
TRANSFER COEFFrCIENTS OF DISSOCIATED HYDROGEN 
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The r e s u l t s  of a calculat ion re la t ing  to the v i scos i ty  and t he rma l  conductivity of hydrogen 
at  p r e s s u r e s  of 1-1000 b a r s  and t e m p e r a t u r e s  of 2000-10,000~s a re  p resen ted .  

At p r e s s u r e s  of 10-103 b a r s  and t e m p e r a t u r e s  of 2000-10,000~K, and a lso  at a p r e s s u r e  of 1 bar  and 
t e m p e r a t u r e s  of 2000-8000~ hardly  any ionization occurs  in hydrogen [1]. However ,  d issocia t ion occurs  
ve ry  cons iderab ly  over  the same  range  of t e m p e r a t u r e  and p r e s s u r e .  

In this paper  we shall calculate  the v iscos i ty ,  t he rma l  conductivity,  and diffusion coefficient  of d i s -  
soeiated hydrogen over  the range  in quest ion.  

The r e s u l t s  of s i m i l a r  calculat ions (without allowing for  ionization) were  presented  ea r l i e r  for lower  
p r e s s u r e s  [2]. 

A r e f e r e n c e  book on the the rma l  conductivity of gases  and liquids [3] gives an ana lys i s  of e x p e r i m e n -  
tal  invest igat ions  into the t he rm a l  conductivity of hydrogen at  high p r e s s u r e s ;  at 600~ aceord ing to  this 
book, the t he rm a l  conductivity of hydrogen changes by only 6% on ra i s ing  the p r e s s u r e  f rom 1 to 600 b a r s ,  
the effect  of the r ea l  nature  of the gas (its non[deal p roper t i e s )  on the the rma l  conductivity diminishing 
with inc reas ing  t e m p e r a t u r e .  
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Fig.  1. Viscos i ty  (N �9 s e e / m  2) of d issocia ted  
hydrogen:  1) 1bar ;  2) 10; 3) 102; 4) 2 �9 102; 5) 
103 b a r s . T ,  OK. 
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TABLE 1. 
Dissociated Hydrogen 

Molar Proportion x 2 of the Molecular Component for 

T.K 
100 200 300 400 600 800 I000 

0,9998 
0,9994 
0,9984 
0,9962 
0,9918 
0,9843 
0,9722 
0,9541 
0,9288 
0,8950 
0,8524 
0,8007 
0,740~ 
0;674~ 
0,603t 
0,530~ 
0,4587 
0,3905 
0,328C 
0,2725 
0,2245 
0,1842 
0,1507 
0,1232 
0,101O 
0,08310] 
0,06869 1 
0,05712 / 
0,04777 
0,04019 I 
0,03404 / 
0.02902 / 
0102488 / 
0,02147 [ 
0,01863 I 
0,01626 I 
0,01426 I 
0,01257[ 
0,01114 [ 
0,00991 
0,008854 

0,9998 
0,9996 
0,9988 
0,9972 
0,9942 
0,9889 
0,9802 
0,9673 
0,9489 
0,9246 
0,8930 
0,8543 
0,8083 
0,7556 
0,6978 
0,6360 
0,5721 
0,5080 
0,4456 
0,3866 
0,3323 
0.2839 
0,2408 
0,2035 
0,1715 
0,1446 
9,1221 
9.1033 
9,08770 
3,07471 
3,06393 
),05498 
3,04749 
),04123 
),03597 
3,03152 
),02775 
),02454 
),02180 
3,01944 
),01740 

0,9999 
0,9996 
0,9990 
0,9978 
0,9952 
0,9908 
0,9837 
0,9732 
0,9581 
0,9378 
0,9117 
0,8790 
0,8403 
0,7952 
0,7447 
0,6900 
0,6323 
0,5728 
0,5135 
0,4557 
0,4OO8 
0,3504 
0,3038 
0,2620 
0,2251 
0,1931 
0,1655 
0,1419 
0,1219 
3,1049 
3,09053 
),07843 
),06817 
),05950 
),05215 
),04588 
),04053 
),03596 
),03202 
),02862 
),02567 

P, bars 

0,9999 
0.9998 
0,9994 
0,9984 
0,9966 
0,9934 
0,9885 
0,9808 
0,9701 
0.9554 
0;9363 
0,9124 
0,8836 
0,8498 
0,8109 
0,7680 
0,7213 
0,6718 
0,6206 
0,5688 
0,5172 
0,4687 
0,4207 
0,3753 
0,3333 
0,2949 
0,2601 
0,2291 
0,2015 
0,1772 
0,1559 
0,1374 
0,1212 
0,1072 
0,09507 
0,08449 
0,07530 
0,06731 
0,06034 
0,05426 
0,04891 

0,9999 
0,9998 
0,9994 
0,9986 
0,9970 
0,9944 
0,9899 
0,9833 
0,9739 
0,9612 
0,9444 
0,9236 
0,8981 
0,8681 
0,8337 
0,7950 
0,7528 
0,7078 
0,6604 
0,6119 
0,5630 
0,5169 
0,4698 
0,4246 
0,3819 
0,3422 
0,3056 
0,2722 
0,2421 
0,2150 
0,1910 
0,1697 
0,1509 
0,1344 
0,1199 
0,1071 
0,09596 
0,08616 
0,07754 
0,06996 
0,06327 

2000 
22OO 
2400 
2600 
2800 
3OOO 
3200 
3400 
3600 
3800 
4000 
4200 
44OO 
460O 
4800 
5OOO 
52OO 
54OO 
5600 
580O 
6000 
6200 
6400 
6600 
68O0 
7000 
7200 
74OO 
7600 
7800 
8000 
8200 
8400 
8600 
8800 
9000 
9200 
9400 
9600 
9800 

10000 

0,9999 
0,9998 
0,9994 
0i9988 
0,9974 
0,9948 
0,9910 
0,9851 
0,9765 
0,9650 
0,9501 
0,9311 
0,9080 
0,8809 
0,8495 
0,8141 
0,7753 
0,7334 
0,6892 
0,6434 
0,5968 
0,5530 
0,5072 
0,4628 
0,4202 
0,3800 
0,3424 
0,3078 
0,2761 
0,2472 
0,2212 
0,1980 
0,1772 
0,1587 
0,1423 
0,1278 
0,1150 
0,1036 
0,09358 
0,08470 
0,07681 

The thermal conductivity of hydrogen was also considered in [4] up to a pressure of 800 bars.  Analy- 
sis of the latter experimental data, together with all the preceding results,  using the method of [3] and ex-  
trapolating the relationship between the excess thermal conductivity of hydrogen and its density obtained 
from the experimental points in the high-temperature direction shows that at 1600~K, for example, the 
thermal conductivity of hydrogen changes by only 3~ on raising the pressure from 1 to 1000 bars.  

We may conclude from these data that at T > 2000~K the transfer properties of dissociated hydrogen 
may be calculated up to pressures of 103 bars by simply using the theory of transfer phenomena developed 
for mixktres of reacting ideal gases .  The basic relationships of this theory were given in [5]. 

The mutual diffusion coefficient of gases 1 and 2 is (to a first approximation) independent of concen- 
tration and is determined by the equation 

~1 ~ t ~ ~  
~ t 3 ' ' '  

f 

F i g .  2. Thermal conductivity (W/m - deg) of dissoci -  
ated hydrogen: 1) 1 bar; 2) 10; 3) 102; 4) 3 �9 102; 5) 
6 �9 102; 6) 103 b a r s . T ,  OK. 
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TABLE 4. Thermal Conductivity X(W/m'deg) of Dissociated Hydro- 
gen 

p,  b a r s  
T , K  

I I0 300 400 600 

0,905 
1,19 
1,75 
2,75 
4,42 
6,87 

10,0 
13,4 
16,0 
16,7 
15,1 
12,0 
8,85 
6,39 
4,71 
3,66 
3,02 
2,64 
2,42 
2,30 
2,24 
2,22 
2,23 
2,25 
2,29 
2,33 
2,38 
2,43 
2,48 
2,54 
2,59 

2OOO 
2200 
2400 
26OO 
28OO 
3O0O 
~O0 
34O0 
360O 
38OO 
40O0 
42O0 
4400 
46OO 
48O0 
5OOO 
52O0 
5400 
5600 5800 
6000 
~O0 
~00 
66O0 
~00 
7000 
~00 
74O0 
76O0 
78~ 
8000 
8200 
8400 
8600 
8800 
9000 
~00 
9400 
96~ 
98OO 

1~00 

0,839 
0,983 
1,21 
1,60 
2,20 
3,11 
4,40 
6,07 
8,08 

10,3 
12,3 
13,9 
14,6 
14.2 
13,0 
11,2 
9,30 
7,60 
6,21 
5,16 
4,38 
3,83 
3.45 
3,18 
3,01 
2,89 
2,82 
2,78 
2,76 
2,77 
2,78 
2,80 
2,84 
2,88 
2,92 
2,97 
3,02 
3,07 
3,12 
3,18 
3,23 

100 200 

0,816 
0,904 
1,02 
1,17 
1,36 
1,63 
1,99 
2,46 
3,06 
3,77 
4,61 
5,57 
6,60 
7,68 
8,73 
9,70 

10,5 
11,1 
l1,5 
l1,6 
11,5 
11,1 
10,5 
9,84 
9,11 
8,37 
7,67 
7,03 
6,47 
5,97 
5,56 
5,20 
4,91 
4,67 
4;48 
4,33 
4,20 
4,11 
4,04 
3,98 
3,95 

0,804 0,80~ 0,804 
0,904 0,89' ,  0,893 
1,01 1,00 0,992 
1,14 1,13 1,11 
1,32 1,30 1,26 
1,56 1,51 1,46 
1,87 1,79 1,70 
2,27 2,15 2,01 
2,77 2,60 2,39 
3,38 3,14 2,86 
4,09 3,78 3,41 
4,92 4~52 4,04 
5,81 5,33 4,74 
6,77 6,20 5,49 
7,74 7, 10 6,29 
8,68 7,99 7,10 
9,54 8,84 7,89 

10,3 9,59 8,65 
10,8 0,2 9,33 
11,2 [0,7 9,90 
ll,3 1,0 10,3 
11,2 :1,1 10,6 
10,9 ,1,0 10,8 
10,5 [0,8 10,8 
9,97 0,4 10,6 
9,36 9,90 10,4 
8,73 9,36 10,0 
8,10 8,80 9,58 
7,51 8.23 9,12 
6,97 7,69 8,64 
6,48 7,19 8,16 
6,06 6,73 7,70 
5,69 6,32 7,27 
5,38 5,97 6,87 
5,12 5,66 6,52 
4,90 5,39 6,20 
4,72 "5,17 5,92 
4,57 4,98 5,68 
4,45 4,82 5,47 
4,35 4,69 5,29 
4,28 4,59 5,17 

T3 M.t + I142 

800 10O0 

0,804 
0,893. 
0,992 
1,10 
1,23 
1,41 
1,61 
1,87 
2,19 
2,58 
3,02 
3,54 
4,12. 
4,75 
5,42 
6,13. 
6,83 
7,53 
8,19 
8,8(> 
9,29 
9,73 

10,1 
10,3 
10,4 
10,4 
10,3 
10,1 
9,83. 
9,51 
9,15 
8,77 
8,40 
8,02 
7,66 
7,32 
7,00 
6,71 
6,45 
6,21 
6,00 

2.6628 2M,M~ 10-' s -~  ' (1) 
Da2 = _ ~0,0  

/u ~ 1 2  

w h e r e  M 1 and M 2 a r e  the m o ! e c u l a r  we igh t s  of c o m p o n e n t s  1 and 2, T i s  the  t e m p e r a t u r e  in ~ p i s  the  
to ta l  p r e s s u r e  i n b a r s ,  ~2~12 , t) i s  the d i f fus ion  c o l l i s i o n  i n t e g r a l , i n  .~2. The  s e l f - d i f f u s i o n  c o e f f i c i e n t  i s  a l s o  
def ined  by  E q .  (1), a l l owing  fo r  the  f ac t  tha t  the  c o m p o n e n t s  a r e  i d e n t i c a l .  

The v i s c o s i t y  of the  l~inary m i x t u r e  m a y  be c a l c u l a t e d  f r o m  

[ x~ _~ x~ 2x~xfl~, ] / [  H~ ] 

qmix----- /-111 H22 HUH22 I . HnH~.. ' (2) 

~t~=-~(+ Ms+M~ " ~  1+ ~ , 

w h e r e  

2xlx ~ RT Ii 3 A~] 
H~2 = M s + Mo pDl~ -5 " 

ti22 m a y  be  d e r i v e d  f r o m  H n b y  a change  of i n d i c e s ;  A~*2 i s  a func t ion  of the  c o l l i s i o n  i n t e g r a l s ;  ~1,772 a r e  
the  v i s c o s i t i e s  of a t o m i c  and m o l e c u l a r  h y d r o g e n ;  D12 i s  the  f i r s t  a p p r o x i m a t i o n  to  the  m u t u a l  d i f fus ion  c o e f -  
f i c i e n t  of HI and t-] 2 a t  the  p r e s s u r e  in  q u e s t i o n .  

The q u a n t i t i e s  ~/i and 7/2 a r e  d e t e r m i n e d  f r o m  

2.6693 VM-I T .10-~ ( ~ )  (3) 
]]i ~ :' 

(2,2) i s  the  c o l l i s i o n  i n t e g r a l  in ~2. w h e r e  ~2ii 
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TABLE 5. Maximum Values of the Thermal  Conductivity Xma x 
{W/m �9 deg) of Dissocia ted  Hydrogen 

p, bars I ,o [ 2.I0 2 3,10 2 4-10e 6-10 2 8-10 a IO a 

T,K 

~'Illax 

3760 i 

16,7 t 

10 l0 2 

4420 5400 

14,7 12,2 
5800 

11,6 

6000 6200 

11,3 I1,1 

6500 

10,9 

6708 

10,6 

6900 

10,5 

The the rma l  conductivity in d issocia ted  gas m ix tu r e s  may  conveniently be exp re s sed  as  the sum of 
three  components~ 

~mix = }'mix-C- Ain, mix-}-Xrmix (4) 

In this exp res s ion  Xm[ x ~  is the component  of the t he rma l  conductivity of the gas  mix ture  solely due to the 
p r o g r e s s i v e  motion of the a toms  and molecules ,  i . e . ,  it is he re  a s sumed  that the mixture  cons is t s  of dif-  
f e ren t  mona tomic  gases ;  k in .mix  is  the component  due s imply  to the p resence  of internal  deg rees  of f r e e -  
dom (vibrational and rotat ional)  in the molecules ;  ~ rmix  is the component  of the t he rma l  conductivity of 
the mix tu re  which allows for  heat  t r an s f e r  due to the dissocia t ion reac t ion .  

Let  us  consider  each of the components  individually.  

For  a mix ture  consis t ing of two monatomic  components  the express ion  for  the the rma l  conductivity 
of the gases  based on the s t r i c t  kinetic theory  takes  the form 

XOmtx=__4[ x~ x~ 2&x~L,~ J / [  
-~- L~ 2 LnL~ 2 1 

where 

LuL~ 2 ' 

4x~ 16 xt& T [ 1 5  M~ 
L n 

X ~ 25 (M,+M2) ~ pD12 

Ln = 1_66. xI&M1M 2 T - - 3 B * - - 4 A ~  , 
25 (M 1 -~- M2) 2 pD1. " 

~  L22 is obtained f r o m  Lit by a change of indices;  A~' 2 and ]3~2 a re  functions of the col l is ion integrals ;  X i 
the f i r s t  approximat ion  to the t he rma l  conductivity of component  i, if this is r ega rded  as  a mona tomic  gas .  

The value of k~ is calculated by means  of the equation 

~0 15 R 
= - -  !1i , 

4 g i ( 6 )  

where  TliiS the v i scos i ty  of the pure  gas i .  

The component  k i n .m i x  of the t he rma l  conductivity of d issocia ted  hydrogen (solely due to the p resence  
of in ternal  deg rees  of f reedom) is 

pD22 ( CR2---~ R) 
;~in.rnix = 

RT ( I + xl D2~ ) (7) 
& D~, 

Equation (7) is valid on a s suming  that  at  eve ry  point of the mix tu re  the composi t ion  is  in equi l ibr ium 
with the t e m p e r a t u r e ,  i . e . ,  local chemica l  equi l ibr ium is mainta ined.  

The component  of the t he rma l  conductivity due to the occur rence  of the reac t ion  H~ ~ 2 H  t takes  the 
fo rm 

PD~2(AH)~ [ && ] 
)V'mtx= R2TS (x 2 -~- 1) ~ ; 

where  AH is the heat  of the reac t ion  at  constant  p r e s s u r e ,  r e f e r r e d  to 1 mo le .  

(8) 
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For  an ideal gas Att is independent of p r e s s u r e  

AH 2(H ~ 1 7 6  ~ 0 . o = - -  Ho)~ -~ Do. 

He re  the upper  index 0 means  that the reac t ion  under considera t ion  is taking place at  p = l  bar ;  D~ is  the 
hydrogen dissocia t ion energy;  (H ~ --Hg) i is the difference between the enthalpie s of an ideal gas  for  a p r e s -  
sure  of 1 ba r  at the cur ren t  t e m p e r a t u r e  T and at  z e ro  t e m p e r a t u r e  T =0~ re spec t ive ly ,  for  the compo-  
nent i .  

We see f r o m  the re la t ionships  p resen ted  that the v i scos i t i e s  and t h e r m a l  conductivi t ies  of the gas 
m i x t u r e s  depend on their  composi t ion;  hence,  when calculat ing the t r a n s f e r  coeff icients  in the region of hy-  
drogen dissocia t ion,  al lowance mus t  be made for  the influence of the r e a l  na ture  of the gas on the compos i -  
tion of the reac t ing  mix tu re .  

Data regard ing  the composi t ion of dissocia ted hydrogen (with due allowance for i ts  r ea l  nature) up to 
6000~K were  presented  in [1]. Fo r  T > 6000~ we calculated the composi t ion on the bas i s  of a reac t ing  m i x -  
ture  of ideal gases ,  since the influence of the r ea l  nature  of the gases  on the composi t ion is  negligibly slight 
at  these  high t e m p e r a t u r e s .  Table 1 gives the m o l a r  propor t ion  of the molecu la r  component  H 2 of the m i x -  
ture  used in the p resen t  invest igat ion.  Thus the t r an s f e r  coeff icients  of d issocia ted  hydrogen were  ca lcu la -  
ted on the bas i s  of the s t r i c t  kinetic theory  of t r a n s f e r  phenomena for  mLxtures of ideal gases ,  but allowing 
for  the influence of the r ea l  na ture  of the gas  on the composi t ion of the mix tu re .  

The accu ra cy  of the calculat ions presented  below may  be es t imated  at  10%, but close tothe sharp  t h e r -  
mal -conduct iv i ty  max ima ,  20%, these  e r r o r s  being mainly  due to the fact  that the potential  functions used 
for the interact ion of the a toms  and molecu les  (H 1 --H2) a r e  insufficiently accu ra t e .  

The r e su l t s  of our calculat ions for  the self-diffusion coeff icients  o[ the a tomic  component  (Dtl) and 
the molecu la r  component  (D22), as  well as  the mutual  diffusion of the a tomic  and molecu la r  components  of 
the mix tu re  (D12) at a p r e s s u r e  of 1 b a r ,  a r e  presented  in Table 2. 

The v i scos i t i e s  and t he rm a l  conductivi t ies for  var ious  p r e s s u r e s  f r o m  1 to 1000 b a r s  a r e  shown in 
Tables  3 and 4 and F igs .  1 and 2. Table 5 gives the m a x i m u m  values  ) 'max of the t he rma l  conductivity 
for  cor responding  t e m p e r a t u r e s  and p r e s s u r e s .  

In the p re sen t  investigation we a lso  calculated the t r an s f e r  coeff icients  without allowing for the effect  
of the r ea l  na ture  of the gases  on the composi t ion of the d issocia ted  hydrogen.  On compar ing  the r e su l t s  
of calculat ions based on the two pr inc ip les  we found that allowing for  the effect  of the r ea l  na ture  of the c o m -  
ponents on the composi t ion of the mix tu re  of reac t ing  hydrogen a t  p r e s s u r e s  of 100-1000 b a r s  reduced the 
t he rma l  conductivity by up to 4%, while the v i scos i ty  d i sc repancy  was fa r  s m a l l e r .  

1. 

2. 
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