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USE OF T~~OC~E~~CAL ~ODELLING FOR THE ANALYSIS 
OF ENERGY EXTRACTION IN A GAS-CORE FISSION REACTOR 

W. BOERSMA-KLEIN and J. KISTEMAKER 

FOM Institute for Atomic and Molecular Physics, Krurslaan 407, 1098 SJ Amsterdam, The Netherlands 

H.N. STEIN 

Department of Chemical Technology, Technical University, Eindhoven, The Netherlands 

The chemical behaviour (dissociation and ionization processes) of the U-C-F-e system is analyzed in the temperature 
range of 2OGO to 10000 K and for pressures of 1 and 100 bar. Increasing the amount of fluorine in the system, decreases the 
temperature at which UF, condenses on the wall because of formation of UF,. At higher temperature UF, dissociates. At 
loo00 K the degree of ionization of uranium atoms is - 94 and 3% for pressures of 1 and 100 bar, respectively. A numericai 
equation of state, accounting for these dissociation and ionization processes is developed; it is given by PV-“(P.T) = 10h(P.T). 

The influence of the dissociative heat on the total specific heat values of the mixture is investigated. For temperatures of 
- 2800 K (1 bar) and - 3800 K (100 bars), where UF, and CF, dissociate, the specific heat increases by a factor of five. 

1. Introduction 

The principles of operation of a gas-core fission 
reactor (GCFR) using uranium fluoride as a fuel have 

been discussed previously [1,2]. The gaseous mixture of 
uranium and carbon fluorides is in ~u~ib~urn with a 
graphite wall at a temperature of 2000 K and a pressure 
of about 2.5 MPa. In the bulk of the reactor the 
temperature is about 10000 K. Such a GCFR based on 
an energy production of 25 MWth (28 kg U, 30% 
enriched) can be incorporated in a fuel cycle in which 
the heavy actinides are recirculated and the fission 
products are extracted continuously. Corrosion prob- 
lems in the fuel lines can be minimized by suitable 

adjustment of pressure, temperature and amount of 
fluorine [3]. Various possibilities of operation of gas-core 
fission reactors have been investigated previously in the 
USA [4] as well as in the USSR [5]. The main motiva- 
tion was the applicability of a nuclear plasma reactor 
for propulsion in space. 

In the USA the work was concentrated on: 
- evaluation of a few types of UF, fueled reactors [6] 

for 2500 MWth energy production and gas tempera- 

tures of 1200 K, very much resembling the HTGRs; 
- two types of pulsed reactors [7], fueled with UF, -+ He 

gas (90% 235U and most He gas). 
They calculated the output of a mechanical piston 

engine (1 Hz) and of a GCFR steered by rotating 

neutron absorber discs. Both machines should stay be- 
low 2000 K at pressures of about 5 MPa to avoid 
dissociation of UF,. The estimated output was about 5 

MW electric. The work done by this group was prim- 

arily neutronics and reactor physics. Hardly any chem- 
istry was done. Consideration of a gas-core fission 

reactor working at a high temperature of about 10000 
K, automatically involves the possibility of energy ex- 
traction by means of magneto-inductive conversion of 
heat into electricity. This requires a high electron con- 
centration. Consequently we investigated the degree of 
ionization of our U-C-F mixture. We also considered 
the possibility of increasing the electron concentration 
by means of addition of cesium. However, because of 

the high amount of free fluorine present in the mixture, 
F- ions are formed and the electron concentration is 
hardly increased up to 6000 K. 

In order to manipulate the gaseous mixture by means 
of a magnetic piston, as given in fig. 1, an equation of 
state and c,/c, values, corresponding to the dissociat- 
ing and ionizing UF,,-CF,,, mixture is required. A gen- 
eral equation of state for the pressure range of 1 to 100 
bars and cp/c, values (as derived from P-V relations) 

was given previously 181. In the present work we devel- 
oped the equation of state for narrower pressure ranges, 
so that cp - c, values can be calculated directly from it. 
All of the calculations were done on the basis of equi- 
librium compositions calculated with the computer pro- 

0022-3115/89/$03.50 0 Elsevier Science Publishers B.V. 
(North-Holland Physics Publishing Division) 



136 W. Boersma-Klein et al. / Use of thermochemical modellmg 

Current line 

Heatexchanger 
Gaseous UF4 
1 bar 
1700 K 

1500 K 1500 K 

Fig. 1. A GCFR diesel generator model. Size of the reactor chamber A is 2 or 3 m3. In highest compression the gas in the reactor has 

a pressure of the order of 100 bar at 10000 K. The magnetic piston should have a magnetic field of 5 T; magnetic energy per m3 is 

10 MJ. 

gram “SOLGASMIX”. We also estimated the ioniza- 
tion due to radioactivity. It hardly influences the 
chemical equilibria (see Appendix). 

2. Results of equilibrium calculations 

As stated in the introduction the increase in the 
electron concentrations by means of addition of cesium 

is retarded by the free fluorine present in the mixture. 
Therefore we investigated the possibilities of operation 
with various amounts of fluorine in the gaseous mix- 

ture. 

2.1, Fluorine potential 

We define as fluorine potential the number of moles 
of fluorine, divided by the number of moles of actinides 
present in the gaseous mixture. This definition should 
not be confused with the usually used definition for 

“oxygen potential” Go, = - RT In po,. If the hold-up 
consists of p moles of U and q moles of F, the fluorine 

potential FP will be given by the relation 

FP=q/p. 

However, inside the reactor, an equilibrium is estab- 
lished between the gaseous mixture and the graphite 
wall. Various uranium and carbon fluorine compounds 
are formed. This equilibrium composition is tempera- 
ture and pressure dependent. Moreover, it depends on 
the fluorine potential of the gaseous mixture, as will be 
discussed below, 

2.2. Equilibrium compositions 

2.2. I. Boundary gas layer 

Equilibrium compositions in the boundary gas layer 
were published previously [3]. In all of these calcula- 
tions we considered that the graphite wall is in equi- 
librium with the gaseous mixture which it contains. We 
found that for low fluorine potentials, i.e. FP = 4.0 to 

vole fraction 

Major components 

0.6 

L 5 6 
Fluorine potentiol 

Fig. 2. Equilibrium composition of the gaseous system U-C-F 
as a function of the fluorine potential (see section 2.1). T= 

2500 K: P = 25 bar. 
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Condensation 
2O5O Point K 
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I- 
1950. 

1900. 

1850- _\_ 

Fluorine potential 

Fig. 3. Condensation point of the UF, fraction as a function of 
the fluorine potential (see section 2.1). Total pressure: 25 bar. 

Accuracy of the calculation is 5 K (see p. 4). 

4.2 the gaseous mixture contains a mixture of lower 
valent C,,,F, compounds (m = 1, 2; n I 4). However, 
above a fluorine potential of about 4.6 the main compo- 
nent is CF,; small amounts of CF, and C,F, are 

present too. In fig. 2 we give the main components 
present in the equilibrium compositions as a function of 
the fluorine potential. 

Clearly, condensation of UF, is dependent on the 
fluorine potential of the gaseous mixture. We define as 
“condensation point” the temperature at which con- 

densation of the corresponding species begins. In order 
to find this temperature we calculated equilibrium com- 
positions in the temperature range of 2050-1850 K, at 

intervals of 5 K. In fig. 3 we give the condensation 
temperature of UF, as a function of the fluorine poten- 
tials. This condensation temperature is an important 
factor in establishing the wall temperature of the reac- 
tor. 

2.2.2. Bulk gas mixture 

In fig. 4 we give the equilibrium compositions of the 
gaseous mixture U-C-F-E inside the reactor, in the 
temperature range of 2000 to 10000 K, for pressures of 
1 and 100 bars, as they will be used for the development 
of the equation of state. The calculations were per- 
formed with the computer program “SOLGASMIX”. 
We included 49 gaseous species, which are given in 
table 1. In all of our calculations we considered a 

constant molar overall mean ratio F : U : C = 
4.568 : 0.800 : 0.202. This specific ratio corresponds with 

chemical equilibrium with a graphite wall at 2000 K, 25 
bars, which are the assumed operating conditions of our 

reactor. 

From these equilibrium calculations we find the total 
number of moles resulting from the dissociation and 
ionization of one mole of initial gas mixture, with the 

composition given above. They are given in fig. 5. It can 

be seen that the total number of moles increases espe- 
cially: 
- for 1 bar: between 2400 and 3000 K, where the 

dissociation of UF, and CF, takes 
place, and between 4000 and 6000 K, 
where UF, and lower valent uranium 
and carbon fluorides dissociate; 

_ for 100 bars: between 3000 and 4400 K, and be- 

tween 5500 and 8500 K, because of the 
same reasons. 

As shown in fig. 4a these dissociation processes result in 
a large amount of monoatomic fluorine gas. 

2.3. Degree of ionization 

Denoting by (UF,)init the number of uranium fluo- 
rine species n which are initially present in the system 
and by 

;: (W(T))+, 
n=O 

the number of positive uranium fluorine molecular-ions 
which are present in the system at a temperature T, we 
define the degree of ionization as the fraction of posi- 
tive ions formed. 

n=O ’ n 

In table 2 we give values of 5 for pressures of 1 and 100 
bars for temperatures of 4000 to 10000 K. The corre- 

Table 1 

Species included in the calculation of the equilibrium composi- 
tions of the gaseous system U-C-F-e ions 

C” n =l-7 CF,+ n = o-3 

F?l n=l,2 

CF, n=l-4 C; 

C,F, n =l-6 C-, C,, F- 

UF, n = Q-6 UF; n = O-5 

UC, UF,- n=l-6 

U,F,o e 
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Mole fraction 

60’00 80’00 10000 

Temperature K 

Mole froctlon 
UF 
L.2 P=l bar 

2obo 

Mole froctlon 

6000 8000 10000 
Temperature K 

P.100 bar 

U 
_J-__ 
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i 

0.0 6 - 
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I / 
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Fig. 4. (a) Equilibrium compositions of the gaseous system U-C-F-e ions. Major components. Number of moles available: F: U : C 

are 4.568 : 0.800 : 0.202. - P = 1 bar; - - - - - - P = 100 bar. (b) Equilibrium compositions of the gaseous system U-C-F-e ions. 

Main minor components. P = 10 bar. (c) Equilibrium compositions of the gaseous system U-C-F-e ions. Main minor components. 
P = 100 bar. 



No of 
moles rP=20 bar 

6000 BOO0 10000 
Temperature K 

Fig. 5. Total number of moles as a function of temperature. 
Parameter: pressure in bar. Number of molecules available: 

F : U : C = 4.568 : 0.800 : 0.202. 

sponding electron concentrations are given in table 3. 
From fig. 4b and 4c it can be seen that up to 8000 K (1 
bar) and up to temperatures above 10000 K (100 bar) 
the concentration of the free electrons is lower than the 
concentration of the positive ions. This is due to the 
formation of F- ions. For simplicity we did not present 
the F- concentration in fig. 4. 

Table 2 
Fraction of positive ions formed 

Z = 5 UF,(‘)‘/LV-JF~)~~i~ 
n-0 

Temperature Pressure 

WI 1 bar 

4000 9.O8X1O-4 
5000 4.59x10-2 
6000 0.275 
7ooO 0.485 

8000 0.728 

9000 0.876 

10000 0.943 

100 bar 

7.26~10-~ 
9.61 x 1o-4 
0.012 
0.059 

0.143 
0.235 
0.334 

Table 3 
Concentration of the free electrons in 102’ particles per m3 in 

the gaseous system U-C-F-e; fluorine potential 5.71 

Temperature Pressure 

W 1 bar 

4000 0.014 
5000 1.01 
6000 3.84 
7000 6.72 
8000 8.56 
9000 9.01 

10000 8.76 

100 bar 

0.29~10-~ 
0.16 
7.61 

55.82 
145.6 
230.8 
308.4 

2.4. Addition of cesium 

In order to increase the electron concentration, we 
tried to add some cesium, to see if this electron-donor 
could contribute to the density of the free electrons. 
Equilibrium compositions were calculated by adding to 
the U-C-F system the following additional species: 

Cs(s, 0, Cstg), CsF(s, 0, CsF(g), Cs,&), Cs,F,(g)> 
Cs”(g). However, up to 6000 K the free fluorine atoms 
bind practically all the electrons to form F- ions. De- 
creasing the fluorine potential from 5.71 to 4.00 in- 
creases the electron concentration by about 20%. Above 
6000 K the negative ions are thermally destroyed. Con- 
sequently, addition of a few percent of cesium has only 
a minor effect on the electron concentration in the 
boundary layer (see Discussion). This is shown in table 
4. From a technological point of view it is unlikely that 
higher concentrations of Cs will be used; it is better 
avoid it completely. 

Table 4 
Concentration of the charged particles in 10” particles per m3 
in the gaseous system U-C-F-Cs-e; total pressure 25 bars; 
fluorine potential 5.71 

Temperature 

(W 

2500 

6000 

Species 

X,UF,+ 
cs+ 
F- 
e 

Z,UF,+ 
cs+ 
F- 
E 

Cs concentration 

1 moI% 10 mol% 

0 < 0.0001 
0.029 0.09 
0.029 0.09 

< 0.001 0.0002 

13.1 6 
5.5 37 

10.0 24 
8.6 19 
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3. A numerical equation of state 

The total number of moles in fig. 5 reflects the 
degree of dissociation and ionization at various temper- 

atures and pressures. This total number of moles n(P, 

T) implies a volume V, to be calculated by 

PV=n(P, t)RT. (2) 

In fig. 6 we present a P-V diagram as calculated with 
“SOLGASMIX” for one mole of initial gas mixture 

with an overall molar ratio of F : U : C = 4.568 : 0.800 : 
0.202 In order to get a mathematical expression for the 

equation of state, we investigated the expression: 

log P=a log V’+b 

or 

(3) 

pv-4T’ - l()b’T’ - (4) 

P bar 

The coefficients a and b are temperature dependent. 
In order to find the numerical values of these coeffi- 
cients for every temperature, we have introduced 

numerical values of P and IJ (from fig. 6) into a “least 
square fit” computer program [9]. In a previous work [8] 
we used the P and V data in 20 pressure steps in the 

range of 1 to 100 bars. In that case the equation of state 

reproduced the input data from fig. 6 within 7%. How- 
ever, for the calculation of specific heat values (which 

will be discussed below) more accurate values of the 

coefficients a(T) and b(T) were required. We calcu- 
lated a and b in the temperature range of 2000 to 
10000 K, applying small temperature intervals of 200 K. 

For every temperature we considered pressures of 1, 20 

and 100 bars, with pressure ranges of 10% (i.e. 0.9-1.1, 
18-22, 90-110 bars), each range divided into 8 small 
steps. In this case reproducibility of the P-V data was 

within 0.5%. Values of the coefficients a and b for 
three pressures are given in fig. 7a and 7b. 

From a point of view of physical interpretation the 
coefficient “a” corresponds to the increase in pressure 
due to compression. For an ideal gas a = - 1. Because 
of recombination processes of dissociated molecules at 

higher pressures the increase in pressure is less: 1 a 1 < 1 
as can be seen from fig. 7a. With increasing pressure the 
extreme values of “a” shift to higher temperatures, 
corresponding to the dissociation processes given in fig. 
4 and 5. The coefficient “b” corresponds to the extrapo- 
lation of the straight line given by eq. (3). Actually, it is 

the logarithm of the pressure which would be exerted by 
the mixture if it expands from a volume V(P, T) to a 

volume of 1 m3 at the temperature T. Considering eq. 
(2) and the slope and intercept of the straight line given 
by eq. (3) values of a( P, T) and b(P, T) can be 
calculated according to the equations 

lad Pl/P2 > 
‘= hz[n(P,, T)P,/n(Pz, T)P,] ’ 

b= {log P2 log n(P,, T) -log P, log n(P2, T) 

+(log RT)Qog Pu’P,)}{log[~(P,~ T) 

h(f’,> T)] +log Wf’,}-‘3 

(5a) 

1 i j i 5 Vn? 

Fig. 6. A P-V diagram for the gaseous system U-C-F-e ions 

for a given quantity of material and taking into account 
dissociation and ionization. Number of molecules available: 

F : U : C = 4.568 : 0.800 : 0.202. 

where P, and P2 are two close marges of P (i.e. 0.9OP 

and l.lP). They are chosen arbitrarily and depend on 
the accuracy and the range of applicability required: the 
values of n(P,, T) and n(P2, T) can be found from 
two corresponding equilibrium calculations. 
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Fig. 7. (a) The coefficient “a” of eq. (3) as a function of temperature. (b) The coefficient “6” of eq. (3) as a function of temperature. 
o = calculated points with “SOLGASMIX”, i.e. log P calculated for V(T) = 1 m3. 

For constant “n” the value of b reduces to 

b = log nRT. (6) 

4. Specific heats of the system U-C-F-8 

We denote by: 
cP = the molar specific heat of the gaseous mixture at a 

pressure P and temperature T, 

c, = the molar specific heat of the gaseous mixture at a 
volume V and temperature T. 

In order to calculate the ratio cP/c, we have to: 
(1) calculate the mean values of cP for the gaseous 

mixture, corresponding to the various equilibrium 
compositions; 

(2) calculate the difference cP - c,. 

4.1. Specific heats 

The specific heats of our dissociating gas mixture 
can be calculated from the equilibrium compositions 
and the individual molar enthalpies of each species i, 

according to the relation 

c,(R T) 

it “i(P, Tx)K(Tz) - 5 “;(P, T,)H,(T,) 
i=l 

where 

>, 

= number of moles of species i, 

= molar enthalpy of species i, 

H,,(P) = [n,,,(P9 TA + n,,,(P, TN2. 
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Values obtained for pressures of 1, 25 and 100 bars are 

given in fig. 8. We give the total specific heat, as 

calculated by eq. (7) and the mean molar specific heat 
calculated from the mole fractions and the cb values of 

the individual species [i.e. i = 1.49 (see table l)]. Clearly. 
the differences are due to the dissociation processes 

involved. 

4.2. Calculation of cp - c,. values 

Values of the difference c,, - c, can be calculated 

according to the relation [lo] 

1 
c -c = ~TVa2,‘P, 

P ” 
n(P, T) 

where (Y is the isobaric expansion coefficient, given by 

(9) 

and p is the isothermal compressibility coefficient given 

by 

p= -ggl- (10) 

Considering eq. (4) for our system one obtains 

(Y= -am2(ln P-b In 10)gT -a-’ In 10gT (11) 

and 

p = -a-‘p-‘, (12) 

The values of da/dT and d b/dT are calculated for 
temperature intervals of 200 K at the mean pressure of 
1 and 100 bar. In fig. 9 we give values of cP - c, as 
calculated by eqs. (8) (11) and (12). For purposes of 
comparison we also give values calculated by the rela- 

tionship: 

T(aV/aT)Z, 

cp-cv= - n(P, T)(i3V/aP),’ 
(13) 

5. Discussion and conclusions 

5.1. Influence of dissociation and ionization on energy 
extraction 

The concentration of the free electrons as obtained 
for temperatures above 6000-7000 K is suitable for the 
manipulation of the plasma by means of a magnetic 
piston as given in fig. 1 [ll]. Nevertheless, the “cool” 
gas layer between the wall and the position where 6000 
K is reached will act as a leak for the magnetic piston. 

600 I 
c,andE, - 
J/mole K - I? 

;I 
LOO- , ; 

-‘I 
’ I 

-I I 
200-; : 

._ 

P: 1 bar 

2000 1000 6000 8000 10 

c,ond Z, 

P=25 bar 

011 I 1 I ’ 

2000 Loo0 6000 8000 10 

LOO 
c,and Cp_ ,/--I P=lOO bor 

: 
\ 
‘\ 

0 100 

I ;ooo I r T ’ I ’ 

4000 6000 8000 10000 
Temperature K 

Fig. 8. Total molar specific heat cP and mean molar specific 

heat T, of the gaseous system U-C-F-E ions as a function of 

temperature. The difference between both curves, for each 

temperature, is called the “residual” or “excess” contribution. 

There the electron concentration is too low. The size of 
this leak depends on the temperature profile in the 
reactor. Van Dam and Hoogenboom calculated the 
temperature profile neglecting the dissociation and ioni- 
zation processes [12]. However, because of these 
processes the composition of the gas-mixture as a func- 
tion of the distance to the wall change [2]. This causes a 
decrease in the temperature gradient near the wall, and 
a decrease of the temperature maximum in the bulk of 
the gas. Details will be published in the near future. 
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Fig. 9. Values of cP - c, calculated by eqs. (8)-(12) as a 
function of temperature, for the pressures of 1 and 100 bar. 
o = values calculated according to 

qav/aq2, 
cp - c, = - 

n(P, 7-)(aviap), 

5.2. The equation of state 

The deviations of the coefficients “a” and “b” from 
the values corresponding to an ideal gas mixture are due 

to the dissociation processes involved. Their pressure 
and temperature dependence is given in fig. 7. More- 
over, they will be dependent on the chemical composi- 
tion of the mixture, i.e. its fluorine potential. As we 
were primarily interested in the thermodynamic be- 
haviour of our original gas mixture considered as fuel 

for the reactor, we did not investigate other composi- 
tions. 

A “normalization” procedure for the value of “b” 
corresponding to an initial number of moles “m”, dif- 
ferent from unity is given in ref. [8]. A new value of b’ 
is calculated by 

b’=b-a log m. (14) 

In order to analyze the thermodynamic performance of 
a pumped gas-core reactor, one has to calculate a (P, 

V) loop integral, based on the first law of thermody- 
namics 

Q=#dU+$PdV, (15) 

where: Q = Qnuclear - QloSS. Because of the complexity 

of our equation of state (resulting from the dissociation 

processes) one has to calculate this integral by using 
values of “a” and “b” for short intervals of tempera- 
ture and pressure, i.e. a step by step calculation has to 

be used. The values of en/c, are given in ref. [8]. They 
are from - 1.1 at 2000 K to - 1.4-1.5 at temperatures 
above 8000 K, depending on the pressure considered. 

Appendix. Ionization due to nuclear reactions in a GCFR 

Schematized the physical situation is as follows: 
- a nuclear-critical system with a stationary energy 

production of 50 MWth in a volume of 10 m3, with 
20 m2 wall area; 

- the mean working pressure be 65 bar, and the tem- 

perature of the bulk of the gas 10000 K, 
- the top layer of the graphite wall is at 1800 K with a 

temperature gradient in front of it of 3 X lo6 K/m. 

We want to discuss radiative ionization in the bulk and 
near the wall. The bounding gas layer is assumed to 
have a mean gas temperature of 3500 K, with a size of a 
few millimeters. 

- The mean particle density near the wall is 15 X 1019 
cm-3 (22 mg/cm3) and in the bulk 5 X 1019 cme3 (4 

mg/cm3). Due to the temperature difference, dissocia- 
tion and ionization, the density of U-nuclei is 25 times 
larger near the wall than in the bulk. Therefore also the 
energy production per cm3 in the bulk is 5 J/cm3 s but 
125 J/cm3 s near the wall. 

- The mean stopping power for fission products 
between 100 and 10 MeV, if passing through fluorine 
gas is about 37 MeV/mg cm2 [13]. This gives a track- 
length of 0.7 cm in the bulk and 0.1 cm near the wall. 
Each fission event produces 3.2 x lo-” J. 

_ If charged particles at high velocity pass through a 
gas the Coulombic (electronic) stopping process creates 
one ion pair per 30 eV energy loss [14]. Therefore each 
fission track has 3 X lo6 ion pairs. The production of ion 
pairs in the bulk is 9 x 10”/cm3 s but near the wall 
200 X 10”/cm3 s. 

_ The loss of ion pairs is mainly due to recombina- 
tion according to the chemical rate equation 

dn+/dt = -n+n-u,fi,,,erm, 
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where n+ and n- are the ion densities (n+ = n- = n i), 
a,, is the cross section for recombination in cm’/ion, 

and ‘%herm is the mean thermal speed of the fastest 

particle. 

Bulk losses 

Loss processes at 10000 K are due to recombination 
of free electrons with positive atomic ions. Such cross 

sections are always of the order of 10-l’ cm2/ion. The 
mean thermal speed of the electrons at 10000 K is 

6 x lO’cm/s. 

In the stationary state we have 
ion production = ion loss: 

9 x 10” = nf x 10-l’ X 6 X 10’ -+ n, = 4 X 1Ol3 cme3, 

which corresponds to a degree of ionization due to 

radiation of (n Jn neu,ral ) = 10P6. As the thermal degree 
of ionization is about 10-l this means that in the bulk 

of the GCFR, at 10000 K, radiative ionization can be 

neglected. 

Losses in the boundary gas-layer 

At 3500 K; 65 bar, the concentration of free elec- 
trons is negligible in a gas mixture of uranium- and 
carbon fluorides (electronegative gases). Recombinative 

loss processes take place between heavy molecular ions 

( %c i= lo-l5 cm2/ion). The ion transport can be kinetic 

(ii th_ = 10’ cm/s), or diffusive (V = 10-l cm/s). In 
the first case we find n i = 4 X 1014 cmm3, and in the last 
case ni = 4 X 10” cms3, which is an upper limit. In 

comparison with the thermal equilibrium ion concentra- 
tion, which is of the order of 1015 cmm3, diffusive 
recombination in the dense and “cool” wall layer shows 
a dominating influence of radiation (factor 100 more 
ions). But the importance for magneto hydrodynamic 

processes is negligible. The concentration of free elec- 
trons is negligible and therefore the electronic conduc- 
tivity of the boundary gas layer is very low. 
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