addition to the reasons mentioned in 1.3, the ther­
mal conductivity of the two species will differ since 
the internal specific heat , c~, appears in the formulas. 
Between about 40 and 300 K, c~ for p-Hz is significantly 
different from c~ for n-Hz[5]. 

2. Calculation of Mass Fraction, Heat of 

[ 15 M2 + 25 M2-3M2 (B*) +4MIM.,(A*)] 2 I 4 2 Z 12 - 12 
(26) Reaction and Internal Specific Heat 

and a corresponding expression for L22 can be written 
with the subscripts 1 and 2 interchanged. The term 
accounting for th e H-Hz interactions in eq (25) is 

The symbols of eqs (25)-(27) have been defined when 
eqs (6)-(12) were discussed except for Ai which is 
given by 

We continue by discussing the calculation procedure 
we adopted. First let us consider the calculation of 
x, !1H and c~ . Actually the calculation of these prop­
erties poses no problem since the necessary variables 
are well known. The mass fractions at given pressures 
and temperatures were computed from eq (5), using 
values of K from reference [5]. The heat of reaction, 
!1H , was also calculated from K via the Van't Hoff 
isobar [4, 6]. 

!1H dIn K 
Rf2 dT 

(33) 

The internal specific heat at constant volume was 
(28) computed from values of Cp (from reference [5]) since 

c~ is given by the equation 

and in eqs (26) and (27) we have (Bi7) which is given by 

(Bi~) = {5(0\J 'Z)*) -4(01),3)*) }!(Ol}'!)*). (29) 

We have again used the convention that subscripts 1 
and 2 refer to the molecular and atomic species 
respectively. 

Fortunately , the internal part A//(mix) is given by a 
fairly straight forward expression for hydrogen 
because Hirschfelder [14] has shown that this internal 
contribution can be depi cted by 

where Al is the total conductivity for pure hydrogen 
molecules. From eqs (28) and (22), we get 

A//(mix)=~ Ailc~1)I!{1 + (D l dD 1Z )(XI!X2)} (31) 

Thus, the total frozen conductivity of the mixture 
AJ(mix) is given by the sum of eqs (25) and (31). 

(34) 

3. The Collision Integrals 

Once numerical values of <, !1H, and x are avail­
able, the only remaining unknowns in the formulas of 
section 1 are the collision integrals. Unfortunately, 
the computation of these collision integrals is the most 
uncertain factor in the calculation of the transport 
coefficients but is at the same time the most important. 
Except possibly, for the H- H integrals, they have to 
be computed from model intermolecular potential 
functions. The choice of the model and its parameters 
has to be determined from experiment and, for hydro­
gen, the evaluation of experimental data is not a 
straightforward task. 

Of the collision integrals, the most important for the 
wide temperature range under consideration are those 
for the H 2-H z interaction. The others are needed only 
when dissociation becomes significant - and even at 
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a low pressure of 0.01 atm di ssociation is not significant 
until about 2000 K. Further , dissociation between 2000 
and 5000 K at pressures be tween 0.01 and 100 atm 
only c hanges th e viscosity by about ± 10 percent 
from the equivalent undissociated value. For thermal 
condu c tivity the situation is different; the conductivity 
of the mixture is much greater than it would be for 
the equivalent undissociated valu e, but the dominant 
contribution to this thermal conductivity is the con­
tribution A(r ) given by eq (32). Thi s does involve the 
integral for the H-H 2 interaction ye t , even so, the 
two te rms (6.HFIRT2 and X IX 2/[ (1 + X I ) 2] of eq (32) 
largely control the temperature depende nce of A(r). 

Accordingly, we did not feel it necessar y to reevalu­
ate th e collision integrals for the H-H and H- H z 
interac tions or comment on their selec tion. Con­
sequen tly, the values used in th ese calculati ons were 
taken directly from table II of ref~re n ce [4]. W e 
con cen trated on the selection of the n\'I· s ) * in tegrals 
necessary to compute the transport properties of the 
undissociated molecular hydrogen. 

3 .1. General Rules for Choosing a Model 
Intermolecular Potential Function 

We have rece ntly clari fi ed th e overall relation 
be twee n model pote ntial fun ctions, th eore tical ex­
pressio ns a nd expe rim ental data [15]. W e arrived a t 
conclus ions whi ch are, in short: (1) The reali s ti c three 
parame ter intermolec ular pote nti al fun ction fa miles 
are equi valent with res pect to the correla tion of data. 
By equi va le nt we mean that one me mber of all th e 
families in co mmon use can be found th a t will fit a 
given s e t of data in the same way. (2) A te mperature 
range exists over which a propert y is insensitive to 
all sens ibl e members of all model families . For trans­
port prope rties of class ical fluid s thi s range is 2 '5. Ti ~ 5 

[' where T~ is the te mpe rature reduced by th e Lenn ard­
Jones e nergy parameter (Elk) L - J. Thi s conclu sion 
leads to the definiti on of a high te mperature a s a tem-
perature above the insensitive range, and a low temper­
ature as a temperature below the range. Because 
(E/ k ) L-J for hydroge n is - 40 K, one would e xpect that 

> the range is 80 K < T < 200 K but we are not yet clear 
on how quantum clfects might adjust these limits [16]. 
(3) One member of a three parameter family is not flex­
ible enough to simultaneously represent a property at 
both hi gh and low t emperatures. Finally, (4) a signifi­
cant ch oice of a pote ntial fun ction requires that the data 

r ha ve a precis ion of about 0.5 percent at low tempera­
j tures, o r a bout 3 percent at high te mperatures. By 
, significa nt choi ce we mean that we can di stinctly 

select a fu nc tion a nd a ttach so me meaning to the 
selection. Of co urse, unless we use inde pendent 
information we cannot be sure that eve n a di stinct 
and proper c hoice does not re fl ect sys te matic error. 
A full di sc uss ion on th ese co nclusions is available in 

( reference [1 5 J. 

Correlation of Hydrogen Data 4. 

In practi ce, a pplication of th e conclusions of the 
previous section is some what res tri c ted. There are 

two reasons. First , we really have only one model 
potential with which to work at low te rn pe ra tures­
the quantum mechanical 12-6 (or Lennard-Jones) of 
Munn et al. [17]. Second, the data available ofte n do 
not satisfy the criterion (4) of Section 3. 

4 .1. The High Temperatures Region Without 
Dissociation 

Conclusion (1 ) of sec tion 3 states that only one model 
function family need be cons idered. S ince we have to 
use the 12- 6 at low temperatures , we studi ed the high 
temperature regions with members of the m- 6 family. 
For thi s family when c/>(r) is the potential for two mole­
cules separated by distance r, we have [15, 18], 

c/> (r) = E [( ~)'" - (~r] / 
[(! rlll

-
6 

- (! )"'/111
- (;] (35 ) 

with (in our case) m = 9 , 12, 15, 18,21, 24. In eq (35) , 
E is the depth of th e energy well and a is the di stance 
se para tin g the molecules a t c/>(r) = 0. 

o . Viscosity 

We s tarted with the viscos it y equ ation (lb) and used 
it to selec t th e pote nti al a nd its para meters. The selec­
tion proced ure is descri bed in refe re nce [1 9]. Basicall y 
it goes as follows: m is fi xed , a is fi xed a t a se ns i ble 
value, and selected data for several te mperatures are 
put into the left -ha nd sid e of equ ation (1 b). W e thus 
obta in experime ntal colli sion integra ls as a fun c tion of 
te mperature T. These ex pe rim e ntal integr als are then 
compared with the theoreti cal integra ls for the fixed 
m whic h are available as fun c ti ons of th e reduced 
te mpera ture T*, T *= T/( E/k ) III _(; . We can thus ob­
serve how E/k varies with T for the give n a a nd m. a is 
now varied until one find s a value for a which gives 
the leas t variation of E/k with T. Finally , the family 
parameter m is changed and the procedure repeated. 
Our selec tion of m , a, and E/ k is made by finding the 
m and a which give the least variation of E/ k with T 
after considering all values of m . If one member of the 
function family represented the data exactly, E/k would 
be constant. The collision integrals used were those of 
Klein and Smith [18]. 

The procedure of course relies (as does any other 
procedure) on the data which is why criterion (4) of 
section 3 needs to be stated, but while several authors 
have investigated the viscosity (for n-hydrogen only) 
in the high temperature range [20-32] the amount of 
reliabLe data is somewhat limited. For example, there 
is nothing reliable at this time between about 400 and 
1100 K. Other data do exist above 400 K but we have 
shown [33] that they are mos t proba bly incorrec t 
(by a large amount - almos t 10 percent a t 2000 K. 
It appears that the older measure me nts of vi scos ity 
by th e capillary fl ow technique are erroneous). W e 
have pointed out tha t the incorrect data form the 
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TABLE 1. Potential function parameters for n· and p·hydrogen 
selected from viscosity data 

m i\* Elk (K ) 

High te mperature 

9 3.06 30.4 

Low tem peral tlfe 

12 1.70 I 2.97 ..1 _ 3_9._2_ 

basis for most of the tabulations and correlations of 
transport properties at present in the literature. Hence 
the tables produced by our corrdations will differ 
significantly from those available up to now. We refer 
to reference r33] for more details on this point. 

Working with selected data [28-32], eq (1), and the 
collision integrals of reference [18], the parameters 
shown in table 1 were selected. The parameters were 
then used to compute the viscosity and a comparison of 
theory and experiment is shown as a deviation curve, 
figure 1. The curve is reasonably satisfactory. There is 
a small systematic deviation at the high temperatures 
but to remove this deviation rather unrealistic colli­
sion integrals would have to be used. It is also possible 
that some dissociation is occurring at the two highest 
temperatures. 

6r----~--------------__, 

o 
Q 

4 

2 

-5 ~; 
o 

VISCOSITY OF HYDROGEN 
(HIGH TEMPERATURES) 

.. 
~o 0 I~at 
I o o~~~o~~~'o~~----------------~ 
~ f:"0 ~~i ., 

(:' -2 

-4 

TEMPERATURE, K 

FI G UR E 1. Viscosity of hydrogen at high temperatures. 
Experimenta l data flll ed to a 9-6 fun ction with u = 3.06 A. e/ k = 30.4 K. 

Key: Q\) [321. 0 [3"OJ, .. 12 11, e [22J, 0 124J, 0 126J. (Jl [271. • [29], ~ 13 1] . 
• [281. ~ [201. 

b . Thermal Canductivity 

The situation with regard to the thermal conductivity 
measurements is not very good [34-42], accurate data 
are scarce and scattered. Above 400 K four authors 
report results and their sets of data differ systemati­
cally by more than 20 percent [35, 36, 41, 42]. More­
over, when we use the selected potential function 
to compute thermal conductivity via eq (22) the 
deviation curve produced, figure 2, is not satisfactory. 

Comments are deferred until the discussion section, 
but we feel the conductivity data are most probably 
responsible for this. We cannot believe that the 
theoretical formulas, eqs (1) and (22), or the 9-6 func­
tion chosen to represent the viscosity are that wrong. 

12,--- - -------- - - ------, 

o 
Q 

8 

>< 4 
<.> 

.. 
o 0 0 

THERMAL CONDUCTIV ITY 
OF HYDROGEN 

(HIGH TEMPERATURES) 

C 
,<0 e~ 

I ~O~-~-L~·---------------~ 

-< 

Q. <.> 
><-< ., 
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-8 

-12 O!=---=200!=---:-400!=--""'600!:-::--""'800~---cIO""'OO=--~12::cOO::-----:-!1400;:::;----:1-;!600 

TEMPERATURE , K 

FIGURE 2. Thermal Conductivity of hydrogen at high temperatures. 
Experimental data fitted on the basis of the viscos it y corre lation . see capt ion fo fi gure l. 

Omitt ed are data from reference f35J. 
Key: e 136], .. 138[, 'l [40], 0 [39J , ,. 137J, ... [34J , () [52J. ~ [60], 0 1421. ~ 141]. 

4.2. The Low Temperature Region 

We have already mentioned that we have to work 
with the quantum mechanical 12-6 intermolecular 
potential. (Work is in progress to modify other func­
tions for quantum effects, but it appears that results 
will not be available for some time.) Actually, this 
restriction may not matter much. Conclusion (3) of 
section 3.1, states that the model potential found from 
experiment to be suitable for the high temperature 
region will not be satisfactory when used in the low 
temperature region. Anyway, this might rule out the 
9-6 for the low temperature region. Furthermore, 
our previous work with other gases using the m-6 
family suggests that the parameter m compatible with 
the high temperature range is less than the corre­
sponding m for the low temperature range. For ex­
ample , for argon, m (high) = 13, m (low) = 18. While 
comparison of other gases with hydrogen should be 
made with caution, it is quite possible that if m = 9 
for high temperature hydrogen, then m = 12 is reason­
able for low temperature hydrogen. 

a . Viscosity 

Several workers have measured hydrogen below 
300K [20-25,27,30,31,43-46] but much of the data 
have to be considered unreliable. However, sets of 
viscosity data for several gases other than hydrogen 
[47], and one set for hydrogen [31] have recently been 
published and these new results tend to be somewhat 
lower systematically than those reported in the past. 
We have studied the apparent discrepancies and show 
there are grounds to favor the newer data [48]. In "\ 
other words, while there are little, if any, direct inde­
pendent evidence that the majority of hydrogen 
viscosities are too high, they may well nevertheless 
be so. To get as much new evidence as possible on 

336 



I 

r 

[ 
I 

this point we re-examined the viscosity data of Diller 
published in 1965 [49]. Diller did not meas ure the 
dilute gas vi scosities directly but rather presented 
the density de pendence of viscosity for the dense 
gas and liquid state. However, by a careful analysis 
of hi s isotherm s it was possible to obtain dilute gas 
values with reliable error limits. The analysis procedure 
is discussed in reference [50] and the corresponding 
dilute gas viscosities are listed in table 2. We find that 
these data are significantly lower than data published 
previously. Unfortunately although this result is 
consistent with the point made that the latter data 
may be too high , it does not agree with the conclusion 
of Knaap et al. [9], or with the experiment of Becker 
and Stehl [10] which suggest that 1) (p-Ht) > 1) (n-Ht) 
at a given temperature; the existing n-H 2 data would 
have to be much too high if this is to be so. 

TABLE 2. Dilute gas viscosities /or p-hydrogen obtained/rom. dense 
gas data 0/ Diller [49) 

Te mperature 
K 

33.0 
36.0 
40.0 
50.0 
60.0 
70.0 
80.0 

100.0 

Viscos il y 
106g cm- ' s- ' 

16.96 ± .35 
16.3 ± .2 
20.0 ± .5 
23.3 ±.5 
28.0 ±.3 
31.3 ± .1 
34.9 ± .2 
40.5 ± .5 

After considerable manipulation of th e parameters 
of the 12-6 fun c tion and kee ping the poss ibiliti es of 
errors in the data in mind , we e ve ntually concluded 
that the parame ters shown in table 1 were th e bes t. 
The deviation curve, fi gure 3, was plotted. We co n­
firmed that the fit for the low temperature region 
matched with the fit for the high te mperature region. 

It should be clear that the uncertainty and scatter 
in the data means that one has a considerable and 
unwelco me latitude in choosing the para meters (con­
clusion (4) of sec tion 3.1) and that several co mbinations 
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are possible , Diller and Mason [51] , for example, found 
E/k=37.2 K, a=2.97 A, and A*=1.70 (but by corre­
lating the results of refe rences 24 and 46). One should 
note that since A*=h/a(2fLE)I /t, the values of E and 
a should correspond to the value of A * selected. This 
is the case for Diller and Mason , but not here. 

b . Therma[ Conductivity 

Up to now two main se ts of da ta existed for the 
thermal conductivity of hydrogen at low te mperatures , 
those of Golubev and Kalsina [34] and of John ston 
and Grilly [39]. More recently Roder and Dille r have 
measured both para and normal hydroge n from 17 
to 200 K at pressures from about 1 to 170 atm [52]. 
Their dilute gas values are given in table 3. 

Theoreti cal values of the thermal conductivity for 
the n- and p-modifications were calculated from 
eq (22) usi ng the 12- 6 fun ction and the paramete rs 
es ti ma ted from viscos ity data. Valu es of the internal 
s pec ific hea t were determin ed from eq (34) with da ta 
from reference [5]. Theoreti cal conductivities we re 
co mpared with experime ntal a t th e same temperature, 
and a dev iation c urve was plotted , fi gure 4. The 
fit is low overall. 

T ABLE 3. Dilute gas thermal conductivity valu.es 0/ p- and 
n-hydrogenfrom Diller and Roder [52] 

Te mpera lure p-Hydrogen n-Hyd rogen 
K 

mW cm- 'K- ' 

17.38 " 0.138 
20.06 · [53 
22 .0 · [65 
25.47 · [96 
29.98 .23 [ 
40. 24 .303 
59. [ 0.423± 0.002 
59. 2 .440 ± 0.00 1 
79 .8 .561 ± .00 1 
79. 9 .599 ± .002 
99. 9 .797 ± .OO [ .687 ± .002 

122_9 1.033 ± .00 1 
123_0 .85 [ ± .001 
153_0 1.052 ± .001 
197.9 ].331 ± .002 

(I Values without error limits were taken to be the 1 atm value. 
Valu es with error limits were obtained by analysis of condu ctivilY 
as a fun ction of density at the given le mperatures. The method of 
referen ce [50] was used. 

4 .3. Thermal Conductivity and Viscosity of Dissociated 
Hydrogen 

W e compute th e tran sport properties of the di s­
sociated hydrogen using the formulas of sect ion l. 
The collision integrals were those listed in refere nce 
[4] , exce pt for D(I ,s )* for the Ht-Ht inte raction. 
These latter integral s are the same, of cou rse , as those 
discussed in section 4.1a, i. e., the 9- 6 integrals of ref­
ere nce [18]. The parameters are give n in table l. 

There does not see m to be any visco ity data for 
the di ssociated gas. Two sets of data ex ist for th e 
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thermal conductivity however, those of Israel et al. 
[53], and those of Bethringer et al. [54]. The former set 
of data appears to be incorrect; dissociation seems to 
take place at too Iowa temperature. The latter data are 
illustrated in figure 5, together with our theoretical 
estimate. 

5. Discussion 

The deviation curves, figures 1 to 4 , indicate that 
the fits are not completely satisfactory overall. Since 
we based the initial correlations on viscosity measure-
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FIGURE 5. Thermal conductivity of dissociating hydrogen at various 
pressures. 

See section 4.3. Data from reference [54] shown as points. 

ments , a reasonable looking deviation curve for the 
viscosity will always result , the disturbing fact is 
that the calculated values of the thermal conductivity 
are somewhat too high when compared with most of 
the experimental data especially at low temperatures. 
However, we feel we may explain this relatively poor 
correlation of experimental thermal conductivity 
data by blaming the experimental data itself. Our 
co nclusion is backed by the arguments that follow. 

It is fairly obvious that the discrepancies between 
theoretical and experimental conductivities, and by 
discrepancies we mean first order systematic devia­
tions between theory and experiment of about 1-2 
percent , can be due to at least one of these reasons: 

(a) The viscosity equation (1) is incomplete leading 
to an incorrect choice of a model potential func­
tion and its parameters. 

(b) The viscosity equation is correct, but the vis­
cosity data are inaccurate. As in (a) this will 
also mean that the selected potential function is 
wrong. 

(c) The thermal conductivity equation (22) is 
incomplete. 

(d) The equation (22) is correct but the thermal 
conductivity data are inaccurate. 

(One could add to (a) and (b) that while both the 
viscosity equation and the viscosity data could be 
correct, the selected potential function may not be 
flexible enough to represent another property, such as 
the thermal conductivity. This cannot be the case 
here, however, since the same collision integrals are 
prominent for both viscosity and thermal conductivity.) 

It should be stated that one could go a long way 
towards deciding which of the reasons (a) through (d) 
are the cause of the apparent errors if we had more 
independent (non-transport) information to check on 
the potential functions selected, or if we had definite 
evidence on systematic errors in the experimental 
measurements. For instance, we have for other gases 
been able to check the appropriate potential functions 
using results from molecular beam data, x-ray scatter­
ing data, and optical studies [33 , 48]. We cannot do 
this for hydrogen because the necessary experimen.ts 
have not been done. Hence, here we have to examine 
points (a) to (d) on the basis of the transport data alone 
which is obviously not a really satisfactory procedure. 
Nevertheless we will argue that for our purpose all 
reasons but (d) can probably be eliminated . 

High Temperature Region: By and large the poor 
correlation of conductivities at high temperature 
appears to be due to random scatter in the data. 
Systematic deviations are not so prominent as they 
are at low temperatures. But it is worthwhile to go 
through the points (a) to (d) if only to set up our reason-
ing for the low temperature region. The high tem­
perature viscosities (without dissociation) are first I 
considered. It is assumed that the fundamental viscosity ~ 
formula is valid. While such an assumption might 
provoke discussion, there is no evidence from any 
experiments for any gas that the formula is not correct. 
In fact, Klein and Hanley have demonstrated [15, 55J 
that from the statistical mechanical point of view the 
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viscosity equation is at leas t consistent with the 
equa tion for the second virial coefficie nt (th a t is, if 
the vi scos ity equation is correct , the second viri al 
equ ati on is also correct, and vice versa). 

With regard to part (b) and the vi scos ity experi · 
me ntal data , we have confidence in at leas t two se ts 
of data , those of Kestin et a1. [28, 29] and of Gue vara 
e t al. [32]. The data of these authors have been found 
very sati sfac tory for other gases [33] and we see no 
reason why hydrogen should be an exception. 

Le t us now discuss point (c), i.e., the validity of the 
thermal conduct ivity equation (22) 

Note th at if expe rimental vi scos ities are used , eq (22) 
only weakly involves the potenti al fun ction through 
A*. Equ ation (22) was obtained from th e more general 
equations (19) a nd (20): 

It is well known that thi s equation is not co mple te [12] 
because Maso n and Monchic k derived it from the 
Wan g·C hang-Ulenbeck Theory [11], a nd in thi s theory 
only th e first approximation express ion for the th ermal 
conduc ti vity was obta ined. In other words only one 
Sonine polynomi al was used to compute the pe rturba­
tion term in th e a ppropriate solution of the Boltzmann 
equation for polyatomic molecules. If we were dealing 
with a monatomic gas thi s restr ic tion would not be 
necessary and the higher approxim ations can be 
determined without too much trouble. In parti c ular , 
eq (36), with the second approxi ma tion, becomes 

where (37) 

y= [ (8D<2, 3)*/,O/2,2)* ) - 7]2. 

W e write down eq (37) to show that the calculated 
conductivity valu e for a monatomic gas increases if 
eq (37) is used in prefere nce to the first approximation 
eq (1 3). Although the e ffects of higher approximations 

'7 on the other terms of eq (36) are not yet known , for 
real molec ule s it see ms reasonable to suppose that 
if they were inc luded, the calculated thermal con­
ductivity would also increase for a polyatomic gas 
[56] . If this were so, th e sys te mati c deviations of 
fi gure 2 generally would b e worse. Hence , neglect 
of hi gher approximations in the general equation 
(36) does not appear to account for the fact tha t the 
calculated th erm al condu cti vities ar e generally too 
high when compared to mos t of the (presumably) 
more reliable data, (we exclude that data of reference 
[35]). 

It is clear that two simplifications h ave been made 

when eq (22) is derived from eq (36); Dint has been 
take n equal to th e ordinary s elf-diffusion coefficient 
D, a nd term s in l /Z , a nd terms with higher powers of 
Z , ha ve been neglec ted. The two approximations can 
be rela ted , howe ver. The re placement of Dint by D 
has been a subject of so me discussion and it is known 
th at it is not a proper thin g to do for many gases. This 
has come up again recently because Sandler [12] 
has compared polyatomic gas th eory for model mole­
cules with other theories suc h as tha t of Mason and 
Monchick [3] . One result of the compari so n is the 
substitution, 

D inl =D[l+0.27/Z ... J (38) 

should be made rather than merely equating Dint 

with D. 
This subs titution also gives improved agreement of 

theor y with experiment although one should note that 
gases oth er tha n hydrogen we re tes ted . 

Acce ptin g e q (38) as a reasonable re prese nta tion of 
Din t, we see t hat it is only necessary to drop term s in 
l /Z to ge t eq (22) from eq (36) . S uc h a s tep a ppears 
jus tifi ed for hydroge n because all a ppropriate experi­
me nta l e vidence available indi cates thatZ for hydroge n 
is a t leas t around 300 [3, 57] . To sum up, we feel eq 
(22) is sa tisfactory for hydroge n and thus rule out point 
(c). Thi s leaves point (d) as th e mos t likely cause for 
the sys temati c di screpancies a t hi gh te mperatures. 

Low Temperature Region: Weare not in a parti c u­
la rl y strong position to eva luate all the points (a)-(d) 
when the low te mperature region is cons idered. P oints 
(a) a nd (c) can be ruled out for the same reaso n as di s­
c ussed above, and with regard to (c), we can furth er 
show th at the ques tion of the validity of the particuLar 
therm al conduct ivity eq (22) is not a factor of great 
importa nce when correlating data a t low te mperatures. 
Unfo rtunately , it is presentl y imposs ibl e to confide ntly 
di smi ss either reason (b) - error s in vi scosity or reason 
(d)- errors in thermal conduc tivity; we are not sure if 
any of the low te mperature transport meas urements 
are realJy reliable. Yet it is possible to make a sensible 
guess as to which of the two is more likely to be the 
cause of the discrepancies. Because we suspect from 
independent studies that the older viscosity data tend 
to be somewhat high [48], and because we give some 
weight to the apparently low results of Diller, we feel 
that our viscosity correlation is at least reasonable. 

This all means that if a singLe factor has to be 
selected as a cause for the major discrepancies, we are 
suggesting that this factor is the experimental thermal 
conductivity data. 

5.1 . Theoretical Thermal Conductivities at Low 
Temperatures 

The point was made above that the pa rti c ular 
therma l conductivit y express ion was no t too im portant 
a t low te mpera tures. One sees this at very low te mpera­
tures because C/~ = 0 below about 40 K. Thu s the 
terms in eq (36) involving the internal degrees of free-
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dom can be dropped. The monatomic gas equation 
results 

(28) 

[or eq (37) results if the expression is taken to the sec­
ond approximation). This type of simplification can 
be carried to higher temperatures if a procedure 
described by Harris [58] is used. It is interesting to 
follow this procedure up. 

One can write a very general expression, 

A= A' [1 +ac~ 8] (39) 

where as before A is the total thermal conductivity and 
A' is the translational conductivity, a is a constant and 
8 is a variable. If 

A= A' [1 + 2/5 « /R)8] (40) 

(41) 

(42) 

then eq (39) becomes the Mason, Monchick equation 
(36). But we do not require in the development that 
follows a or 8 to have these particular forms. 

We will show that eq (39) for p-hydrogen can be 
expressed in terms of experimental quantities. Con­
sider a mixture of 0- and p-hydrogen. The thermal 
conductivity of the mixture of 0- and p-hydrogen can 
be expressed by the mixture equations discussed in 
section 1.5. Specifically, 

Aop = A~p- (Ap- A;,) / [1 + (xo /x p)(Dpp/Dop)] 

+ (Ao - Ab) / [1 + (x,,/x o) (DooW op)] (43) 

where the subscripts 0 , and p, or op refer to the 0-, 

p- or op-mixture of hydrogen respectively. Assuming 
(and this is an assumption, see section 1.3) that 

(44) 

and using xo+xp= 1, eq (43) the n beco mes 

Writing eq (40) for 0- and for p- hydrogen and using 
eq (45), we obtain 

Aop=A' [1+52RC~(0)8(0)+xpb] (46) 

where 

b= 5~ [c~(p)8(p) +c~(0)8(0)] . (47) 

Here the 0 and p in parentheses signify the particular 
hydrogen isotope. Now for 100 K or less, c~ (0) = 0, 
therefore 

b =~ c~(p)8(p) 
5 R 

(48) 

The key to the procedure is to consider two mixtures 
of hydrogen with different concentrations of p-H2, 
designated as 1 and 2 respectively. One then obtains 
from eq (48) that 

(49) 

In the special case that mixture 1 is pure p-hydrogen, 
and mixture 2 is n-hydrogen (i.e., xp(2) = 0.25), then 

A,,-A Il =0_75bA'. (50) 

Hence, writing eq (46) for p-hydrogen, with eq (50) we 
find 

(51) 

Further, if c~(o) = 0 we obtain from eq (48) that 

Thus the total measured thermal conductivity of 
p-hydrogen can be written in terms of itself and of 
the total measured conductivity of n-hydrogen at the 
same temperature: 

Ap = 1/3 [4A" - Ap] + 4/3 [Ap - An] (53) 

This particular breakdown is only possible if c~( 0) =0 
but c~(p) ~ O. Equation (53) is thereby restricted to the 

\ 
approximate temperature range of 40 to 100 K. 

It is interesting to check eq (53) with eq (22). Writing 
eq (53) as 

A(exp) = A' (exp) + A" (exp) (54) 

one obtains 

A'(exp) = 1/3 [4A,,(exp)-A p(exp)]= 15/4 ~ YJ 

A"(exp)=4/3 [Ap(exp)-An(exp)] = 6/5 A*c~ (plY!. (55) 

Values for both n- and p-hydrogen are available for 
three temperatures between 40 and 100 K: 59.1 K, 
79.1 K, and 99.8 K, see table 3. Table 4 was con­
structed in which we have designated (15/4) (R/ M) 
'Y) as A' (calc) and (6/5) A*< (p)A as A"(calc). 

It is seen from table 4 that the agreement between 
the experimental and calculated translational and 
internal contributions is quite good for this limited ( 
data. It should be stressed, however, that the table 
does not give us definite information on the apparent 
discrepancy between the viscosities and thermal 
conductivities. Nevertheless, the rough agreement 
between the experimental and calculated contribu-
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TABLE 4 . Comparison oj thermal conductivity eqs (22) and (53) 

"A,,(exp) A,,(exp) AAcalc) A;,(ca lc) A;,(ex p) A;;(ca lc) A" 
" Temp (exp) 

~ 
K 

mWcm. - 1K - I 

J 
\ 

99.9 0.687 0.797 0.814 0.646 0.649 0.168 0.147 
79.9 .561 .599 .616 .551 .549 .065 .051 
59.2 .423 .440 .446 .436 .416 .010 .023 

J tion s is e ncouraging, especially as eq (53) is not r e­
>- quired to have th e particular form of eq (22). 

S.2. Correlation of Diff~sion Data 

In prin ciple, one can c heck th e pote ntial a nd the 
parame ters c hose n by co mparin g calculated and ex­
perimental diffusion and thermal diffu sion coefficients. 

) But because of the lac k of experimental data, s uc h a 
comparison .i s not very s ignificant. For the record we 
correlated th e self-diffusion coeffi c ie nts at 1 atm pres­
sure meas ured by Lips icas [59]. Th e appropriate devia­
tion c urve is give n as fi gure 6. The result is sati sfactory , 
but does not add to , or alter our previou s conclusion s. 
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F IGURE 6. Correlation oj the sel/diffusion results oj Lipsicas [59J 
based on the viscos ity correlation. 

See ca ption 10 fi~ urc 3. 

6. Presentation of Results 

Tables of the vi scosity and thermal conduc tivity 
i coeffi cients were constructed us ing the formulas and 

pote ntial functions described in th e pre viou s sec tions. 
We prese nt the res ults in tables 5-8. T able 5 gives the 
coeffi cients as a funct ion of te mperature in the " low 
tem pe rature" region , table 6 gives the coe fficie nts in 
th e "high temperature" region. As previously ex-

r plained, we are required at th is tim e to use two sepa­
. rate functions to d escribe these regions - the 12-6 and 
1 9- 6 respectively. Although the regions overlap, there 
~ is a slight discontinuity at 160 K. However, we did not 
. feel that our selection of the fun ctions and parameters 

"'; ) was definitive enough to jus tify further manipulation. 
Tables 7 and 8 li s t the coe ffi cie nts for the dissociating I mixture; here they are given as a function of tempera­
ture and mole fraction of the atomic species H. Such 

I ta bles have the distinct advantage of compactness 
but , of course, mole fraction is not necess arily the most 

practical variable, one wi ll often prefer pressure. Con­
seque ntly we also s how in table 9, the variation of 
mole fraction of H as a function of pressure and tem­
perature. In addition , we have plotted the conductivity 
for several pressures in fi gure 5 and also include a plot 
of the viscosity in fi gure 7. 

Th e lower ljmit for th e pressure was chosen at 0.001 
atm. For pressures below this limit , it is very likely 
that th e dime nsions of th e experi me ntal apparatus 
would be needed to calculate the coefficie nts . For 
pressures above the upper limit, it is unlikely th at the 
kine ti c theory expressions are valid. If an exte ns ion 
of this range is desired, although such an ex te nsion 
should be made with caution, one may compute XH from 
eq (5) at the given pressure, using tabulated values of 
K , (see, for example, reference l5J). 

The upper te mperature was chosen to be 5000 K. 
This already represents a considerable extrapolation 
of th e data and we did not feel that our 9- 6 function 
co uld be extrapolated much further. Moreover, by not 
goin g above 5000 K it is not necessary to consider 
ionization [6] : ionizati on is not taken into account in 
th e hi gh te mpera ture colli sion integrals. 

T AB LE 5. Viscos ity and thermal conductivities oj hydrogen at lou) 
temperatures 

Thermal Thermal 
Tem perature Viscosity conductivity conductivity 

(normal) (para) 

T , K 10""1) g cm- ts- t A, mWcnr 'K- t 

15.0 0.00740 0.114 0.114 
20.0 .01023 .158 .158 
25.0 .01 292 .200 .200 
30.0 .01549 .240 .240 
35.0 .OJ 795 .278 .278 

40.0 .02025 .313 .3 13 
45.0 .0224J .347 .347 
50.0 .02451 .380 .382 
55.0 .02657 .412 .4 17 
60.0 .02852 .444 .452 

65.0 .03032 .474 .489 
70.0 .03215 .505 .529 
75.0 .03388 .536 .571 
80.0 .03562 .568 .617 
85.0 .03727 .600 .664 

90.0 .03889 .632 .714 
95 .0 .04028 .662 .763 

100.0 .04179 .695 .816 
105.0 .04327 .728 .869 
110.0 .04487 .763 .924 

115.0 .04624 .796 .977 
120.0 .04765 .829 1.028 
125.0 .04900 .863 1.077 
130.0 .05036 .896 1.125 
135.0 .05169 .929 1.171 

140.0 .05298 .962 1.213 
145.0 .05426 .994 1.254 
150.0 .05550 1.026 1.29] 
155.0 .05676 1.058 1.326 
160.0 .05793 1.088 1.358 

165.0 .05920 1.120 1.389 
170.0 .06040 1.151 1.4]8 
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TABLE 6. Viscosity and thermal conductivities oj hydrogen at high temperatures wi thout dissociation , 
Thermal Thermal Thermal Therm al 

T e mpera ture Viscosity conductivity conductivity Temperature Viscosity conducti vity conductivity 
(normal) (para) (normal) (para) 

j T , K 10" 71 A, mW c m - I K- I T,K 103 71 A, mW cm - I K- ' 
gcm - I S- I gcm - 1 5 - 1 

140.0 0.05275 0.959 1.213 600.0 0.14338 3.050 3.050 
150.0 .05540 1.026 1.294 610.0 .14499 3.085 3.086 
160.0 .05799 1.092 1.365 620.0 .14660 3.121 3.121 
170.0 .06052 1.157 1.427 630.0 .14820 3.156 3.156 
180.0 .06299 1.220 1.482 

640.0 .14980 3.191 3.191 
190.0 .06541 1.282 1.530 650.0 .15138 3.226 3.226 
200.0 .06777 1.342 1.574 660.0 .15296 3.261 3.261 
210.0 .07010 1.401 1.614 670.0 .15453 3.296 3.296 
220.0 .07239 1.458 1.651 680.0 .15608 3.331 3.331 
230.0 .07464 1.514 1.687 

I 690.0 .15765 3.366 3.366 
240.0 .07686 1.569 1.723 700.0 .15920 3.401 3.401 

1 250.0 .07904 1.622 1.758 720.0 .16228 3.470 3.471 
260.0 .08119 1.674 1.793 740.0 .16532 3.540 3.540 , 
270.0 .08332 1.725 1.828 760.0 .16836 3.609 3.610 
280.0 .08541 1.774 1.863 

780.0 .17137 3.678 3.679 
290.0 .08748 1.823 1.899 800.0 .17433 3.747 3.748 
300.0 .08953 1.870 1.935 820.0 .17730 3.817 3.818 I 

310.0 .09156 1.917 1.972 840.0 .18023 3.886 3.887 
I 320.0 .09356 1.962 2.010 860.0 .18314 3.955 3.956 

330.0 .09554 2.007 2.047 
880.0 .18604 4.025 4.026 

340.0 .09749 2.051 2.085 900.0 .18891 4.095 4.096 
350.0 .09944 2.095 2.123 920.0 .19175 4.165 4.165 
360.0 .10137 2.137 2.161 940.0 .19459 4.235 4.236 
370.0 .10326 2.179 2.199 960.0 .19740 4.305 4.306 
380.0 .10516 2.220 2.237 

980.0 .20019 4.376 4.376 
I 390.0 .10703 2.261 2.275 1000.0 .20298 4.447 4.447 

400.0 .10888 2.302 2.313 1050.0 .20984 4.623 4.623 
410.0 .11073 2.342 2.352 1100.0 .21662 4.801 4.801 
420.0 .11255 2.381 2.390 1150.0 .22331 4.980 4.981 
430.0 .11436 2.420 2.428 r 

1200.0 .22990 5.160 5.161 
440.0 .11616 2.459 2.466 1250.0 .23641 5.341 5.343 
450.0 .11795 2.498 2.504 1300.0 .24284 5.523 5.525 
460.0 .11971 2.536 2.541 1350.0 .24921 5.707 5.708 
470.0 .12148 2.575 2.578 1400.0 .25550 5.891 5.892 

I 480.0 .12323 2.613 2.616 
1450.0 .26172 6.075 6.076 

490.0 .12497 2.650 2.653 1500.0 .26789 6.261 6.261 
500.0 .12670 2.688 2.690 1550.0 .27398 6.445 6.441 

) 510.0 .12841 2.725 2.726 1600.0 .28002 6.628 6.620 
520.0 .13011 2.761 2.763 1650.0 .28601 6.812 6.800 
530.0 .13181 2.798 2.799 

1700.0 .29191 6.995 6.978 

1 

540.0 .13349 2.835 2.836 1750.0 .29781 7.178 7.158 
550.0 .13516 2.871 2.872 1800.0 .30364 7.360 7.336 
560.0 .13682 2.907 2.908 1850.0 .30939 7.541 7.514 I 
570.0 .13848 2.943 2.944 1900.0 .31515 7.723 7.693 

1 580.0 .14012 2.979 2.979 
1950.0 .32085 7.903 7.871 "\ 

590.0 .14175 3.014 3.015 2000.0 .32647 8.082 8.048 

t 
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'rABLE 7. , 'i ,')r'osil,\" uIdissorialifl!! II w/rU!!efl, IIllils IV:I!! em 1 s 1 1)f'(>Sf'nl(>d as (l iilf/clion o/Ihe Il/o/e./;·(lcliun aIatomic hydrup:en 
'1'1 11' il l'- kril'-k:- al 10\\ I('nq !t'ra lu rt'~ ind it'all' d Ull I lw di:-; s l !('ialinll wlll d d II(TI I I" (It p rt '''l<Ur\ ' It' sS d l1l11 0.00 1 a lln. Th t' a :o. h 'ri:o.kl< al hi~h 1, 'l11 ll1'ralul't'!Oo indil'all' that d1(' alomic hydro/!I 'n 

1'I,ul! 1 "nl) I ll' I'ft '~ t'!lt al tht: I )arli, 'ular Ill"l,· fral' li"11 iftlw l'I"(' SSUft' ",.1'1 ' :.:n'ull'l' than :l{)O a ll ll. 

,VI o le fract ion 
T emp (K ) ----

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

2000.0 0.32647 ****** ****** ****** ****** ****** ****** ****** ****** ****** 0.2528 
2050.0 .33210 ****** ****** ****** ****** ****** ****** ****** ****** ****** .2581 
2100.0 .33766 ****** ****** ****** ****** ****** ****** ****** ****** ****** .2633 
2150.0 .34317 0.3447 ****** ****** ****** ****** ****** ****** ****** ****** .2687 
2200.0 .34867 .3502 ****** ****** ****** ****** ****** **** ** ****** ****** .2739 

2250.0 .35412 .3559 0.3596 ****** ** ** ** ****** ****** **** ** ****** ****** .2791 
2300.0 .35952 .3615 .3647 ****** ****** ****** ****** ****** ****** ****** .2844 
2350.0 .36492 .3678 .3704 0.371 3 ****** ****** ****** ****** ****** ****** .2896 
2400.0 .37027 .3727 .3762 .3775 ****** ****** ****** ****** ****** ****** .2948 
2450.0 .37557 .3781 .38 19 .3834 0.3821 ****** ****** ****** ****** ****** .2999 

2500.0 .38086 .3837 .3887 .3893 .3883 0.3838 ****** ****** ****** ****** .30S1 
2550.0 .38611 .3891 .3933 .3952 .3943 .3903 0.3825 ****** ****** ****** .3101 
2600.0 .39132 .3961 .3990 .4010 .4003 .3964 .3889 ****** ****** ****** .3151 
2650.0 .39652 .3999 .4047 .4069 .4062 .4024 .3950 0.3836 ****** ****** .3202 
2700.0 .401 69 .4053 .4 103 .4 127 .4 11 6 .4084 .4011 .3896 0.3735 ****** .3253 

2750.0 .4068 1 .4 107 .4 159 .4 185 .4 182 .4 145 .4072 .3956 .3794 ****** .3305 
2800.0 .41 t 93 .4 160 .4225 .4243 .424 1 .4203 .4 132 .4016 .3853 ****** .3357 
2850.0 .41 70 1 .42 13 .4270 .4300 .4300 .4266 .4 189 .4076 .39 11 0.3691 .3409 
2900.0 .42205 .4266 .4326 .436 1 .4359 .4326 .4252 .4 136 .3970 .3747 .346 1 
2950.0 .42709 .43 18 .4380 .4417 .44 18 .4386 .43 14 .4195 .4029 .3803 .35 J3 

3000.0 .43210 .4370 .4435 .4472 .4476 .4445 .4373 .4256 .4086 .3858 .3564 
3050.0 .43704 .4423 .4490 .4529 .4533 .4506 .443.1 .4317 .4147 .3916 .36 19 
3100.0 .44204 .4475 .4545 .4586 .4594 .4566 .4495 .4378 .4206 .3973 .3672 
3150.0 .44698 .4526 .4599 .4642 .4653 .4620 .4555 .4437 .4264 .4029 .3723 
3200.0 .45190 .4578 .4653 .4698 .4710 .4684 .4615 .4496 .4322 .4084 .3775 

3250.0 .45680 .4629 .4707 .4755 .4769 .4744 .467 1 .4556 .4380 .4 140 .3826 
3300.0 .46168 .4680 .4761 .481 I .4826 .4802 .4733 .46 14 .4437 .4194 .3876 
3350.0 .46653 .473 1 .4814 .4866 .4883 .486 1 .4792 .467 1 .4494 .4248 .3925 
3400.0 .47136 .4782 .4868 .4922 .4941 .49 19 .485 1 .4729 .45.50 .430 1 .3975 
34.50.0 .476 17 .4832 .4920 .4977 .4997 .4976 .4908 .4787 .4605 .4353 .4022 

3500.0 .48096 .4883 .4974 .5033 .50.55 .s035 .4968 .4846 .4662 .4407 .4071 
3550.0 .48572 .4933 .5026 .5087 .511 1 .5092 .5025 .4902 .47 16 .4458 .4 118 
3600.0 .49046 .4983 .5079 .5 142 .5167 .5 149 .5082 .4958 .477 1 .4509 .4164 
3650.0 .49517 .5032 .513 J .5 196 .5223 .5206 .5139 .50 J4 .4825 .4560 .42 10 
3700.0 .49985 .5082 .5 183 .5251 .5279 .5263 .5 J96 .s07 1 .4879 .46 12 .4257 

3750.0 .50451 .5131 .5235 .5305 .5335 .5320 .5253 .5 127 .4933 .4662 .4303 
3800.0 . .5091 4 .5180 .5287 .5359 .5390 .5376 .5309 .5 182 .4987 .47 13 .4348 
3850.0 .51367 .5229 .5339 .5413 .5446 .5433 .5366 .5238 .504J .4764 .4394 
3900.0 .5 1847 .5278 .5390 .5466 .550J .5489 .5422 .5294 .5095 .48 J4 .4439 
3950.0 .523 10 .5327 .5442 .5520 .5557 .5545 .5479 .5350 .5148 .4864 .4485 

4000.0 .52772 .5375 .5493 .5573 .5611 .5601 .5535 .5405 .5201 .4914 .4529 
4050.0 .53231 .5424 .5545 .5627 .5667 .5658 .5591 .5461 .5255 .4965 .4575 
4100.0 .53689 ****** .5595 .5680 .5721 .5713 .5647 .55 1.1 .5308 .5014 .4619 
4150.0 .5'H45 ****** .5646 .5733 .5776 .5769 .5703 .5570 .5361 .5064 .4664 
4200.0 .54598 ****** .5697 .5786 .5831 .5824 .5759 .5625 .5414 .511 3 .4708 

4250.0 .55050 ****** .5748 .5839 .5886 .5880 .5815 .5681 .5467 .5163 .475;~ 

4300.0 .55500 ****** .5799 .5893 .5941 .5936 .5871 .5736 .5521 .52 13 .4798 
4350.0 .55947 ****** .5848 .5945 .5994 .5991 .5926 .5790 .5573 .5262 .4842 
4400.0 .56393 ****** .5899 .5998 .6049 .6047 .5982 .5845 .5626 .5312 .4887 
4450.0 .56836 ****** .5948 .6049 .6103 .6101 .6036 .5899 .5678 .5360 .4930 

4500.0 .57277 ****** .5998 .6102 .6157 .6156 .6091 .5953 .573 1 .5409 .4974 
4550.0 .5571 5 ****** .6049 .6155 .6211 .6212 .6J47 .6009 .5784 .5459 .50:9 
4600.0 .58148 ****** ****** .6206 .6265 .6266 .6202 .6063 .5836 .5508 .5063 
4650.0 .58598 ****** ****** .6258 .6318 .6321 .6257 .6117 .5888 .5557 .5107 
4700.0 .59038 * * ** ** ****** .6310 .6372 .6375 .63J2 .6171 .5941 .5606 .5151 

4750.0 .59476 ****** ****** .6362 .6426 . .6431 .6367 .6226 .5994 .5656 .5 195 
4800.0 .5991 3 ****** ****** .6414 .6479 .6485 .64~ ;; .6280 .6046 .5705 . .5239 
4850.0 .60348 ****** ****** .6465 .6533 .6540 .6477 .6334 .6098 .5754 .5283 
4900.0 .60782 ****** ****** .6517 .6586 .6594 .6532 .6388 .6150 .5802 .5327 
4950.0 .61 21 5 

I 
****** ****** ****** .6640 .6649 .6587 .6443 .6203 .5852 .537 1 

5000.0 .61645 I 
****** ****** ****** .669 1 .6702 .6640 .6495 .6254 .5900 . .54 14 
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TABLE 8 . ThermaL conductivity of dissociating hydrogen, units mW cm- 1s- l , presented as a/unction of the moLe/mction of atomic hydrogen 
The asteris ks indicate that we would have to go beyond our c hosen pressure range to compute the condu cti vit y at the particular mole frac tions. See the ca ption to table 7 

Mole fraction 
T emp (K ) ---- ~- . - --~----- ---~- . 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 l.0 

2000.0 8.082 ******* ******* ******* ******* ******* ******* ******* ******* ******* 8.702 
2050.0 8.263 ******* ******* ******* ******* ******* ******* ******* ******* ******* 8.424 
2100.0 8.442 ******* ******* ******* ******* ******* ******* ******* ******* ******* 8.375 
2150.0 8.620 64.866 ******* ******* ******* ******* ******* ******* ******* ******* 8.430 
2200.0 8.798 6l.665 ******* ******* ******* ******* ******* ******* ******* ******* 8.538 

2250.0 8.975 60.599 11l.300 ******* ******* ******* ******* ***** ** ******* ******* 8.67J 
2300.0 9.1 5 1 59.595 109.340 ******* ******* ******* ******* **** *** ******* ******* 8.817 
2350.0 9.327 58.630 107.088 J53.200 ******* ******* ******* ******* ******* ******* 8.969 
2400.0 9.502 57.906 105.150 150.211 ******* ******* ******* ******* ******* ******* 9.124 
2450.0 9.675 56.81)5 103.297 147.399 188.766 ******* ******* ******* ******* ***** ** 9.281 

2500.0 9.848 56.088 1Ol.50 144.718 183.845 218.087 ******* ******* ******* ******* 9.440 
2550.0 10.021 55.319 99.874 142.1 39 180.425 21l.857 232.876 ******* ******* ******* 9.594 
2600.0 10.192 54.57 98.208 139.78 177.171 207.991 228.088 ******* ******* ******* 9.749 
2650.0 10.362 53.910 96.662 137.907 174.075 204.296 223.953 226.918 ******* ******* 9.906 
2700.0 10.532 53.226 95.169 135.098 171.100 200.736 220.012 222.949 200.268 ******* 10.064 

2750.0 10.701 52.607 94.239 132.879 168.471 197.402 216.232 219.111 196.847 ******* 10.223 
2800.0 10.869 52.002 92.380 130.799 165.556 194.000 212.605 215.421 193.573 ******* 10.383 
2850.0 1l.037 51.429 9l.2J(' 128.812 162.902 190.897 209.513 211.878 190.425 130.874 10.543 
2900.0 11.204 50.886 89.884 126.900 160.385 187.878 205.868 208.469 J87.392 128.884 10.704 
2950.0 1l.370 50.367 88.653 125.000 157.959 184.987 202.547 205.] 18 184.473 126.992 10.866 

3000.0 J 1.536 49.872 87.516 123.328 155.804 182.186 199.443 202.026 181.663 125.158 1l.026 
3050.0 11.703 49.398 86.409 121.610 153.400 179.485 196.447 198.989 178.933 123.400 11.192 
3100.0 1l.867 48.949 85.356 119.944 15l.516 176.898 193.570 196.065 176.369 121.710 11.355 
3150.0 12.032 48.5J8 84.337 118.378 149.J89 174.400 190.786 193.239 173.838 120.077 1l.517 
3200.0 12.196 48.106 83.358 116.851 :47. ]]5 J72.218 188.100 190.506 17l.409 118-500 1l.676 

3250.0 12.36J 47.7J 5 82.418 ]] 5.392 145.177 169.623 185.935 187.874 169.079 116.991 11.833 
3300.0 12.525 47.340 81.513 113.979 143.315 167.377 183.089 185.329 166.813 115.518 11.988 
3350.0 12.689 46.983 80.641 112.619 14l.502 165.219 180.589 182.818 164.625 114.109 12.142 
3400.0 J2.854 46.616 79.754 111.235 139.670 163.004 178.132 180.309 162.402 112.671 12.293 
3450.0 13.018 46.312 78.989 110.029 138.064 161.064 175.987 178.132 160.454 11l.411 12.443 

3500.0 13.182 46.000 78.209 108.803 136.434 159.101 173.796 175.954 158.449 110.131 12.591 
3550.0 13.346 45.701 77.457 107.8J7 134.854 157.193 171.675 173.790 156.568 108.891 12.735 
3600.0 13.510 45.416 76.734 J06.472 133.328 155.353 169.626 171.702 154.705 107.692 12.879 
3650.0 13.674 45.143 76.033 105.363 131.846 153.564 167.632 169.674 152.891 106.530 13.023 
3700.0 13.839 44.882 75.357 104.291 130.414 15l.833 165.706 167.709 151.147 105.417 13.165 

3750.0 14.003 44.634 74.706 103.256 129.029 150.158 163.839 165.809 149.464 104.325 13.307 
3800.0 14.168 44.397 74.079 102.2.06 127.689 148.536 162.032 163.968 147.826 103.264 13.449 
3850.0 14.330 44.171 73.471 101.284 126.386 146.959 160.273 162.175 146.234 102.252 13.590 
3900.0 14.501 43.954 72.885 100.345 125.124 145.430 158.568 160.437 144.690 101.263 13.731 
3950.0 16.672 43.747 72.318 99.435 123.901 143.948 156.914 158.752 143.193 100.303 13.871 

4000.0 14.836 43.551 71.773 98.555 122.718 142.512 155.3 10 157.117 141.742 99.373 14.010 
4050.0 14.998 43.364 7l.244 97.701 121.567 141.115 153.751 155.527 140.329 98.471 14.149 
4100.0 15.172 ******* 70.733 96.872 120.451 139.758 152.235 153.981 138.958 97.596 14.288 
4150.0 15.340 ******* 70.242 96.072 119.370 138.445 150.767 152.484 137.629 96.749 14.426 
4200.0 15.508 ******* 69.765 95.294 118.317 137.165 149.336 151.024 136.334 95.924 14.564 

4250.0 15.676 ******* 69.301 94.536 117.290 135.915 147.938 149.598 135.069 95.120 14.702 
4300.0 15.843 ******* 68.854 93.800 116.293 134.701 146.578 148.210 133.839 94.340 14.839 
4350.0 16.0 II ******* 68.420 93.085 115.321 133.516 145.253 146.858 132.639 93.580 14.976 
4400.0 16.177 ******* 68.002 92.394 114.380 132.368 143.967 145.545 13l.476 92.843 15.113 
4450.0 16.343 ******* 67.595 91. 720 113.462 13l.246 142.711 144.262 130.339 92.125 15.250 

4500.0 16.509 ******* 67.203 91.065 1I2.569 130.155 141.488 143.014 129.232 9l.426 15.387 
4550.0 16.672 ******* 66.823 90.429 111.699 129.091 140.294 141. 794 128.152 90.745 J5.522 
4600.0 16.834 ******* ******* 89.8J5 110.855 128.058 139.135 140.610 127.103 90.086 15.661 
4650.0 16.999 ******* ******* 89.212 110.031 127.048 138.001 139.452 126.077 89.442 15.797 
4700.0 17.160 ******* ******* 88.630 109.231 126.066 136.898 138.324 125.079 88.816 15.933 

4750.0 17.318 ******* ******* 88.065 108.453 125.111 135.824 137.227 124.107 88.207 16.069 
4800.0 17.475 ******* ******* 87.519 107.698 124.182 134.780 136.159 123.161 87.616 16.205 
4850.0 17.628 ******* ******* 86.987 106.962 123.275 133.758 135.114 122.236 87.039 16.340 
4900.0 17.777 ******* ******* 86.471 106.245 122.392 132.764 134.096 121.335 86.477 16.475 
4950.0 17.923 ******* ******* ******* 105.551 121.534 131.797 133.106 120.459 85.932 16.610 

5000.0 18.064 ******* ******* ******* 104.877 120.700 130.856 132.142 119.606 85.404 16.747 
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TABLE 9. Th.e moLe fraction of atomic h.ydrogen presented as a function of temperature and pressure 

Note: S in ce the refc rt:ncc dissoc iat ion constant is given wi th pressure unit s of alrnos phe res we lI SC atmos ph eres here. To convert press ure to the S. I. system the fo ll owing conversion is 
) required: 

I atm . " 0.101 325 MN/ rn :!. 

Press ure (alm) 
Temp (K) 

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.010 

2000.0 0.050 0.036 0.029 0.025 0.023 0.021 0.019 0.018 0.017 0.016 
2050.0 .069 .049 .041 .035 .032 .029 .027 .025 .024 .022 

) 2100.0 .094 .067 .055 .048 .043 .039 .037 .034 .032 .031 
2150.0 .125 .090 .074 .064 .058 .053 .049 .046 .043 .041 
2200.0 .163 .118 .098 .085 .076 .070 .065 .061 .058 .055 

2250.0 .209 .153 .127 .111 .100 .091 .085 .080 .075 .072 
2300.0 .263 .194 .162 .142 .128 .117 .109 .102 .097 .092 
2350.0 .324 .243 .203 .179 .161 .148 .138 .130 .123 .117 
2400.0 .392 .298 .251 .222 .201 .185 .173 .163 .154 .147 
2450.0 .465 .359 .305 .271 .246 .228 .213 .201 .190 .182 

2500.0 .539 .426 .365 .326 .298 .276 .258 .244 .232 .222 
2550.0 .613 .495 .430 .386 .354 .329 .310 .293 .279 .267 
2600.0 .683 .565 .497 .450 .415 .387 .365 .347 .331 .317 
2650.0 .746 .634 .564 .515 .478 .449 .425 .404 .387 .371 
2700.0 .801 .698 .630 .581 .543 .512 .486 .464 .446 .429 

2750.0 .847 .756 .692 .644 .606 .575 .549 .526 .506 .489 
2800.0 .883 .806 .748 .704 .667 .636 .610 .587 .567 .549 
2850.0 .912 .848 .798 .757 .723 .694 .669 .646 .626 .608 > 
2900.0 .934 .882 .840 .804 .773 .747 .723 .702 .682 .665 
2950.0 .950 .909 .874 .844 .817 .793 .771 .752 .734 .718 

3000.0 .963 .930 .902 .877 .854 .833 .814 .796 .780 .765 
3050.0 .972 .947 .924 .903 .884 .866 .850 .835 .820 .807 
3100.0 .979 .959 .941 .924 .909 .894 .880 .867 .855 .843 
3150.0 .984 .969 .954 .941 .928 .916 .905 .894 .883 .873 
3200.0 .988 .976 .965 .954 .944 .934 .924 .915 .906 .898 

3250.0 .990 .981 .972 .964 .956 .948 .940 .933 .925 .918 
3300.0 .993 .985 .978 .972 .965 .959 .952 .946 .940 .935 
3350.0 .994 .989 .983 .978 .972 .967 .962 .957 .952 .948 
3400.0 .995 .989 .984 .979 .974 .970 .965 .960 .956 .951 
3450.0 .996 .993 .989 .986 .983 .979 .976 .973 .969 .966 

> 

7 

> 

> 
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TABLE 9. The mole fraction oj atomic hydrogen presented as a Junction oj temperature and pressure - Continued 

Note: S ince the reference dissoc iation consta nt is give n with JJress ure unit s of atmos phe res we use atmosphe res here . To conVt;:r! press ure to the S. I. sys tem the fo llowing conve rs ion is 
requi red: <' 

1 atm. = 0.101325 MN/m' . 

Pressure (atm) 
T emp (K) 

0.010 0.020 0.030 0.040 0.050 0.060 0.070 0.080 0.090 0.100 

2250.0 0.072 0.051 0.042 0.036 0.033 0.030 0.028 0.026 0.024 0.023 
2300.0 .092 .066 .054 .047 .042 .039 .036 .034 .032 .030 
2350.0 .117 .084 .069 .060 .054 .050 .046 .043 .041 .039 
2400.0 .147 .106 .088 .076 .069 .063 .058 .055 .052 .049 
2450.0 .182 .132 .109 .095 .086 .079 .073 .069 .065 .062 

2500.0 .222 .163 .135 .U8 .106 .097 .091 .085 .080 .076 
2550.0 .267 .197 .164 .144 .130 .119 .111 .104 .099 .094 
2600.0 .317 .237 .198 .174 .157 .145 .135 .127 .120 .114 
2650.0 .371 .281 .236 .208 .189 .174 .162 .152 .144 .138 
2700.0 .429 .329 .278 .246 .224 .206 .193 .182 .172 .164 

2750.0 .489 .380 .324 .288 .263 .243 .227 .214 .203 .194 
2800.0 .549 .435 .374 .334 .305 .283 .265 .250 .238 .227 
2850.0 .608 .481 .425 .382 .350 .326 .306 .290 .276 .264 
2900.0 .665 .547 .479 .433 .398 .372 .350 .332 .316 .303 
2950.0 .718 .602 .533 .485 .448 .420 .396 .377 .360 .345 

3000.0 .765 .655 .586 .537 .499 .469 .444 .424 .406 .390 
3050.0 .807 .705 .638 .589 .551 .520 .494 .472 .453 .436' 
3100.0 .843 .751 .687 .639 .601 .570 .543 .521 .501 .483 
3150.0 .873 .791 .732 .686 .649 .618 .592 .569 .549 .531 
3200.0 .898 .827 .773 .730 .694 .664 .638 .616 .595 .577 

3250.0 .918 .857 .809 .770 .737 .708 .683 .661 .641 :623 
3300.0 .935 .883 .841 .806 .775 .748 .725 , .704 .684 .667 
3350.0 .948 .905 .868 .837 .809 .785 .763 .743 .725 .708 
3400.0 .951 .911 .876 .846 .8]9 .796 .774 .755 .737 .721 
3450.0 .966 .937 .910 .887 .865 .845 .827 .810 .795 .780 

3500.0 .973 .948 .926 .906 .887 .870 .854 .839 .825 .811 
3550.0 .978 .958 .939 .922 .906 .891 .877 .863 .851 .839 
3600.0 .982 .966 .950 .935 .922 .909 .896 .885 .873 .863 
3650.0 .986 .972 .959 .947 .935 .924 .913 .903 .893 .883 
3700.0 .988 .977 .966 .956 .946 .936 .927 .918 .910 .901 

3750.0 .990 .981 .972 .963 .955 .947 .939 .931 .924 .917 
3800.0 .992 .984 .977 .969 .962 .955 .949 .942 .936 .929 
3850.0 .993 .987 .981 .974 .968 .962 .957 .951 .946 .940 
3900.0 .994 .989 .984 .979 .973 .968 .964 .959 .954 .949 
3950.0 .995 .991 .986 .982 .978 .973 .969 .965 .961 .957 

4000.0 .996 .992 .988 .985 .981 .977 .974 .970 .967 .964 
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TABLE 9. Th e Inole fraction of atolnic hydrogen presented as 0 functio n of telnperaLlire and pre:;sure- Continued 

Note: Since til t' refcrcn('(' dissociation constant is given wi th pressure unit s of almospher{'s we lise atmospheres hen.:'. T o t'onvCI', pressure 10 the S. I. system the following conversion is 
required : 

/ 1 ,11111. 0.10 1325 MN/ III '. 

Press ure (a l.m) 
Temp (K ) 

0.100 0.200 0.300 0.400 0.500 0.600 0.700 0.800 0.900 1.000 

2500.0 0.076 0.055 0.045 0.039 0.035 0.032 0.030 0.028 0.026 0.025 
2550.0 .094 .067 .055 .048 .043 .039 .037 .034 .032 .031 

). 2600.0 .ll4 .082 .068 .059 .053 .048 .045 .042 .040 .038 
2650.0 .138 .099 .082 .071 .064 .059 .054 .051 .048 .046 
2700.0 .164 .119 .098 .086 .077 .071 .066 .061 .058 .055 

2750.0 .194 .142 .117 .102 .092 .084 .078 .074 .070 .066 
2800.0 .227 .167 .139 .121 .109 .100 .093 .087 .083 .078 
2850.0 .264 .195 .162 .142 .128 .118 .110 .103 .097 .093 
2900.0 .303 .226 .189 .166 .150 .138 .128 .120 .114 .108 
2950.0 .345 .260 .218 .192 .174 .160 .149 .140 .133 .126 

3000.0 .390 .296 .250 .220 .200 .184 .172 .162 .153 .146 
3050.0 .436 .335 .284 .251 .228 .211 .197 .185 .176 .168 
3100.0 .483 .376 .320 .284 .259 .239 .224 .211 .200 .191 
3150.0 .53 1 .418 .358 .320 .292 .270 .253 .239 .227 .217 
3200.0 .577 .461 .398 .356 .326 .303 .284 .269 .255 .244 

3250.0 .623 .505 .439 .395 .363 .337 .317 .300 .286 .274 
3300.0 .667 .549 .481 .435 .400 .373 .352 .334 .318 .305 
3350.0 .708 .592 .523 .475 .439 .411 .387 .368 .352 .337 
3400.0 .721 .606 .536 .488 .452 .423 .399 .380 .363 .348 
3450.0 .780 .673 .604 .555 .517 .487 .462 .440 .422 .406 

3500.0 .8ll .711 .644 .595 .556 .525 .499 .477 .458 .441 
3550.0 .839 .745 .681 .633 .595 .563 .537 .514 .495 .477 
3600.0 .863 .777 .716 .669 .632 .601 .574 .551 .531 .514 
3650.0 .883 .806 .749 .704 .667 .637 .611 .588 .567 .549 
3700.0 .901 .832 .779 .736 .701 .671 .646 .623 .603 .585 

3750.0 .917 .855 .806 .766 .733 .704 .679 .657 .637 .619 
3800.0 .929 .875 .831 .794 .762 .735 .711 .689 .670 .652 
3850.0 .940 .892 .853 .819 .789 .764 .741 .720 .701 .684 
3900.0 .949 .908 .872 .842 .8J4 .790 .768 .748 .730 .714 
3950.0 .957 .921 .889 .861 .836 .814 .794 .775 .758 .742 

4000.0 .964 .932 .904 .879 .856 .836 .817 .799 .783 .768 
4050.0 .969 .941 .917 .894 .874 .855 .838 .822 .807 .792 
4100.0 .974 .950 .928 .908 .890 .872 .857 .842 .828 .815 
4150.0 .977 .957 .937 .920 .903 .888 .873 .860 .847 .835 
4200.0 .981 .963 .946 .930 .915 .902 .888 .876 .864 .853 

4250.0 .983 .968 .953 .939 .926 .914 .902 .890 .880 .869 
4300.0 .986 .972 .959 .947 .935 .924 .913 .903 .894 .884 
4350.0 .988 .976 .964 .954 .943 .933 .924 .915 .906 .897 
4400.0 .989 .979 .969 .959 .950 .941 .933 .925 .917 .909 l 
4450.0 .991 .982 .973 .964 .956 .948 .941 .933 .926 .919 

4500.0 .992 .984 .976 .969 .962 .955 .948 .941 .935 .928 
4550.0 .993 .986 .979 .973 .966 .960 .954 .948 .942 .936 > 
4600.0 .994 .988 .982 .976 .970 .965 .959 .954 .949 .944 
4650.0 .994 .989 .984 .979 .974 .969 .964 .959 .954 .950 
4700.0 .995 .990 .986 .981 . 977 .972 . .968 .964 .959 .955 

4750.0 .996 .992 .987 .983 .979 .975 .971 .968 .964 .960 
4800.0 .996 .992 .989 .985 .982 .978 .975 .971 .968 .964 
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TABLE 9. The mole fraction of atomic hydrogen presented as a function of temperature and pressure-Continued 

!'Jodie: Since the reference dissociation constant is given with pressure units of atmospheres we lise atmospheres here. To convert press ure 10 the S. I. sys tem the fol lowing conversion is 
reqLllrc : 

I atm. ~ 0. 101 325 MN/ rn ' . 

Pressure (atm) 
T emp (K) 

1.000 2.000 3.000 4.000 5.000 6.000 7.000 8.000 9.000 10.000 

2800.0 0.078 0.056 0.046 0.040 0.036 0.033 0.030 0.028 0.027 0.026 
2850.0 .093 .066 .055 .047 .043 .039 .036 .034 .032 .030 
2900.0 .108 .078 .064 .056 .050 .046 .042 .040 .038 .036 
2950.0 .126 .091 .075 .065 .059 .054 .050 .047 .044 .042 
3000.0 .146 .106 .087 .076 .068 .062 .058 .054 .051 .049 

3050.0 .168 .122 .101 .088 .079 .072 .067 .063 .059 .056 
3100.0 .191 .139 .115 .101 .091 .083 .077 .072 .068 .065 
3150.0 .217 .159 .132 .115 .104 .095 .088 .083 .078 .075 
3200.0 .244 .180 .150 .131 .118 .108 .101 .094 .089 .085 
3250.0 .274 .203 .169 .148 .134 .123 .114 .107 .101 .097 

3300.0 .305 .227 .190 .167 .151 .138 .129 .121 .115 .109 
3350.0 .337 .253 .212 .187 .169 .155 .145 .136 .129 .123 
3400.0 .348 .262 .220 .194 .175 .161 .150 .141 .134 .127 
3450.0 .406 .309 .261 .231 .209 .193 .180 .170 .161 .153 
3500.0 .441 .339 .288 .255 .232 .214 .200 .188 .178 .170 

3550.0 .477 .371 .315 .280 .255 .236 .220 .208 .197 .188 
3600.0 .514 .402 .344 .307 .279 .259 .242 .229 .217 .207 
3650.0 .549 .435 .374 .334 .305 .283 .265 .251 .238 .227 
3700.0 .585 .468 .404 .362 .332 .308 .289 .273 .260 .249 
3750.0 .619 .501 .435 .391 .359 .334 .314 .297 .283 .271 

3800.0 .652 .534 .466 .421 .387 .361 .340 .322 .307 .294 
3850.0 .684 .566 .498 .451 .416 .388 .366 .347 .332 .318 
3900.0 .714 .598 .529 .481 .445 .416 .393 .374 .357 .342 
3950.0 .742 .629 .560 .511 .474 .445 .420 .400 .383 .367 
4000.0 .768 .659 .590 .541 .503 .473 .448 .427 .409 .393 

4050.0 .792 .686 .620 .570 .532 .501 .476 .454 .436 .419 
4100.0 .815 .715 .648 .599 .561 .530 .504 .482 .462 .446 
4150.0 .835 .740 .676 .627 .589 .558 .531 .509 .489 .472 
4200.0 .853 .764 .702 .654 .616 .585 .559 .536 .516 .498 
4250.0 .869 .786 .727 .680 .643 .612 .586 .563 .543 .525 

4300.0 .884 .807 .750 .705 .669 .638 .612 .589 .569 .551 
4350.0 .897 .826 .772 .729 .693 .663 .637 .614 .594 .576 
4400.0 .909 .843 .792 .751 .717 .687 .662 .639 .619 .601 
4450.0 .919 .859 .811 .772 .739 .710 .686 .663 .644 .626 
4500.0 .928 .873 .829 .792 .760 .732 .708 .687 .667 .649 

4550.0 .936 .886 .845 .810 .780 .753 .730 .709 .690 .672 
4600.0 .944 .898 .859 .827 .798 .773 .750 .730 .711 .694 
4650.0 .950 .908 .873 .842 .815 .791 .769 .750 .732 .715 
4700.0 .955 .918 .885 .856 .831 .808 .788 .769 .751 .735 
4750.0 .960 .926 .896 .869 .846 .824 .804 .786 .770 .754 

4800.0 .964 .933 .906 .881 .859 .839 .820 .803 .787 .772 
4850.0 .968 .940 .915 .892 .871 .852 .835 .819 .803 .789 
4900.0 .972 .946 .923 .902 .883 .865 .848 .833 .819 .805 
4950.0 .975 .951 .930 .911 .893 .877 .861 .846 .833 .820 
5000.0 .977 .956 .937 .919 .903 .887 .873 .859 .846 .834 
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TABLE 9. The mole fraction of atomic hydrogen presented as a function of temperature and pressure- Continued 

Note: S ince the reference dissociution constant is given with pressure unit s of al mospheres we use atmospheres here. T o convert pressure 10 the S. I . system the following conversion is 
required : 

I aim. _ 0.101325 MN/ IIl ~. 

Pres ure (a lm) 
T e mp (K ) 

10.000 20.000 30.000 40.000 50.000 60.000 70.000 80.000 90.000 100.000 

3200.0 0.085 0.061 0.050 0.043 0.039 0.036 0.033 0.031 0.029 0.028 
3250.0 .097 .069 .057 .049 .044 .041 .038 .035 .033 .032 
3300.0 .109 .078 .065 .056 .050 .046 .043 .040 .038 .036 
3350.0 .123 .088 .073 .063 .057 .052 .048 .045 .043 .041 
3400.0 .127 .092 .076 .066 .059 .054 .050 .047 .044 .042 

3450.0 .153 .111 .092 .080 .072 .066 .061 .057 .054 .05] 
3500.0 .170 .124 .102 .089 .080 .073 .068 .064 .060 .057 
3550.0 .188 .137 .114 .099 .089 .082 .076 .071 .067 .064 
3600.0 .207 .152 .126 .110 .099 .091 .084 .079 .075 .07] 
3650.0 .227 .167 .139 .121 .109 .100 .093 .087 .083 .079 

3700.0 .249 .201 .153 .134 .120 .110 .103 .096 .091 .087 
3750.0 .271 .261 .167 .147 .132 .121 .113 .106 .100 .095 
3800.0 .294 .219 .183 .160 .145 .133 .124 .116 .110 .105 
3850.0 .3 18 .238 .199 .175 .158 .145 .135 .127 .120 .114 
3900.0 .342 .257 .216 .190 .172 .158 .147 .139 .131 .125 

3950.0 .367 .278 .234 .206 .186 .172 .160 .151 .1 43 .136 
4000.0 .393 .299 .252 .223 .202 .186 .173 .163 .]55 .147 
4050.0 .419 .321 .271 .240 .218 .201 .187 .176 .167 .159 
4100.0 .446 .343 .291 .258 .234 .216 .202 .190 .181 .172 
4150.0 .472 .366 .311 .276 .251 .232 .217 .205 .194 .185 

4200.0 .498 .389 .332 .295 .269 .249 .233 .220 .209 .199 
4250.0 .525 .412 .353 .315 .287 .266 .249 .235 .224 .213 
4300.0 .551 .436 .375 .335 .306 .284 .266 .251 .239 .228 
4350.0 .576 .460 .397 .355 .325 .302 .283 .268 .255 .243 
4400.0 .601 .484 .419 .376 .345 .320 .301 .285 .271 .259 

4450.0 .626 .508 .441 .397 .365 .339 .319 .302 .288 .275 
4500.0 .649 .531 .464 .418 .385 .359 .337 .320 .305 .292 
4550.0 .672 .554 .486 .440 .405 .378 .356 .338 .322 .309 
4600.0 .694 .577 .508 .461 .426 .398 .375 .356 .340 .326 
4650.0 .715 .600 .530 .482 .446 .418 .394 .375 .358 .344 

4700.0 .735 .622 .552 .504 .467 .438 .4]4 .394 .376 .361 
4750.0 .754 .643 .574 .525 .487 .458 .433 .412 .395 .379 
4800.0 .772 .664 .595 .546 .508 .478 .453 .431 .4]3 .397 
4850.0 .789 .684 .615 .566 .528 .497 .472 .451 .432 .416 
4900.0 .805 .703 .636 .586 .548 .517 .491 .470 .451 .434 

4950.0 .820 .721 .655 .606 .568 .537 .511 .489 .469 .452 
5000.0 .834 .739 .674 .626 .587 .556 .530 .507 .488 .471 
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TABLE 9. The mole fraction of atomic hydrogen presented as a function of temperature and pressure - Continued 

Note: Si nce the reference dissoc iation constant is given wilh pressure unit s of atmospheres we use atmospheres he re. To conve rt pressure 10 the S. I. system the following conver~ i oll is 
ft!q uired: 

I atm. = 0.101325 MN/ m'. 

Pressure (atm) 
T emp (K) 

100.000 110.000 120.000 130.000 140.000 150.000 160.000 170.000 180.000 190.000 

3750.0 0.095 0.091 0.087 0.084 0.081 0.079 0.076 0.074 0.072 0.070 
3800.0 .105 .100 .096 .092 .089 .086 .084 .081 .079 .077 
3850.0 .114 .109 .105 .101 .098 .095 .092 .089 .087 .084 
3900.0 .125 .119 .115 .110 .107 .103 .100 .097 .095 .092 
3950.0 .136 .130 .125 .120 .116 .112 .109 .106 .103 .101 

4000.0 .147 .141 .135 .131 .126 .122 .118 .115 .112 .109 
4050.0 .159 .153 .147 .141 .137 .132 .128 .125 .122 .118 
4100.0 .172 .165 .158 .153 .148 .143 .139 .135 .131 .128 
4150.0 .185 .178 .171 .165 .159 .154 .150 .146 .142 .138 
4200.0 .199 .191 .184 .177 .171 .166 .161 .157 .153 .149 

4250.0 .213 .205 .197 .190 .184 .178 .173 .168 .164 .160 
4300.0 .228 .219 .211 .203 .197 .191 .185 .180 .176 .172 
4350.0 .243 .234 .225 .217 .210 .204 .198 .193 .188 .184 
4400.0 .259 .249 .240 .232 .224 .217 .211 .206 .201 .196 
4450.0 .275 .264 .255 .246 .239 .232 .225 .219 .214 .209 

4500.0 .292 .281 .270 .261 .253 .246 .239 .233 .227 .222 
4550.0 .309 .297 .286 .277 .268 .261 .254 .247 .241 .236 
4600.0 .326 .314 .303 .293 .284 .276 .268 .262 .255 .250 
4650.0 .344 .331 .319 .309 .300 .291 .284 .277 .270 .264 
4700.0 .361 .348 .336 .326 .316 .307 .299 .292 .285 .279 

4750.0 .379 .366 .353 .342 .332 .323 .3 15 .307 .300 .293 
4800.0 .397 .383 .371 .359 .349 .340 .331 .323 .316 .309 
4850.0 .416 .401 .388 .376 .366 .356 .347 .339 .331 .324 
4900.0 .434 .419 .406 .394 .383 .373 .364 .355 .347 .340 
4950.0 .452 .437 .423 .411 .400 .390 .380 .372 .363 .356 

5000.0 .471 .455 .441 .429 .417 .407 .397 .388 .380 .372 
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TABLE 9. The moLe Jraction oj atomic hydrogen presented as a Junction oj temperature and pressure - Contin ued 

Note: S inee the rer('r(' n~ e dissocia tion constan t is given with pressure unit s of atmos pheres we use at mos f.'h e rcs here. To (,Ollv{'rt 1)I·t.':-.~lIrl' 10 Ihe . I. ~ys l e l1l th e folio" iug convers ion is 
required: . 

1 atm. :::; 0.10 1325 M NJrn~. 

Pressure (a tm) 
Temp (K) 

200.000 210.000 220.000 230.000 240.000 250.000 260.000 270.000 280.000 290.000 

3900.0 0.090 0.088 0.086 0.084 
3950.0 .098 .096 .094 .092 
4000.0 .107 .104 .102 .100 
4050.0 .116 .113 . .111 .108 
4JOO.0 .125 .122 .120 .ll7 

4150.0 .135 .132 .1 29 .127 
4200.0 .145 .142 .139 .136 
4250.0 .156 .153 .150 .147 
4300.0 .168 .164 .160 .157 
4350.0 .179 .175 .172 .168 

4400.0 .191 .187 .1 83 .180 
4450.0 .204 .200 .196 .192 
4500.0 .2 17 .212 .208 .204 
4550.0 .230 .226 .221 .217 
4600.0 .244 .239 .234 .230 

4650.0 .258 .253 .248 .243 
4700.0 .273 .267 .262 .257 
4750.0 .287 .282 .276 .271 
4800.0 .302 .296 .291 .285 
4850.0 .318 .311 .305 .300 

4900.0 .333 .327 .320 .315 
4950.0 .349 .342 .336 .330 
5000·9 · .364 .358 .351 .345 
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FIGURE 7. Th.e viscosity oj dissociating hydrogen at variolls pressures, 

W e place an error bar o n th e values tabulated of 
± 3 percent up to 2000 K for vi scosity and 4 percent 
for thermal conductivit y, a nd ± 10 percent on both 
coe ffi cients for the dissocia tin g mixture. 

7. Conclusion 

W e have co rrela ted the viscosity and therm al 
conductivity coeffi cie nts of normal a nd para hydrogen. 
W e hope we have reduced the considerable uncer· 
tainties and variations in data which exis ted in the 
literat ure until recently but clearly the s ituation is not 
very sati sfac tory. H owever, the state of the art is such 

0.083 0.081 0.079 0.078 0.077 0.D75 
.090 .088 .087 .085 .084 .082 
.098 .096 .094 .093 .091 .089 
.106 .104 .102 .100 .099 .097 
.115 .113 .111 .109 .107 .105 

.124 .122 .120 .117 .115 .114 

.134 .131 .129 .127 .124 .122 

.144 .141 .139 .136 .134 .1 32 

.154 .151 .149 .146 .144 .14,1 

.165 .162 .159 .156 .154 .151 

.176 .173 .170 .167 .164 .162 

.188 .185 .181 .178 .176 .173 

.200 .197 .193 .190 .187 .184 

.213 .209 .205 .202 .199 .196 

.226 .222 .218 .214 .211 .208 

.239 .235 .231 .227 .223 .220 

.252 .248 .244 .240 .236 .233 

.266 .262 .257 .253 .249 .245 

.280 .276 .271 .267 .263 .259 

.295 .290 .285 .28J .276 .272 

.309 .304 .299 .295 .290 .286 

.324 .319 .314 .309 .305 .300 

.339 .334 .329 .324 .319 .314 

that experime ntal meas ure me nts could be produced 
which would be superior to those ava ilable, both III 

extende d te mperature range and in accuracy. 
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