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S T E L L I N G E N

1. Fast en V errijp  m e ten  de inwendige dem ping van  lic h t gedeform eerde ijzerdra­
den. Voor een  tem peratuur •< 240°K nem en ze een  toenam e van  de dem ping a ls
functie  v an  de tijd  waar; voor een  tem peratuur .>  240°K w ordt een  afnam e g e ­
vonden. Deze beide verschijnselen worden aan  verschillende m echanism en to e ­
geschreven. Er zijn goede redenen  te  veronderstellen  d a t h ier, op zijn m inst g e ­
d ee lte lijk  slechts één  m echanism e werkzaam is.

J. D. Fast en M. B. V errijp , Philips Res. Repts. H5J1961) 51.
M. E. H erm ant, Proefschrift Univ. A m sterdam  (1966).

3
2. Bij de aanslag van  h e t 3 D niveau  van helium  door elektronen wordt als be lan g ­

rijk  secondair proces de botsing tussen reeds aangeslagen helium  atom en en h e ­
lium  deeltjes in  de grondtoestand verm eld . Behalve d it secondair proces m oet
ook beschouwd worden de d irec te  aanslag van de n F toestand door elektronen.
Deze toestand g aa t na cascade in  3^D over.

C. C. Lin en  R.G.  Fowler, Annals of Physics, 15 (1961) 461.
R . M .  St. John, F.L.  M iller en C .C .  Lin, Phys. Rev. 134 (1964) A888.

3. Tegen de conclusie d ie  Popov trek t u it zijn experim ent w aarin  een  elek tronen­
bundel m e t zeer sterke elektrische velden  wordt gem oduleerd kunnen bezwaren
worden aangevoerd.

A. T. Popov, Sov. Phys. -  Techn. Phys. _8_ (1964) 625.

4. Bij de bepaling  van  diffusi e coëffic iën ten  volgens de gas-chrom atografische m e ­
thode van  Giddings en Seager wordt dé p iekbreed te v an  een als deltavorm ige
verstoring ingébrachte tw eede com ponent op een  bepaald  tijdstip  gem eten. H et
h eeft zin deze m ethode te  m odificeren  door de stroombuis te  slu iten  en de hoog­
te  v an  de p ieken  te  m eten.

G. Taylor, Proc. Roy. Soc. (Londen) A219 (1953) 186;
A223 (1954) 446.

J. C. Giddings en S.L. Seager, I. & E. C. Fundam entals _1_ (1962) 277.

5. In tegenstelling  m e t w at m en op grond van  een  e lem en ta ire  beschouwing zou
verw achten hebben W aldm ann en K upatt een toenam e berekend van  de diffusie-
coëffic iën t van  een  Lorentzgas bestaande u it spindeeltjes onder invloed van  een
m agneetveld . Hiervoor is een eenvoudige verklaring te  geven.

C . J. Gorter, Naturwissenschaften 26 (1938) 140.
L. W aldm ann en HtD . K upatt, Z. Naturforsch. 18a (1963) 86.
D . W. Condiff, W ei-K ao Lu en J. S. D ahler, J. Chem. Phys. 42 (1965) 3445.
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6. H et is te  betreuren  d a t de afleid ing voor de voortp lanting  van  h e t gelu id  in  een
gas, bestaande u it z. g. "loaded spheres", volgens Jeans n ie t m eer voorkom t in
de nieuwste drukken van  zijn boek "D ynam ical theory of gases. "

J .H . Jeans, The dynam ical theory of gases, University Press,
Cam bridge (1904) 302; 2 ed ition  (1916) 375.
J .H . Jeans, The dynam ical theory of gases, Dover publications, Inc. (1954).

7. Bij de beproeving van  op in tu ïtieve basis ontworpen w indvanen w ordt doorgaans
afwezigheid van  rich tm om ent rondom h e t evenwichtspunt aangezien voor goede
dem ping. D it verk laart de popu larite it van  de V -vaan .

E. K leinschm idt, Handbuch der m eteorologischen Instrum ente und ihrer
Auswertung, Springer, Berlin (1935)
W. E. K. M iddleton, A .F. Spilhaus, M eteorological instrum ents, U niversity
Press, Toronto (1953).

8. Een statistische analyse van  de voetbalu itslagen  id  de eredivisie van  de K. N .V . B.
in  de seizoenen 1956-1957 to t en m e t 1965-1966 bevestig t de v aak  verkondigde
m ening d a t h e t accen t steeds m eer op h e t voorkom en, dan op h e t m aken  van
doelpunten wordt gelegd.

9. W anneer m en een  verband zoekt tussen een  p iek  in  de luchtverontreinigingscon—
cen tra tie  en h e t effec t da t deze op korte te rm ijn  h ee ft op de m o rta lite it m o e t
m en v an  te  voren een  bepaalde tijd slim ie t vaststellen .

K. Biersteker, V erontreinigde lucht, van  Gorcum & Co N .V . , Assen (1966).
A. E. M artin, M onthly bu ll. M in of H ealth  (London) 20 (1961) 42.

10. H et is w enselijk d a t in  h e t leerprogram m a voor de kweekschool m eer aandacht
wordt besteed aan  de verschijnselen van  p artië le  leerstoornissen bij leerlingen
van  h e t lager onderwijs.

C .A . Velds
novem ber 1966
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I N T R O D U C T I O N

If in a mixture of a given number of components in a homogeneous phase,
initially with uniform concentrations, a temperature gradient is set up, a partial sep­
aration of the components will occur. This effect, which is called thermal diffusion,
will celebrate its golden jubilee next year and has still the attention of both ex­
perimentalists and theorists as it can provide data on the intermolecular potential.
A review of what has been done during these fifty years can be found in literature
by Grew and Ibbs Grove and Mason et al. *).

The multiplication of the elementary effect in what is known as a thermal
diffusion column is of a later date (Clusius and Dickel 5)). It has been used only as
an application of thermal diffusion to produce highly enriched stable isotopes. As the
multiplication factor is dependent on the column's geometry, which cannot be calcu­
lated exactly, only relative measurements can be made in a thermal diffusion co l­
umn.

The theory and experiments investigate the dependence of thermal Hiffticirm
on the following parameters:

Temperature, which includes quantum effects at low temperature.
Pressure, including the low-pressure Knudsen region where collisions with the

wall are of importance as well as the high-pressure region, where ternary molecular
collisions are of account.

Composition, for example trace concentrations, closely connected with
Lorentzian and quasi-Lorentzian mixtures.

Polyatomic molecules, giving rise to inelastic molecular collisions.
Intermolecular potential. Measurements over a large temperature range are re­

quired to determine the potential parameters.
Multicomponent mixtures.
For more information and references the reader is referred to the article writ­

ten by Mason et al. ^).
This thesis deals with the pressure dependence of thermal diffusion above one

atmosphere. The question was raised as to whether it would be feasible to use a
thermal diffusion column to concentrate COz impurities in helium gas at high
pressure 6). in the high-temperature graphite-moderated Dragon reactor (Winfrith,

) very pure helium at 20 atm is used as a cooling gas. To avoid graphite cor­
rosion and carbon deposition the impurity level of oxygen compounds in the helium
must be below 0.05 p .p . m. As the instruments controlling the helium purity are
working near the lim it of their sensitivity, it is desirable to preconcentrate the COz
concentration with a known factor of about a hundred in as short a time possible.

For the design of the thermal diffusion column the thermal diffusion factor
of trace components COj> in helium at higher densities should be known. To use the
column for concentrating other impurities the thermal diffusion factors for other trace
concentrations in helium should also be known. For this reason the thermal diffusion
factors for He - ^ C 0 2 and He - ®**Kr up to 150 atm have been measured. As



tiace components did not show an appreciable pressure dependence of O the field of
research has been extended to higher CO2  concentrations. It was expected that the
non-ideality of the COg might influence the thermal diffusion especially near the
critical density of this component.

To date experiments on thermal diffusion at pressures above 1 atm have been
rather scanty; they have been carried out in single-stage units and in thermal diffu­
sion columns. 7 %

The experiments in the thermal diffusion column of Drickamer et al. and
Hirota 8) all show an increase in the separation as a function of pressure. Drickamer
could explain this by a modification of the classical column theory of Furry, Jones
and Onsager, introducing turbulence effects. In later experiments > he found a change
of sign of a from positive to negative, which is not implied in the column theory.
He ascribed this phenomenon to the formation of clusters, which could be predicted
qualitatively by considerations on interaction energy. Hirota states that Drickamer's
corrections to the column theory together with the pressure dependence of o accord­
ing to Becker (see below) explain his experiments.

Experiments at high pressure in a two-bulb apparatus have been done by
Becker and Schulzeff 10)n \  by Drickamer 12), by Makita 1 ) and by Van Ee et
al. 14). Becker 11) demonstrated that the pressure dependence of o could be as­
cribed to the difference in ideality of the two gases. At the same time Haase
developed a theory on the basis of non-equilibrium thermodynamics by which he was
able to explain the increase of O with pressure in Becker's experiments. Drickamer,
who did measurements in the critical region, found that Haase's theory failed near
the critical density of the mixture. Recently, Van Ee 14) reported that his experi­
ments at low temperature could not be described by Haase's theory.

So far the only other theory giving an explicit expression for a at higher
pressures is Enskog's modification of the Boltzmann equation >, which Thome has
applied to thermal diffusion (ref. p. 292).

Two new approaches for deriving expressions for the transport coefficients in
terms of intermolecular forces, the distribution function m ethod and the time-cor­
relation method do not yet give explicit expressions for O ).







V O O R W O O R D

Teneinde te  voldoen aan de wens van de F acu lte it der Wiskunde en N atuur­
wetenschappen vo lg t h ier een kort overzicht van m ijn  studie.

N adat ik  in  1946 h e t einddiplom a HBS-B aan h e t l e  Vrijzinnig C hristelijk  Ly­
ceum  te 's-G ravenhage had behaald begon ik  m ijn  studie aan  de Technische Hoge­
school te  D elft. In 1951 l ie t  ik  m ij als student inschrijven aan de R ijksuniversiteit
te  Leiden, w aarna ik  in  1956 h e t candidaatsexam en wis- en  natuurkunde D en in  1960
het doctoraalexam en experim entele  natuurkunde aflegde. De ten tam ina voor d it exa­
m en w erden afgenom en door P rof.Dr. S .R . de Groot, Prof.D r. P. Mazur en Prof.D r.
K .W . Taconis.

Van 1957-1960 w erkte ik op h e t K am erlingh Onneslaboratorium  in de w erk­
groep voor m olecuulphysica onder le id ing  van Prof.Dr. A .F . van Itterbeek (to t 1959)
en Prof.D r. K .W . Taconis. Eerst onderzocht ik  sam en m e t Drs. H . van  Beelen- de
invloed van inw endige spanningen op he t co ë rc itie f veld  van dunne ijzerlaagjes.
Sinds begin 1958 assisteerde ik Dr. A .O . R ietveld  bij zijn m etingen van de viscosi­
te i t  van mengsels van w aterstof isotopen bij lage tem peraturen  en de therm odiffusie
van H2  -  He en H2  -  D2 . Gedurende drie ja a r  was ik  tevens als assistent verbonden
aan he t natuurkundig p racticum  voor precandidaten .

In septem ber 1960 aanvaardde ik  een werkkring als w etenschappelijk  m ede­
werker in  gewoon verband aan h e t Laboratorium  voor Mass as pectro grafie (nu F .O . M.
- Instituut voor A toom - en M olecuulfysica) te  A m sterdam . H ier w erkte ik  aan de on­
derzoekingen die in d it proefschrift zijn beschreven.

In ju li 1966 trad  ik  in  dienst bij he t K oninklijk Nederlands M eteorologisch In­
stituu t te  De Bilt, w aarvan ik de d irec tie  m ijn  erkentelijkheid  w il betu igen  voor de
medewerking die ik  m ocht ondervinden bij de voltooiing van d it proefschrift.

Graag w il ik  van deze gelegenheid  gebruik m aken a llen  te  bedanken die heb­
ben bijgedragen aan  de totstandkom ing van d it proefschrift.

De plezierige samenwerking m et Dr. J. Los, Dr. A. E. de Vries en Dr. D.
H eym ann zowel voor de technische als de m eer fundam entele problem en, m em oreer
ik m et vreugde, Prof.D r. S .R . de Groot dank ik voor w aardevolle suggesties.

I am  greatly  indebted to  the m anagem ent o f the Dragon Project for giving
m e the opportunity during several symposia of seeing how the therm al diffusion c o l­
um n fits into the reactor p lan t as a whole. Dr. E. Rom berg and the la té  Dr. H. de
Bruijn particu larly  showed great in terest in the experim ents.

A lle  medewerkers van de groep m olecuulfysica hebben door raad en daad mij
terzijde gestaan, speciaal H. W. Grotendorst en M ej. A. Tom , die m et grote toew ij­
ding en nauwgezetheid een groot dee l van h e t technisch werk en de m etingen  hebben
verrich t.

Bij de constructie van beide apparaten heb ik  de hulp gehad van E. Keur, de
w erkplaats onder le id ing  van A .F . N euteboom , de electranische afdeling  onder leiding
van P .J . van D eenen en de glasblazerij onder le id ing  van J .A . van W el, die steeds
voor a lle  m oeilijkheden een oplossing wisten.
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C H A P T E R  I

T H E O R Y  OF T H E  T H E R M A L  D I F F U S I O N  C O L U M N

1. INTRODUCTION

The theory of therm al diffusion has been developed in  a varie ty  of books,
papers and theses 2) 17) 18) 19) 20)^ Consider a binary gas m ixture, subject to  no exter­
nal forces in  w hich the pressure but not the tem perature is uniform . Besides a h ea t
flow there is also a diffusion flow . The equation  of diffusion is given by:

I = -  —
*  D T

P_
RT

grad N - Dp. .—  grad T ( 1. 1)

where J is the flux density of the com ponent, N its m ole fraction , p the to ta l
pressure, T  the tem perature and R the gas constant per m o le . Dp., w hich is nam ed
the  therm al diffusion coeffic ien t, gives the partia l separation of the  m ixture as a
consequence of the tem perature gradient. Dp2 is the coeffic ien t of ordinary concen­
tra tion  diffusion.

Usually D-p appears in  the ratio  ^ T /D p 2 . This is ca lled  the the rm al diffusion
ratio  and is denoted by K p . As K p is strongly dependent on the com position it  is use­
ful to  introduce the therm al diffusion factor a  = T /N  (1 -  N), w hich in  general is
independent of N .

Introducing this quantity  (1 .1 )  takes the following form:

1
P P>12

R T
grad N -  o N ( l - N )  grad In T ( 1 . 2)

The therm al diffusion factor can  be m easured in  two in terconnected  vessels,
of w hich the upper one is kept a t tem perature T n  and the lower one a t Tp (T 2 > Tp).
The diffusion takes p lace  in  the connecting tube according to  Eq. (1 .2 ) .

At the steady sta te J = 0 and equation (1.2)  can  be in tegrated  to  y ie ld

%
In Q = ƒ a  d In T  . (1 .3 )

T l
The ratio  N2 / ( l  -  N2 ) divided by N l / ( 1  -  Np) is ca lled  the separation factor Q,
where N2 is the concentration  where the tem perature is T 2 and Np the concentration
where T  = T p .

As a  is dependent on tem perature and to  a sm all degree on com position the
in tegration  of the righ t hand side of Eq. (1 .3 )  gives only an average therm al diffusion
factor Op> for the tem perature range Tp to  T 2 and the concentra tion  range Np to  N2 .

1



Disregarding dependence on concentration, which is allowed for trace components,
with which the column experiments have been done, can be identified with the
actual value of a at some average temperature T between T ̂  and Tg (Harrison
Brown) ^1).

The value of a at a definite temperature can be found from the slope of the
curve In Q versus In T2/T . by taking a series of measurements with the same value
of T«, but different values of T2. Hence from Eq. (1.3);

a has to be taken positive if the lighter particle concentrates in the hotter part of
the system.

2. THEORY OF THE THERMAL DIFFUSION COLUMN

The elementary effect in thermal diffusion processes can be multiplied by using
convective motion of the gas. This is done in a thermal diffusion column, which es­
sentially consists of two vertical surfaces, one kept at a higher temperature than the
other. The gas mixture is now subjected to two effects: 1. thermal diffusion in the
horizontal direction and 2. convective motion of the gas upwards near the hot wall
and downwards near the cold one.

The theory of this countercurrent process has been given by different au­
thors 20)22)23)^ "pjje most elementary theory is that of K. Cohen ^ 1 , considering
the th»m»p1 diffusion column as a square cascade. Following his notation the column
equation can be written as

In this equation c< is the column parameter representing the axial transport
of the desired component under the influence of the radial separating mechanism and
the axial flow. This is counter-balanced by the axial back diffusion on one side and
the disturbance in the radial diffusion stream caused by the axial countercurrent on
the other side. These two terms are represented in C g . The product stream of the
p n lu m n  is P, the hold-up per cm length is represented by C g, z is the vertical co­
ordinate and t the time.

For the integration of (1.5) we make use of Cohen's equation (1.82) (p. 28)
3 t / 3 z =  -  Cg 3N/3t ,  where the amount of desired isotope flowing through a cross
section of the column per unit of time is denoted by T . In the steady state T is no
longer a function of z and consequently it equals FNp, where Np is the mole fraction

d In Q (1.4)a =
d In ’I>2 /T j

c6 PN + c. N (1 (1.5)

2



of the product. The result of the integration is:

T = PN + c j  N(1 -  N) -  c5 -jj— ( 1. 6 )

For a column operated a t total reflux, that is with zero production rate,

T = Cl N(1 -  N) -  c5 ( 1. 7 )

A. T h e  c o l u m n  p a r a m e t e r s

The column parameters c^ to c -  are different for different types of columns,
such as fo r:

1 . ' Plane parallel plates
2. Concentric cylinders
3. "Hot wire" type.
They can be calculated from a set of equations. For the plane parallel plates

the equations are given in  cartesian coordinates, for the cylindrical types in cylindri­
cal coordinates.

According to  Cohen the parameters are then given by:

Cartesian coordinates Cylindrical coordinates

d x 3 In T3 In T pvdx
o o

d
pDrdr

2 2

CS -  c2 + c3 c5 = c2 + c3

d
= 2 ir

o

P = 2u
o

3



where: r is the radial and x the horizontal coordinate,
rc is the radius of the cold cylinder (cm),
rjj is the radius of the hot cylinder (cm),
p is the total density of the gas mixture (g cm" ),
v is the convection velocity in axial direction,
d is the distance between hot wall and cold wall.
For the nearly plane case of the concentric cylinder column the integrals can

be simplified by substituting for r the mean value £ (rc + rfa). The column parame­
ters then reduce to the parallel plates case, where B has to be replaced by w (rc + rh)
and d by rc - rjj.

Different authors have given expressions for the column parameters (Jones and
Furry 22>, Fleischmann and Jensen 23>, Slieker 25)) assuming that the temperature
difference A T is small.

For the plane parallel plates the results of Jones and Furry, Fleischmann and
Jensen, and Slieker agree in all respects. The temperatures of the walls are T j and
•p . -p .  t , = AT. The transport coefficients of the gas, namely the coefficient of
viscosity n , the coefficient of thermal conductivity X , the thermal diffusion factor
O and the diffusion coefficient _D and the density p occurring in the formulas, are
taken at the mean temperature T = (T^ + T^)/2.

The column parameters are:

where Table L 1 gives the conversion between the symbols used by the different au-

The experiments described in this thesis have been done with a concentric
cylinder column. Unfortunately the theory is very complicated, so that several ap-

Jones and Furry derive an equation with the assumptions that A T is small,
xc,vh. < 2,7 ^  016 molecules repel oae another with a force that VarieS “  ^  m"

The derivation made by Slieker is based on a cylindrical differential equa­
tion where he takes the temperature dependent quantities at the mean temperature

c B (— )6 ! n
( 1 . 8 )

Co = p DdB (1 .9)

i W  b(H , 2
9 l r \ 2  D  T

( 1. 10)

thors.

Iio v p  K een  m a d e

iramo fifrVi nflwer ot the distance.

0.56 ( 1. 11)T = T j + AT In ig/ifc

4



instead of introducing a m olecular m odel, w hich takes into account the tem perature
dependence of the transport coefficients.

TABLE 1 .1

Com parison of symbols used by Jones and Furry, Fleischm ann and Jensen and Slieker

Jones/Furry Fleischm ann Slieker

transport factor H T o C1
axial back diffusion Kd - c2
losses due to  ax ial countercurrent Kc - c 3
to ta l effects C2 + c - K ToL c5
mass of gas per cm  colum n U - c6
characteristic  length 1/2 A L c5/ c l
ha lf "Trennscharfe" A 1 /2  L e

equilibrium  separation factor q e = * 2AL A = eZ' L q = e2cZ

length  of colum n L Z Z

distance between the w alls 2 w A x d

m ean circum ference B U B

radius of outer tube r l R a rc

radius of inner tube r2 Ri rH
m ole fraction c c N

mass of gas in  +ve reservoir m + M H

pressure p P P

production rate o G P

Fleischm ann and Jensen give only form ulas for the hot wire m odel. They,
however, ex trapolate the ir results to  the concentric cylinder m odel g raphically .

We shall now com pare the th ree authors' expressions for c^ and Cg w ith  the
para lle l p la te  m odel. In the concentric cylinder colum n we have to  w rite rr (rc + r^)
instead of B and rc -  r^  instead of d in  Eq. (1 .8 ) , (1 .9 ) and (1 .1 0 ). T hen, substi­
tu ting  a = r jj/r  these equations can  be w ritten  as:

5



c = ir (1-a) (1-a )

4 2
rc p g a

6 I
S— !

n ( t  i

4 2
r p a  gc

6 i n (  T \

2 2 2c = ir (1-a ) r p D = P. r p D
2 c 2 c

8 3 2
6 2 c P 8 l A T )

c = ir (1-a) (1 -a  ) --------- r —  > —
9 ! n D ( T )

8 3 2
r p g

9 ! tl D

AT )

T I

In the same way the last two factors can be split off from Jones', Fleisch-
mann's and Slieker's equations, hence:

Jones and Furry:

c = J P
1 1 1

4 2
r P a g

6 i n (  T )
c = J P r p D

2 J2 2 c M

c = J P3 3 3

8 3 2
» P gc

9 I n d

(AT} 2

( T i

Fleischmaun and Jensen:
4 2r p a  g

c = F P — -------------
1 1 1  6 • n

AT

T
c 2 *  F2 P2 ' c ' D

C. = F,  p,3 3 3

8 3 2
r P gc

9 ! n D
$ —

(  T

Slieker:

c ,  .  [s.F.] t
4 2r p a g

c

6 1 n

AT)

T )
C2 = V c  P °

c = [S .F .]

8 3 2
r  p g
c

3 2
9 1 n D

\- i
( T )
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where J^, J2 and J j  are infinite series in AT/2T and In rc/ rjjj as Jones' correction
on the plane parallel plates type;
where F j, F2 and F , can he interpolated from Fig. 8 in Fleischmann's article, but
not very accurately;
where [S. F. and Ts.F. 1 3 are tabulated as a function of ^ / r ^  in Slieker.'s
article " ) .

We apply this to  a column for which T j  = 20 °C , Tg = 360 °C , r = 1 0  mm
and rjj = 4, 5, 6 .7  or 8 .3  mm.

The result is given in Table 1.2.

TABLE 1.2

Calculated values for the same constant in the column parameters Cj, C2 and c ,  for
concentric cylinder columns according to different authors and compared with values
for the plane parallel plates.

Column
param. a -1a Jones G Furry

J.P .
Fleischmann

F.P .
Slieker
[S.F .]

Parallel
plates

P

c ! 0 .40 2.50 1.2033 0.7716 0.8274 0.9500
0.50 2.00 0.7185 0.5035 0.5433 0.5890
0.67 1.50 0.2218 0.1768 0.1885 0.1939
0.83 1.20 0.0287 0.0257 0.0259 0.0267

c2 0.40 2.50 0.7842 0.8336 0.8400 0.8400
0.50 2.00 0.7208 0.7378 0.7500 0.7500
0.67 1.50 0.5535 0.5419 0.5556 0.5556
0.83 1.20 0.3127 0.3016 0.3056 0.3056

c3 0.40 2.50 0.1933 0.0901 0.1042 0.1231
0.50 2.00 0.0527 0.0286 0.0334 0.0368
0.67 1.50 0 .3 0 0 4 .10"2 0 .2 0 2 5 .10~2 0 .2 3 0 2 .10-2 0 .2 3 9 4 .10"2
0.83 1.20 0. 2294 .10 '4 0 .1 9 1 8 .10"4 0 .1956.10"4 0 .2 0 5 8 .10~4

The greatest difference between the last column and Slieker's values is 10%.
So the formulas for the parallel plates can be used to  design the column described in
Chapter II. The most striking point, however, is the fact that Jones and Furry's shape
factors, which are temperature dependent, are larger than the parallel plate type in
contrast with those of the other authors.
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B. The  s t e a d y  s t a t e  and  t h e  e q u i l i b r i u m  t i m e

When the column starts to work the concentration gradient is zero everywhere
in the column, so (1.7) leads to:

(T) = c. N(1 - N)'  t= o  1
( 1. 12)

being the initial transport.
For a column working at total reflux we start with Eq. (1.7) to calculate the

stationary state separation. In the steady state where the concentrations in the reser­
voirs and in the column are independent of time, the net transport has become zero,
so C l  N(1 - N) = c5 3N/3z. This can be integrated for a column of length Z. The
separation

N 1 - Nz __o
Q ~ 1 - N • Nz o

is given by

with e = ci / 2c5

where N is the mole fraction of the component at the place where it concentrates
and N is the mole fraction of the same component at the other end of the column.

° Introducing (1.8), (1.9) and (1.10), (1.13) becomes:

In Q Z

3 2d P a g
6 ! n

pDd + --------r-
9 ! n

Z AT
= 0.837 -  0 ----d f

m
21 + in

(1. 14)

d3 Pg AT (1.15)
where m = -------------—

602.4 nD  T

If we assume r\ independent of the pressure, p . p a n d D - p 1, then m « p2.
From Eq. (1.14) it follows because o is independent of pressure that In Q is only a
function of the density through m. Hence In Q is a maximum when m = 1 and we
can define the optimum pressure popt as:
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(1.16)
„  nD  t

2 2 op = 602.4 p — ----------
opt °  3d p g AT

O

and (1.17)

where the index means that the value has to be taken at some reference pressure

Po­
rn can be introduced in Eq. (1 .8) leading to

c = 0.837 p D a B m. (1.18)

In the general case the stationary state separation factor can be found from
equation (1.6), substituting for T the net production rate P N .

P N = PN + c N (1 -  N) -  c_ —p 1 i> 3 z
(1.19)

Integration with the boundary conditions N = NQ at z = 0 (upper side of the
column) and N = N at the bottom side of the colomn, givesz p

1 T."1tanh
(N - N ) £ (* )

P o________
(N - 2N N + N ) -  (N - N ) ♦'  p P O O P oeA(<|>)

where = P /c . is the normalized production rate

( 1. 20)

1 + 2 K»(l -  2N ) + ♦ '
P

and A (♦)= V

When Nq «  1 and N «  1, A ( ♦ )  = 1 + ♦ and Eq. (1.20) takes the simpler
fo rm :

2 .e (1 + * ) Nq - il> (N -  Nq)

Hence the enrichment of a trace component in the product stream as com­
pared with the in itial concentration is:

N , 2eZ (1 + * )
_ P  _ 0  _ (1 + ♦ )  e____________
N V 4 , 2CZ (1 + * )o 1 + J|> e '  T/

( 1. 21)
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Fleischmann and Jensen, in their article give

where G is the production rate. Using their formula (23 a)

T A - a
T "  Co A - 1 ’

where A is the equilibrium separation for a column at total reflux and a
get

c /c  wez o

_ A - a
” T o (a - 1) (A - 1) *

With Table 1.1 this can be translated into Cohen's notation:

or
N

P
No

, 2eZ(1 + » ) e
< i 2eZ1 + ♦ e

It can be seen that Fleischmann's formula is the same as Cohen's, when the
product P or «  1.

The equilibrium time of a thermal diffusion column can be found by solving
Eq. (1.5) or (1.6). The boundary conditions are determined "by the mode of opera­
tion. There are different types of operation: with or without production, with finite
reservoirs no reservoirs or with an infinite upper reservoir, which means that at the
negative end of the column the concentration NQ is kept constant, for example by
flushing it with fresh mixture.

In one method of operation we kept the concentration of the trace compo­
nent at the top of the column constant. This case could be approximated by the deri­
vation of Jones and Furry, who considered this system, assuming that the harmonic
mean of the volumes of the reservoirs is large as compared with the volume of the
column, for N «  1. The significance of this assumption is that T is independent of
z and depends only on the time t.

Assuming that the reservoir at the positive end contains a quantity of H(gramme)
we can give the time variation of N_ by

10



T ( 1. 22)
dN

3

~dt H

The concentration at the negative end remains NQ. The time required for the con­
centration in the positive reservoir to rise from NQ to N is given by

No

When N is everywhere much less than unity, Eq. (1.7) becomes

T
3N
3 z

This can be integrated with the boundary conditions that N = NQ for z -  0
and N = Nz for z = Z. The result is

J L  = N 9 - l *  ( I - 2 4 )o Q - 1

c.Z /c  Nz
with Q = e and q = —  (1-25)

o

Introducing (1.24) in (1.23) gives

Q ~ 3 = e "t/1:r (1.26)
Q -  1

U

with the relaxation time t = — (Q - 1). (1.27)r

(1.26) represents an exponential approach to equilibrium with tj, being the
time to reach (e - l ) /e  = 63.2% of the equilibrium separation Q.

In another method of operation we had a very large but finite negative upper
reservoir. The formula of Jones and Furry can be extended for this case in the fol­
lowing way:

Suppose the negative reservoir contains a mass H ' (gramme)

dN T
__o _
dt '  H 1

With Eq. (1.22) and (1.25)
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T

H

dN d q N__z _ o
d t dt

N
o

. dN
dq o
—1 + q -----
d t H dt

N ^
o dt q

T

ï?

or n *  = i  + ai
o dt H H '

(1 .28)

and then from  (1 .24 )

fïs = c Q - q Si +
dt 1 Q -  1 ( H H ' S

w hich can  be in tegrated , giving

(Q -  q ) (1 + H 7 H )  _  - t / t ,
(Q -  1) (q + H '/H )

where

t
r

Q -  1

'H '  H '

(1 .29)

(1 .30)

w hich has, however, no t such a defin ite m eaning as in  (1 .2 7 ). For H ' ------> co this
equation is the sam e as (1 .26 ).

C . L i m i t a t i o n s  o f  t h e  t h e o r y

For the theory developed above it is assumed th a t there is a  non-turbulent
convective flow in the colum n. The dimensionless number, used in  problem s on free
convection, upon w hich the  action  of a therm al diffusion colum n is essentially based,
is the Grashof -  Prandtl number:

2 3 „
p g d A T  c

Gr Pr = ■ ■■■■ ^ (1 .31)
h i t

w ith  Cp being the h ea t capac ity  a t constant pressure.
The h ea t conductivity  betw een two v ertica l or horizontal p lates as a function

of Gr Pr has been investigated by several people, e . g .  Gröber, Erk, Grigull *,
Beckmann Sellschopp ^®). From these experim ents i t  follows th a t a lam inar cur­
ren t is developed only when Gr Pr > 1700.

The turbulence starts when Gr Pr > 10°, according to  experim ents of Kraus-
sold 29).

In literatu re on therm al diffusion there are only a few rem arks regarding this
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flow number. They are generally expressed in the Reynolds number

_ P2 g d3 AT (1.32)
Re 2 -

384 n T
c n c n

From (1.31) it follows that Gr f t  = -J -  • 384 Re, where f t  = - ^  the
ftandtl number is 0.70 for helium.

The condition for laminar flow is then

6.3 < Re < 3720.

Onsager and Watson 30) have shown experimentally that turbulence starts when
Re > 25. Donaldson and Watson 31) found that laminar flow breaks down for Re = 14.
Tones and Furry 22 > stated Re = 10 as the maximum permissible value of Re.

Grew and Ibbs 2) state that the spacing d in a thermal diffusion column should
be adjusted so that 5 < c3/c 2 < 25. This relation can be transformed with Eq. (1.9)
OTlrl (1.10). For a pure gas or a mixture of isotopes the result is 4 .7  4. Re ^
Use has been made of the relation

6 »if n /
d - 7 a ' p

with A* ~  1.1, the quotient of two collision cross sections

« <*■*>*/

Summarizing the condition for laminar flow in a thermal diffusion column can
be given as

5 < Re <  10 . (1,33)

This limitation means that the working pressure may be far off the optimal

pressure^rom experiments ^  Saxena ^  Mason 32) on diffusion of trace components
CÜ2 in He it foUows that pD 12/ n = 0.50. Using this and Eq. (1.15), (1.17) and
(1.32)

Re = 0.78 m . (^ 3 4 )

The condition for laminar flow becomes

6.4 < m < 12.8

«  2- 5 Pop,. <  P < 3 -« Pop,.
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The integration of the formulas has been done by assuming that the density
and the transport coefficients do not vary over the radius of the column. Values of
the different constants are taken at the mean temperature T given by

T T1
0 .56

In r /r^ AT

according to the formula of Fleischmann and Jensen ^ \  which means that T is
taken as the temperature corresponding to the point, where the convection current
changes sign.

The concentration dependence of T), p , \  and D has not been taken into
account either; this is admissible because the experiments have been done with one
of the components in trace concentration.

In the derivation of the formulas also the quasistationary state assumption and
the assumption that the temperature distribution is determined by conduction alone
are used. These approximations, however, do not show the most serious deviations
between experiment and theory. They are caused by imperfection in the thermal dif­
fusion column, such as variations in the diameter of the tubes and parasitic convec­
tion currents due to temperature gradients in axial and azimuthal direction. The ef­
fect of these factors is that the result of the experiment is lower than theory predicts.
These irregularities can be given in the formulas by adding another cascade parame­
ter c7 or K_ to C2 and Cg (Dickel ).
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CHAPTER II

THERMAL DIFFUSION COLUMN; EXPERIMENTS

1 DESIGN and construction  of the thermal DIFFUSION column

The purpose of the column was to concentrate trace quantities of C02 in
helium at 20 atm pressure with a factor hundred in as short a time possible. Owing
to these special requirements a concentric cylinder type thermal diffusion column was
built. The most outstanding advantage of a concentric cylinder column is that it can
be constructed very firmly, which is especially important when the column has to
work for a long period and when there is no opportunity far repairs. Moreover, the
value of Cj can be made very high for a fixed value of the gap d, which is im­
portant for short relaxation times. The inner cylinder can be made of a good heat
conductor, thus preventing temperature gradients in axial and azimuthal direction.
Disadvantages of this type of column are that its construction requires high precision
and it consumes more power per unit length than the hot-wire column.

The dimensions of the column were calculated in the following way:
When a temperature difference of 260° and a mean temperature of 420 °K is

assumed, then according to Eq. (1.33) the gap d should be between 3.2 and 4.2 mm.
As 20 mm seemed a convenient diameter for the outer tube, heating rods with a
diameter of 12 or 13 mm would fulfil the requirements set by the Reynolds number.
The separation in the column is given by (1.14). At the working point Re = 6.0
and with (1.34) m = 7.7. When a is taken from the experiments described in
oiypi-gr IV as 0.916, In Q = 0.173 Z. For a column length of 100 cm In Q = 17.3.
So theoretical enrichments of Q = 32.6 x 106 could be expected. The dimensions
were calculated on the high side to keep the relaxation time for Q = 100 short. Be­
sides that it is better to work in the linear part of the In Q versus time graph, where
the results reproduce better than at equilibrium, according to experiments by
Dickel 33) M).

A. C o n s t r u c t i o n

The th»T™=»l diffusion column consists of three concentric stainless steel tubes.
The outer two tubes together form the cooling water jacket W. Special attention was
paid to the straightness of the inner tube, became this forms the boundary of the
thermal diffusion region D. For this purpose first the outer tube was welded into the
unmachined end flanges F, then the flanges were squared on the tube and turned off
parallel to each other an a lathe. Finally the inner tube was welded into the end
flanges at a temperature which was about 50 °C higher than the outer one. Under
Tyr-mal operating condition the pipe was then stretched by tensile force.
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inlet

to pump

I R 6 A

Fig. 1
Scheme of the thermal diffusion column with auxiliary
equipment. Explanation in the text.

For the hot tube we chose different diameters in order to determine experi­
mentally the best possible gap width. This tube was closed at the upper end and
welded into a flange E at the lower end so that it could be exchanged easily.
Triangle-shaped spacers were soldered vertically to the tube 120° apart at intervals
of 20 cm. Fig. 1 shows the construction of the column with upper and lower reser­
voir and connecting pipes.

The heater inside was a Kanthal A - 1 wire (diam. 1.5 mm) ), insulated
with aluminium oxide. The space between heating wire and tube wall was filled
with copper to ensure symmetrical temperature distribution over the surface of the
tube. The maximum possible heat input over the entire tube length was about 2 kW.

*) a .B. Kanthal, Hallstahammar, Sweden.
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Tem perature m easurem ents w ere taken  w ith  a ch rom el-a lum el therm ocouple
soldered inside the  stainless steel tube. The tem perature d ifference could also be c a l­
cu la ted  from  the h ea t input E as

AT
E

2 ir A Z
In r  /r ,

c h
(2 . 1)

where X is th e  coeffic ien t of conducting of hea t.
The colum n form ed the connection betw een two reservoirs. The upper reser­

voir T , w ith a volum e of 20 ,000  c c , was large in  com parison w ith  the volum e of
the  colum n and lower reservoir; this was to  keep the COo concentration  as constant
as possible. In the case of large separations, however, there was s till a  depletion  of
im purity concentration . Therefore, in  some experim ents the COo concentration  in  the
upper volum e was kept a t the in itia l value by connecting a sm all reservoir w ith
M gCOj. The reservoir was kep t a t a constant tem perature by m eans of a therm ostat,
resulting in  a constant vapour pressure of CC ^.

The lower reservoir R was m ade as sm all as possible in  order to  g e t the
lowest re laxation  tim e in the apparatus. It consisted of the analysing instrum ents
(in fra-red  gas analyser or ionization cham ber I) and connecting pipes. Convective ac ­
tion  by heating  one of the v e rtica l pipes C was used for recycling: the tim e for one
cy c le , being about 10 m inutes, is short com pared w ith  the re laxation  tim e of the
colum n. Consequently the COo concentration  a t the bottom  could be followed con­
tinuously.

The pressure of th e  gas in  the colum n was read from  a Bourdon m anom eter M.
A double by-pass B was included, connecting upper and lower reservoirs. Thus

i t  is possible to  m easure the concentration  in the upper reservoir and to  rem ix the
contents after each  run.

The dimensions of the  colum n were:

upper volum e 20 ,000  cc
lower volum e 80 to  170 cc
outer radius cooling jacket
inner radius cooling jack e t
radius heating  cylinder 0 .6 ,
length  of colum n

1 .6  cm
1 .0  cm
0. 65, 0 .7  cm
100 cm

B. T h e  a n a l y s i s  i n s t r u m e n t s

O riginally the m easurem ents of the CO2 concentration  were m ade w ith  an
in fra-red  gas analyser ( I . R . G . A . , SB 2, Grubb Parsons, New C astle , U . K . ) .  In this
instrum ent two p ara lle l beam s of in fra-red  rad ia tion  produced by the nichrom e heater
A are reflec ted  sim ultaneously through two absorption tubes B. One is fille d  w ith  the
m ixture to  be analysed, so th a t absorption occurs. The other one is sealed off. Both
beam s are absorbed in the two vessels C , w hich are filled  w ith  the gas to  be detected
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F ig . 2

D iagram  of th e  in fra-red
gas analyser.
A. hea ter
B. absorption tube
C . detector
D . m etal diaphragm
E. perforated m e ta l plate

in  pure form . The in fra -red  ligh t produces a
heating  effect in C w hich results in a  pressure
difference on the th in  m e ta l diaphragm  D. W ith
an ad jacen t insulated and perforated m e ta l p la te
E this farms an e lec trica l condensor. The beams
are operated in te rm itten tly  by m enas of a ro ta­
ting  shutter S and the capac ity  changes are am ­
plified  and registered (Fig. 2).

However, this apparatus has a few disad­
vantages. The I .R .G .A . used had an absorption
tube divided into th ree parts w ith  lengths 1 : 10 :
100 to  extend the concentration range to  be
m easured. The length  of the absorption tube to
be used depends on the concentration  range to
be covered. The guiding rule is th a t concentra­
tion  tim es length  should be approxim ately con­
stant. However, a t  high pressures it  is difficult
to  change over from  one tube to  another during
a m easurem ent, because the parts no t in use
have to  be flushed w ith  COo - free helium  of 20
atm . In this case, therefore, the concentration
range to  be m easured is only factor SO, as i t  is
lim ited  a t low readings by the zero drift and at
high concentrations by the departure from  linear-
ity .

In the second place the I .R .G .A . reading
showed a discontinuity a t 3 a tm , probably owing
to deform ation of the  windows and is therefore
not reproducible.
As it  was also d ifficu lt to  measure upper and
lower concentration  w ith  only one I .R .G .A . ,  in
la te r experim ents ionization cham bers w ere used.
They are discussed in  chapter IV.

2. EXPERIMENTS

The colum n was evacuated  w ith  a rotating  pum p and an o il diffusion pump
to  a pressure of 10“^ Tore and the inner cylinder and other parts of the apparatus
w ere hea ted . When the system was vacuum tight the CO 2  was introduced. It was found
th a t part of the C O , adsorbed on the w alls. The reading on the in fra-red  gas ana­
lyser showed th a t about 2 cc  N .T .P . was adsorbed.

After the CO 2  the carrier gas, com m ercial tank  helium , was introduced. It
was passed slowly over a charcoal trap  a t liquid air tem perature .
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The gas was thoroughly m ixed by convective action  through a by-pass un til an
adsorption equilibrium  was reached . The COo m olecules on the heating  rod desorbed
from  it  when the current was switched on, giving fla tte red  enrichm ents. Therefore,
the heating  cylinder was already a t the desired tem perature during m ixing and the
experim ent was started up by closing the valves V in the by-pass (Fig. 1).

A. P r e l i m i n a r y  e x p e r i m e n t s

In the first experim ents only the change in concentration  of CO2  in  the lower
volum e was m easured. The CO 2  concentration  in  the upper volum e was ca lcu la ted
from  the  ratio  o f both volumes (mass balance). This m ethod is dependent on desorp­
tio n  and adsorption phenom ena. Therefore, the CO 2  concentration a t the top was
m easured a t the end of an experim ent. The d ifficulty  was th a t tw o qu ite  different
concentrations had to  be m easured w ith  only one I . R . G . A .  Hence the absorption tube
first had to  be flushed w ith  pure helium  at 20 atm  by means of two reducing valves
un til the reading was zero again.

These experim ents showed th a t the mass balance was v io la ted . It was found
th a t the enrichm ent m easured a t the bottom  was m uch too low owing to  adsorption
of CO2  on the w alls and the non -linearity  of the I . R . G . A .  reading.

In other experim ents the CO 2  concentration a t the top of the colum n was
kept constant in  order to  have an infin ite upper reservoir and to  sim ulate the condi­
tions in  the reacto r, where a constant flow of helium  w ith CO 2  passes along the top
of the colum n.

A lit t le  reservoir w ith  granulated M gCOj was connected  w ith the upper reser­
voir. T able II. 1 shows th a t the CO2  concentration  in  the top of th e  colum n could be
kept constant in  a large range from  1 to  50 p . p . m .  by taking a tem peratu re betw een
137° and 200 °C .

TABLE II. 1

CO^ pressure of MgCO^ at d ifferent tem perature 35)

t

(°C)
pco2
(atm )

CO_ concentration
2

a t 20 atm  He

137 1 .49  x IQ '5 0 .7  p . p . m .
157 6 .67  x 1 0 '5 3 .3  "
177 2.61 x 10"4 13 "
197 9 .08  x 1 0 '4 45 "
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The in itia l C 0 2 concentration was 1 p . p . m . The therm ostat was therefore ad­
justed to  140 + 0 .5  °C .

The experim ents w ere carried  out w ith  heating  cylinders of 12 and 13 m m
diam eter. The volum e of the lower reservoir was 80 cc .

As stated  in  Section IB  of this chapter the enrichm ent th a t could be m eas­
ured in  the I .R .G .A . was only a factor 50. The results are therefore only re liab le
up  to  q = 50; above this value there is a large discrepancy between theory and ex­
perim ent.

It was possible on the other hand to  com pare the in itia l transport w ith  theory.
This is done in  T able I I .2 .

TABLE II. 2

In itia l transport, Reynolds numbers and the tim e taken  to  reach  q — 50
for two colum ns w ith  H ' = a> •

diam eter
heating  rod

(m m )

tem perature
heating  rod

(°C )

Reynolds
num ber

Re

exp .transp .
theor. transp.

q = 50
after

13 158 6 .4 0 .6 6 4 .2  hours
I t 273 6 .1 0 .7 4 2 .0  "
I t 419 4 .8 0 .8 8 1 .1  "

12 177 9 .6 0 .7 9 7 .8  "
I I 265 9 .1 0 .72 2 .3  "
I I 303 8 .7 0 .9 1 1 .2  "

*) this experim ent was carried  out w ith  a lower volum e of 170 cc .

The in itia l transport is given by Eq. (1 .1 2 ).
When the ho ld-up of the colum n itself can  be ignored as com pared w ith the

hold-up H of the  lower reservoir, and the upper reservoir is taken  as in fin ite , the
re la tio n  H 3 N / 3 t  = c ,  N(1 -  N) holds. For N «  1 this equation  can  be in tegrated:

where is the concentration  after tim e t .  For very short tim es, when Nj. -  NQ «  NQ:

N H
o
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The slope of the separation curve as a function  of tim e  yi'elds the transport
factor c i .

It turned out experim entally  th a t the rise in  concentration  was linear w ith
tim e , but i t  was dependent on the velocity  of the recycling  to  the  effec t th a t oscil­
lations occurred when the speed was less than 6 .5  c c /m in  as shown in  F ig . 3 a .

When the velocity  of the recycling  rose above 6 .5  c c /m in  the oscillations
gradually  disappeared and the separation curve, becam e a straight line (Fig. 3 b). It
was found th a t when in  the first case for H the ho ld-up  of the  analysing c e ll  had
been  taken  and in  the second case the ho ld-up of the whole lower reservoir, the C j's
ca lcu la ted  in  this m anner agree.

t (min) t(min]

concentration

F ig . 3

Reproduction of two recorder charts of a separation of " C O ,  -  He
in  the colum n.

At a lower velocity  the enriched gas first f illed  the  analysing c e ll and ad­
sorbed on the w all; a t high velocities i t  passed the ce ll as a je t.

It m ust be pointed out here th a t Eqs. (1 .26 ) and (1 .27 ) give a d ifferent re ­
sult for large Q 's. The tim e taken  to  reach  separation q is here

_  - t / t
Q -  q  r  HQ— —— = e w ith t  = ----

Q r

t e l  Hn
to (1 - q/<?) = -q /Q  = -  —  t = tH

HQ c

This form ula cannot be valid  for t  = 0.

(2 .3 )
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B. E x p e r i m e n t s  w i t h  i o n i z a t i o n  c h a m b e r s

For the reasons discussed above (II. IB ) and in order to  be able to  work w ith
higher in itia l concentrations of CO 2  in  two analysing instrum ents, ionization chambers
w ere used in  the new experim ents.

The experim ents w ere carried  out w ith a -  ^ C O n  m ixture as im purity .
An ionization cham ber was connected w ith  the upper reservoir as w ell as w ith the
lower reservoir, so th a t the separation Q = N j ^ / N  ( could be m easured con­

tinuously. I t was im possible to  use a homogeneous M g ^ C O , -  M g^C O ^ m ixture to
ensure a  constant concentration  a t the  top as discussed in  Section A. For the
relaxation  tim e  Eqs. (1 .2 9 ) and (1 .30 ) w ere used w ith  H ' = 66 .68  g.

The apparatus was filled  w ith  the  m ixture to  a pressure of
2 .5  Torr, a  rather high concentration  to  avoid d ifficu lties w ith  CO 2  adsorbing on to
or desorbing from  th e  w alls.

Again two different heating  cylinders w ere used w ith diam eters of 13 and
14 m m . The lower volum es w ere 114 cc  and 113 cc  respectively . In Figs. 4 and 5
the  separation is p lo tted  as a function of tim e , together w ith  the theo re tical separa­
tio n . The results are also given in  T ab le II. 3 .

The enrichm ents in  the 14 nun  colum n were m uch less than  in  the 13 m m
one. The discrepancy is greater than  betw een the two columns in  Section A. This
must be due to  the low Reynolds numbers in  the 14 m m  colum n. To com pare the
results of the separation as a function of tim e in  this section w ith the 13 m m  co l­
um n of Section A one must take the different lower volum es in to  account.

TABLE I I . 3

In itia l transport and separation factors as a function of tim e for two colum ns w ith
H ' = 66.68 g.

d iam eter
heating  rod

(m m )

tem perature
heating  rod

(°C)

Reynolds
num ber

Re

exp. transp. q = 100
after

separation after
theor. transp.

5 his 10 hrs 15 hrs

13 157 6 .4 0 .7 1 7 .7  h. 59 141 242
II 280 6 .1 0 .5 6 6 .5  h. 69 180 331
II 298 5 .9 0 .8 0 5 .0  h. 101 247 463

14 180 4 .0 0 .6 7 2 0 .5  h. 26 53 78
II 331 3 .5 0 .5 0 11 .5  h. 35 83 143
II 453 2 .8 0 . 4 9 11 .0  h . 38 88 152
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2 8 0 * C ^ -^

21 hours

Fig. 4

Separation as a function of tim e for a column with H ' = 66.68 g
and r = 6 . 5  m m .----- : --------- theory ----------------- experiment.

2k hours

Fig. 5

Separation as a function of tim e for a column with H ' = 66.68 g
and r, = 7 . 0  m m ____________ theory------------------ experiment.
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C.  C o l u m n  a t  h i g h e r  o v e r a l l  t e m p e r a t u r e

To reduce the effects of adsorbing and desorbing CO2 m olecules on the cold
w all of the colum n experim ents have been done a t a higher overall tem perature . In­
stead of w ater in  the cooling c ircu it betw een the outer w alls of the  colum n o il was
used. I t was kep t a t  a constant tem perature , w hich could be set a t  betw een 90° and
150 °C  by m eans of a  therm ostat.

The experim ents w ere carried  out w ith a heating  cylinder having a d iam eter
of 12 m m  and a lower volum e of 121 c c . The results are p lo tted  in  F ig . 6 and are
also tabu lated  in  T ab le II. 4 .

Com paring these experim ents w ith  those of Section 2 A one finds th a t the
Reynolds num bers are betw een 3 .4  and 4 .1 , whereas the  in itia l transport is a factor
four lower -  in  Eq. (1 .1 8 ) T  is increased and m  is reduced. These two phenom ena
influence the result m ore than the increase in  optim um  pressure so th a t the  separa­
tions are a  factor th ree to  four worse than those w ith  norm al cooling w ater. As it
was found th a t the Reynolds num ber was the dom inating factor, better results could
be expected  w ith  a w ider gap d. The experim ents w ere repeated  w ith  a heating  cy l­
inder of 10 m m  d iam eter. In T able 11.4 i t  can  be seen th a t the enrichm ents are m uch
b ette r than  in  the 12 m m  colum n, although Fig. 7 shows th a t the separation is less
than  expected theo re tically .

TABLE II. 4

In itia l transport and separation factors as a  function of tim e  for a colum n a t a higher
overall tem perature w ith  a heating  cy linder of 10 and 12 m m  diam eter.

d iam eter
heating

rod
(m m )

tem p.
heating

rod
(°C)

tem p .
cooling

w all
(°C )

Reynolds
num ber

Re

exp. transp.
theor. transp.

q = 100
after

separation after

5 hrs 10 hrs 15 hrs

12 294 96 4 .1 0 .2 9 34 h. 10.3 19 28
II 403 122 3 .4 0 .4 7 28 h. 14 26 42
II 528 105 3 .4 0 .2 6 24 h. 18 37 59

10 456 105 7 .1 0. 36 5 .1  h. 98 235 405
II 493 146 5 .2 0 .23 11.3  h . 37 86 143

24



24 hours

Fig. 6

Separation as a function of tim e  for a colum n a t
higher overall tem perature w ith  r = 6 . 0  m m .
th e o ry__ „  _______ ex p e rim e n t.______________

«56-106‘C 493-146‘C1000

24 hours

Fig. 7

Separation as a function of tim e  for a colum n a t
higher overall tem perature w ith  r, = 5 .0  m m .
th e o ry __________ ex p e rim en t._______________
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D. C o l u m n  w i t h  p r o d u c t i o n

As the purpose of the therm al diffusion process was to  extend the range of
m easuring trace  quantities in  helium  gas the colum n was also tested for b leed-o ff
so th a t i t  would be possible to  analyse the gas for com ponents other than  COo.

The experim ents have been done in  the colum n w ith  a heating  cylinder having
a d iam eter of 13 m m .

During th e  separation process part of the pipes (22 %) form ing the lower reser­
voir w ere flushed w ith  the  in itia l He -  CO2 m ixture a t intervals of 20, 30, 45 and
60 m inutes. As the to ta l volum e of the lower reservoir was 80 cc  this m ean t th a t
17 .47, 11 .64, 7 .7 6  and 5 .8 2  c c /m in  of N . T . P .  respectively  w ere blown off, bear­
ing in  m ind th a t FN0 had to  be taken  instead of PN in  Eq. (1 .19 ). The result for
Eq. (1 .21) is, however, the  sam e.

0 cc/min.

. 5.82cc/min
■ 7.76 cc/min.
■11.64 cc/min.
’17.47 cc/m in.

24 hours

F ig . 8

Separation as a function of tim e for a colum n
w ith  production, r. = 6 .5  m m .

In Fig. 8 the separation is given as a function of tim e  for the colum n a t
to ta l reflux and the different amounts of b leed-off. The results are summ arized in
T ab le  II. 5
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TABLE II. 5

In itia l transport and separation factors as a function of tim e  and production ra te  for
a colum n w ith  a heating  cylinder of 13 m m  diam eter.

b leed-o ff tem perature exp .transp. equilibr. separation after

(cc /m in ) heating  rod theor. transp. separation
(°C) Q 4 hours 8 hours 12 hours

0 266 0 .8 3 (6600) 86 220 405

5 .82 267 0 .7 5 74 52 70 74

7 .7 6 266 0 .6 3 55 42 55 55

11.64 266 0 .7 1 37 33 37 37

17.47 263 0 .7 2 2 4 .5 23 .6 24 .5 2 4 .5

3. DISCUSSION OF THE EXPERIMENTS

A . D i s c u s s i o n  o f  e r r o r s  a n d  u n c e r t a i n t i e s

All the experim ents w ere carried  out th ree tim es (or m ore) at one tem pera­
ture. The discrepancy betw een the results was about 6 % (a t higher tem peratures of
th e  heating  cylinder som ewhat greater than a t lower tem peratures).

S tatistical fluctuations in  the decay of the rad io -ac tiv e  carbon led  to  v aria ­
tions in  the m easurem ent of in itia l and equilibrium  concentration  of C 0 2 , but as
the w hole process was registered  on a Honeywell recorder, these variations could be
averaged. The error introduced was 1 %. Two m easurem ents w ere involved in  the
determ ination  of Q; the error in  this quantity  is therefore 2 %.

The difference in the reproducibility  of the  three runs m ust be due to  the
uncertain ty  arising from  the m easurem ent of tem peratures.

A th ird  uncertain ty  com ing in  the resu lt is a shape factor betw een the two
ionization cham bers. Owing to  geom etrical differences the ionization cham bers did not
show the sam e ionization current when filled  w ith  the sam e helium  - C 0 2 m ixture.
The shape factor -  1 .24  -  was m easured before each  experim ent and the  separation
factor was correspondingly corrected .

B. D i s c u s s i o n  o f  t h e  i n i t i a l  t r a n s p o r t

In T able 1.2 the difference is given for Cj ca lcu la ted  according to  formulas
by three different w riters. The in itia l transport for Jones and Furry is larger than  for
the other authors. The experim ental values in  Tables I I .2 , 3, 4 , 5 are com pared
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with the theory of Fleischmann and Jensen. The ratio between experiment and theo­
ry is 7 0 %, except for the column at a higher overall temperature. With Jones and
Furry's theory the observed efficiency is only 55 % and with Slieker's 67 %. Although
the authors made different approximations in their formulas for c j, the agreement
with experiment is bad. Better results can only be expected when an exact deriva­
tion for the initial transport in concentric cylinder columns is available.

C. Di s cuss i on  of  t h e  e q u i l i b r i u m  s e p a r a t i o n  f a c t o r  and t he  r e ­
l a x a t i o n  t i m e

Although c j according to Jones and Furry is greater than according to the
other authors the equilibrium separation factor In Q = (c./cg)Z is smaller. This is
due to C3 , which is the dominating factor in eg. In Table II. 6 In Q is given calcu­
lated by Jones' and Fleischmann's theory and taken from experiment.

The agreement between theory and experiment is poor; only the column with
a heating rod of 13 mm diameter produced good results. Hence it is shown that an
imperfection in the construction of the thermal diffusion column influences the in­
itial transport less than the stationary state separation.

TABLE II. 6

In Q experimental and theoretical, according to the theories of Jones and Furry,
and of Fleischmann.

experiment temperature
heating rod

(°C)

diameter
heating rod

(mm)

In Q
(exp)

In Q (theor)
Jones & Furry

In Q (theor)
Fleischmann

Sec. 2.B 157 13 8.5 9.58 10.80
280 II 10.6 16.00 18.80
298 II 11.0 17.11 20.01
180 14 >6.1 18.46 21.75
331 II 6.8 35.85 39.52
453 II >7.4 52.06 57.52

Sec. 2.C 294 12 3.7 13.80 16.25
403 •1 4:2 17.41 22.88
528 II 4.7 26.97 32.05
456 10 6.9 9.48 10.47
493 II 5.7 10.99 14.86
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D ickel • ) treats a theory of the asym m etric separation colum n. By supposing
th a t parasitic currents result from  irregularities in  the distance betw een hot and cold
w alls and from  local slight tem perature differences in  the  la tte r, he shows th a t the
in itia l transport is p rac tica lly  unaffected , w hile the separation factor is considerably
dim inished. This theory seems to  be confirm ed by our experim ents.

The relaxation  tim e  was ca lcu la ted  w ith  Eq. (2 .3 ) , because Q is very large
for most of the experim ents. Eq. (2. 3) states th a t th e  tim e  taken  to  achieve a sepa­
ra tion  q is inversely proportional to  C j. For our experim ents the discrepancy betw een
em pirical and theo re tica l re laxation  tim e would be even larger by Jones and Furry's
form ulas.

TABLE n . 7

Introduction of a Heg  in  Eq. (1 .26 ) and (1 .2 9 ) so th a t theory
and experim ent co incide .

experim ent

CM

T 2 Heff.
leng th  of colum n

(m m ) (°C) H involved

Sec. 2. A 13 158 0 .9209 0 cm
f l 273 0.8315 0 "
I f 419 0.6286 0 "

12 177 1.6609 7 0 .6  "

I I 265 1.2837 16.2  "
I f 303 0.9025 0  "

S ec. 2 .B 13 157 0.7708 0  "
I f 280 0 .9089 0 "
I I 298 1.0634 5 .9  "

14 180 1.9130 8 1 .7  "
I I 331 1.0638 6 .9  "
I I 453 1.0765 9 .4  "

Sec. 2 .C 12 294 1.2906 2 7 .9  "
| I I 403 2.0128 111.4 "

I I 528 1.1154 14 .0  "
10 456 0.5477 0 "

I I 493 0.5616 0 "

The calculations of th e  length  of tim e  taken  to  reach  the steady sta te  involves
th e  assumption of the quasi-stationary  sta te in  the colum n, w hich m eans th a t the

29



transport is assumed to  be independent of z, T /= f  (z). This condition is fu lfilled
2 HH' v pox

when H > eg Z or when —- ^  >  eg Z, according to  Jones and Furry cc)  (p .181).

A second m ethod, however, gives the re laxation  tim e w ithout using the quasi-
stationary sta te assumption, trea ting  the general case of a square cascade, according
to  Cohen The form ula is given as an in fin ite  series, but too m any term s have
to  be taken  in  the case of large Q 's. Only when H 1 = co can  a result be given,
w hich closely resem bles Jones and Furry's equation  (1 .26) w ith  a re laxation  tim e tj,
also depending on the ho ld-up  in  the colum n.

A He££_ is therefore now introduced because in  the experim ents described in
this chapter H and C g Z '  are of the  sam e order. Eq. (1 .26 ) and (1 .29 ) have been
used, where t  is taken from  the experim ents for q = 100 or 50. The results are shown
in T able II. 7.

For 8 of the 17 experim ents He££ < H, for the others He££ > H, which
m eans th a t part of the colum n must be considered as lower reservoir so th a t experi­
m ental and theo re tica l re laxation  tim e coincide. No explanation  can  be found as to
why He££ /H  is not constant.

D. D i s c u s s i o n  o f  t h e  c o l u m n  w i t h  p r o d u c t i o n

Equation (1 .2 1 ) gives the  re la tion  betw een the production ra te  P and the sep­
aration  Q . From T able II. 5 the following experim ental results are taken: b leed -o ff
or production ra te  P and the transport factor Cj in  order to  ca lcu la te  the norm alized
production ra te  <|* = P / c . .  W ith Eq. (1 .21 ) Q has been ca lcu la ted  as a function of
l|» , using 6600 e®* for e ^ 6^ .  The resu lt is given in  T able I I .8, where i t  is
com pared w ith  the experim ental separation QeXp* It can  be seen th a t agreem ent b e ­
tw een theory and experim ent is quite good.

TABLE II. 8

T heoretica l and experim ental separation factors as a function of the
production ra te  for a colum n w ith  r. = 6 .5  m m  a t 266 °C .

b leed -o ff

(cc /m in )

production

(g/hour)
C1

(g/hour)

i>= p / C j Q
theor Qexp

5 .82 0 .058 5 .3 0 0 .011 91 74
7 .7 6 0 .077 4 .4 6 0 .017 59 55

11.64 0 .116 5 .0 0 0 .023 44 37
17.47 0 .174 5 .0 0 0 .035 29 24 .5
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For large equilibrium separations the term unity in the denominator of Eq.
(1.21) can be omitted so that it can be written as Q = (1 + ) / ill. For small pro­
duction rates l/i , Q is inversely proportional to V . The experiments obey this law.

Finally the separation without production can be compared with the column
described in Sec. 2.B where the lower volume is 114 cc. From Fig. 8 it follows that
Q = 100 was reached after 4.5 hours, when H = 80 cc. The ratio between relaxation
time (4.5 or 6.5 hours) and lower reservoir (80 cc or 114 cc) for both columns is the
same to within 1.5%.
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C H A P T E R  I I I

T H E O R Y  OF T H E  T H E R M A L  D I F F U S I O N  F A C T O R

1. THE THERMAL DIFFUSION FACTOR AT LOW DENSITIES

The theory of the therm al diffusion factor a  introduced in  chapter I is quite
com plicated . D ifferent approxim ations have been  m ade, som etim es adapted to  the
m ixtures w ith  w hich the experim ents have been carried  out.

The most elem entary  theory, considering the m olecules as elastic  spheres of
the sam e d iam eter, leads to

a 0 .8 9
M - M

2 1
M + M

2 1
(3 .1 )

where M. and M2 are the m olar masses of the com ponents. It means th a t a  is in ­
dependent of the tem perature , the concentration  and the pressure.

The most w ell-know n expression for a  com es from the first approxim ation of
the solution of the Boltzmann equation. It is found under the follow ing assum ptions:
1. the density of the gas is so low th a t the effect of collisions involving more than

two m olecules is neglig ib le;
2. the tem perature is such th a t quantum  effects do not need to  be considered;
3. only ce rta in  types of distribution functions f ̂  ) are considered by the assumption

of "m olecular chaos";
4 . the m olecules have no in ternal degrees of freedom , they have a spherical sym­

m etry;
5. the in term olecu lar forces are only short-range;
6. the difference in  position betw een two collid ing  m olecules is not taken into ac­

count;
7 . the flux vectors t/i j con tain  only the first spatia l derivatives of tem perature , mass

velocity  and concentration .

The general expression for the first approxim ation of a  can  be found in  the
book of C hapm an and Cowling 17'  for exam ple . Unlike Eq. (3 .1 )  this expression for
a  is dependent on tem perature and concentra tion . The in term olecular po ten tia l com es
in to  the equation through the collision  integrals . They are integrals of the
d ifferen tia l cross section for a collision, w eighted w ith  a factor 1 -  cos^” X and aver­
aged over the k ine tic  energy of the re la tive  m otion of the m olecu les. The lower in ­
dices refer to  the type of m olecules i and j ,  the index r  to  the power of the in itia l
re la tive  speed. The angle by w hich the m olecules are deflected , X , depends on the
law of in te raction  betw een the particles.

The in term olecu lar po ten tia l model used in  this thesis is the Lennard -  Jones
(6-12) p o te n tia l:
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(3 .2 )$ (r) = 4 e ^ ( a / r ) 12 -  ( o / r )  ^

where $ (r) is the po ten tia l energy of in te raction  b e ­
tw een two particles a t a distance r. The force constants
are e (the m axim um  energy of a ttrac tion  a t a distance
r = r ) and O (the distance in X where <t> (r) = 0)
(Fig. 9). To ge t the po ten tia l betw een d ifferent kinds
of m olecules C ^  and O n  have to  be taken  in  Eq.
(3 .2 )  instead of e and a  w ith

a i 2 = * ( a i + ° 2 ) 6 12 = V V  e 2 ' ( ï ' 3>

F ig . 9

The Lennard -  Jones
(12-6) po ten tia l m odel.

The therm al diffusion factor of d ilu te gases can
be ca lcu la ted  following the procedure developed by
K ihara 36), who got a sim pler expression for the first
approxim ation to  o than  the form ula of C hapm an and
Cowling. For binary m ixtures K ihara found:

(6C* - 5) JS  x t  -  S2 x2 { (3 .4 )

9 1 Xl 2 + Q2 X22 + 9 12 X1 X2

in  w hich

2M_

M„ \/ M„ + M
2 I 1 2

4M . M_ A * 15M2 (M2 -  M 1)
1 2

°12 /  (M + M2)2 2 (M1 + M2)

'  1 M2 (M + M2)

2M_
(2,2 f

2 °  111J  [ 1 L |  (3M 2 + M 2 + | m  M^ A*)
m i  ^  1 °  1 2 1 5 1 *

15 (M - M? ) 2 32M1 M2 A* 8 (M 1 + M2) 0 ^ ’ ^  0*2’ 2 ° 1  ° 2

r  +... . + 777=^ (7W ?(M 1 + M2) 2 (M 1 +  M2) 2 S ^ M ~ 1,2

x , „ = the m ole fraction  of com ponent 1 ,2 . .
S2 ’L d  Q2 are the sam e as S j and Q 1 after in terchanging the subscripts w hich refer
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to molecules 1 and 2. A *  and C* are the ratios of collision integrals

,(2.2)*
3 1,2
,(1. 1)*
3 1,2

,(1.2)*
1,2

,(1,D'
3 1,2

The superscript 5k means that the values are divided by their rigid-sphere values.
The dependence of a on temperature is in the quantities A* , C * and Si * .

They are tabulated in Hirschfelder's book *®) for different potential models as a
function of T *  = ^ / . c  (k is Boltzmann's constant).

a depends parametrically on the potential model through the collision inte­
grals, it is clear that a is also influenced by the concentration, the size and the
mass of the molecules.

There seems to be no dependence of a on the pressure. Experiments have
shown that the thermal diffusion factor is pressure independent under atmospheric
pressures and slightly above (Lugg ^ ) .  Ibbs, Grew and Hirst ®®)j Grew Drickamer
and Hofto 12a) ).

2. THE THERMAL DIFFUSION FACTOR AT MODERATELY HIGH PRESSURES

The theory of the transport properties at higher densities is a subject of intense
study nowadays. In the last section the thermal diffusion factor has been derived from
the Boltzmann equation, assuming that the mean free path of the molecules is large
compared with its diameter, so that only binary collisions occur. To derive equations
for the transport coefficients of a moderately dense gas (p > 1 atm) the Boltzmann
equation has to be generalized with terms that include the effect of triple and higher
order collisions. This can be done by the distribution function method.

Bogoliubov 40) starting from the Liouville equation, which he expanded in
powers of the density, found a kinetic equation for the first distribution function that
in lowest order of the density resulted in the Boltzmann equation. The theory has been
commented and outlined again by Choh and Uhlenbeck ).

A second method to derive the generalized Boltzmann equation has been given
by Green 42) 3Tlr| Cohen 43 )} who use cluster expansions for the non-equilibrium dis­
tribution functions. Cohen has given the connection between Bogoliubov's and Green's
method.

To calculate the transport coefficients the generalized Boltzmann equation can
be solved by a solution according to Hilbert - Enskog 41). The distribution function
is then only dependent on the density n (? ; t ) ,  the average velocity u ( r ; t )  and the
temperature T (? ; t ). In this way a set of hydrodynamic equations has been derived
in which the transport coefficients appear as an expansion in the local density n. Ex­
plicit expressions, however, are only given for f| and X to general order in the den­
sity 44).
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Q uite another way of obtaining transport coefficients is the  tim e  correla tion
function m ethod. It assumes th a t the system is in itia lly  in  loca l equilibrium  and gives
the transport coefficients as very general expressions in  term s of correla tion  functions
betw een two m icroscopic quantities a t different tim es. There are two m ethods for

achieving th is . ■ , . : ,
In the first way one starts w ith  th e  L iouville equation and Jo o k s for specia l

solutions depending on tim e only through the q u a l i t ie s  n ( r  ; t )  u ( r ; t )  and e ( r ^ t ) ,
w here e ( r ; t )  is the loca l energy density (Mori 45>, Kirkwood H .S .  Green

Me Lennan 48) ). _  , 491 ,
The second way is the linear response theory according to  Kubo who

studies the response of the system th a t is perturbed by some disturbance (m echanical
or therm al). In the case of the  m echan ica l disturbance (like an e lec trica l fie ld ) the
Kubo form alism  is com plete . However, the case of the rm al disturbances is m ore com ­
p lica ted , owing to  the s ta tistica l nature of the  tem perature itself.

Several investigators have shown th a t the correla tion  function m ethod reduces
to  the w ell-know n expressions a t low density 45> 47> » > ,  but ex p lic it expressions for
the therm al diffusion factor have not y e t been  given. It is c lea r too nowadays th a t
the distribution function m ethod and the correla tion  function m ethod lead  to  id en ti­
c a l expressions 50>, 51), 52), 53)- 8001 methods are worked out for dense binary

gas m ixtures 84' .

An exp lic it expression for O has been given by Easkog 1 \   ̂ and Thom e,
who developed a theory of dense gases in  w hich only binary collisions w ere consid­
ered. Enskog introduces corrections for th e  fac t th a t the  transfer of energy and m o­
m entum  not only occurs betw een the collisions, but also during the collisions of the
m olecules. This "collisional transfer" m echanism  is restric ted  to  rig id  spheres and
m ultibody collisions have not been considered.

Two corrections can  be m ade to  the Boltzmann equation:
1 a t th e  m om ent of collision  the centres of the two m olecules are not a t the  sam e

' point. When the  first m olecule is a t t ,  the  cen tre of the second m olecu le is a t
?  - where the u n it vector is denoted by k and the d iam eter of the  m o le­
cules by . The distribution function f  ( r  ) has to  be rep laced  by f ( c 1, r  -  ok);

2 in  a dense gas the volum e in  w hich any one m olecu le can  be, is reduced by
‘ the to ta l volum e of the other m olecules. This e ffec t increases the probability  of

a collision . The frequency of collisions is increased by a fac to r Y, w hich is
evaluated  a t the point 7  -  Ï  o lT  at w hich the  m olecules c o llid e . Y  is a func­
tion  of the num ber density n  ( r, t )  and of O .

The Boltzmann equation thus obtained can  be solved in  first approxim ation
by expanding the distribution function f ( c ,  r , t )  = f l °  ( c )  [ l  + •  ( c ,  r , t ) J
lead ing  to  expressions for the viscosity and the therm al conductivity  of dense pure

gases. . • u 1
H .H . Thom e generalizes Enskog's theory to  m ixtures for diffusion, therm al

diffusion,” therm al conductivity  and viscosity. The first approxim ation to  a  is given

b y :
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3
Z1

M
1 * Y

(Mi  + M2)2

The relations for Sg, Q2. Y2 and Z2 are obtained from those for S j, Qt , Y j
and Zj by an interchange of the subscripts which refer to molecules 1 and 2.

B
* 5 ft( 1, 2 ) ’

1,2
4 ft

,(1. 1)’
1 1,2

(1,3)*
1,2

nj is the number density of the molecules, which is the number of molecules in the
unit of volume.

The equation is of the same form as Eq. (3.4), but with a pressure depend­
ence of O coming in the formula through Y£ and Zj. At one atmosphere Yj and Zj
differ only 0.15% from unity. When one puts Yj = Zj = 1 in Eq. (3.5) it becomes
nearly equal to Eq. (3.4). The only difference is the factor 2 .5  - 1.2 B . In the
Kihara approximation this is taken unity by giving B* its maxwellian model value
of 5/4.

3. PHENOMENOLOGICAL EQUATIONS FOR O

A. N o n - e q u i l i b r i u m  t h e r m o d y n a m i c s

The thermodynamics of irreversible processes predicts only the relationships
that exist among the transport coefficients. Therefore, the result contains phenome­
nological coefficients which cannot be evaluated theoretically.

Consider a diffusion process in a binary gas mixture with no external forces.
According to the monograph of De Groot 56\  following his notation, the fluxes of
mattpr and heat are given by the phenomenological equations.

T
2

k = 1
L X, +ik k

L. 3? (i = 1,2)

J q
2z I . ?uk k

+ L X*uu u

(3.6)
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Ljk are coefficients for w hich the Onsager relations and Lju  = L . are
v a lid . X^ are the therm odynam ic forces or affin ities.

3? = -  T grad
k  T

ï t  = -  4: grad Tu T *

P. is the  chem ical po ten tia l o f com ponent k per u n it mass.

The fluxes are defined w ith  respect to  th e  cen tre  of mass velocity  v)
follows from

(3 .7)

which

p ?  = p j  * i  + p 2 ^  .

w here p is the to ta l density of the m ixture
Pk the density of com ponent k
v  the velocity  of com ponent k .

Consequently:

Z >-u, - 0
k = l

(i = 1, 2 , u )

and J J ,

♦  lUIntroducing the new  quantity  q = j-— one can  w rite the fluxes as

f  = -  f  = L (3t - X ' + q * j f )
J1 *2 11 '  1 2 H1 u '

(3.8)
f  = q * f  + (L -  L q *) T
■q H1 ■’l  '  uu l u Hl  '  u

The quantity  q* ,  w hich now appears in  the equation for both the  mass flint and
the h ea t flux, is ca lled  the h ea t of transfer. It can  be in terpreted  as the h ea t trans­
ported w ith the unity  of mass of com ponent 1 a t uniform  tem perature .

The affinity  X. can  be rew ritten by the substitution of

grad V
3 P k

sk  grad T  + vk grad p + . ( - 5^  p grad c (3.9)
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with s^ the partial specific entropy of k,
the partial specific volume of component k,

c . the concentration of component 1 (mass fraction).
Assuming that the pressure is uniform and using Eq. (3.7) and (3.9) the fol­

lowing expression for the mass flux can be obtained:

\  3(
grad Cl  + v v

grad T (3.10)

where is the partial specific enthalpy of component k.
For the heat flux two different conditions must be considered; the initial state

when grad c^ = 0 and the stationary state when = 0.

(V *C1 SLI uu < V h ) f
2; S

grad T

=o S L> uu
Llu qi s

grad T
T

(3.11)

The diffusion coefficient D.g and the thermal diffusion coefficient DT are de­
fined by:

* < " l  -  V 2 ]

3 c i

T
q i  - h l  +  h 2

T

(3.12)

so that the thermal diffusion factor a is :

q - h + h41 1 2

°1 2  C1 (1 - Cl>
C1 ( 1 ’ C1)

» (» 1J “ 2)
3 c.

q - h + hH1 1 2
314

C1 ï c T

(3.13)

When both components and the mixture can be considered as ideal gases the
thermodynamical constants a re :

5 R Th = const. + — . ,1 2 Mj
5 R T

h = const. + — . .2 2 M_
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where M = x^ Xg, the molar mass of the mixture, y  ̂ = chemical poten­
tial of component 1 per unit mole.

Now, the pressure dependence of a comes into the expression through hj and
| l .. At high pressures the corrections on a  can be given by taking for the thermody­

namic quantities their values for real gases instead of ideal gases. The only difficult
point in the formula is the quantity , which cannot be evaluated numerically.

B. E q u a t i o n s  i n v o l v i n g  f u r t h e r  a s s u m p t i o n s

Haase Drickamer and Kotousov have used Eq. (3.13) based on the
theory of thermodynamics of irreversible processes to explain the pressure dependence
of a . Therefore, they had to make some assumptions.

Haase antj Drickamer Sb) write for gases, which behave ideally in equi­
librium:

o o(q - h + h ) NI Nf
lHl  1 2 7 1 2a = -------------------------------------

°  M R T

where the superscript o means the value at low densities. They assume that q^ is
independent of the density of the system, so that one can put q^ = . Doing
this it is possible to split the thermal diffusion factor a into an ideal part and a
part depending on the deviations of the ideal gas laws. The result is :

1 + x l x2

. 23 In f

3 x.1

(h2 - h2°) - (ht  - h l°)

'1 3c .

where the thermodynamic relation

3 ?!
1 3x . 1 + X1 X2

32 In f.

1 7 * "

(3.14)

has been used, with f the fugacity of the mixture.
Kotousov introduces the heat of transfer in Eq. (3.6) by substituting
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L . = L , Q * + L Q *lu  n  1 12 2

L-v = 9 * + L Q,*2u 12 1 22 2

In this way he finds for a

M1 Q1* - M2 Q2* '  M1 h l  + M2 h2

From the definition of the thermal conductivity coefficient X in Eq. (3.11) he is
able to express X grad T also in terms of Q j and Mg Q2 . He uses the rela­
tion

grad T
grad x

and ignores the term

where H j = M. h. is the partial molar enthalpy of component i.

dq <V 'V
»T <“, - «2»

K grad T
-------------- - in comparison with grad Xj. His result is:

C. F u g a c i t y  m e t h o d

Becker ^  proves that a separation in a gas mixture in a temperature gradi­
ent occurs when one component obeys the ideal gas laws and the other component
the Van der Waals equation of state

R T a
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As he assumes only collisions between molecules
of the same kind, this separation cannot be due
to thermal diffusion. The thermal diffusion sepa­
ration is based on collisions between unlike mole­
cules. In his derivation of the formulas he ig­
nores, however, the co-volume b in the Van
der Waals equation, the nan-ideality of the sec­
ond component and the interaction terms in a
and b.

Becker's theory can be completed with the
following imaginary experiment. Consider two ves­
sels at different temperatures Tj and T2  (T2  > T j)
with a non-ideal gas mixture. Let the transition
from temperature Tg to be via the hypotheti­
cally intermediate states where the gas is re­
garded as ideal (Fig. 10). Between T2  real and
ideal and between T. ideal and real there is no
thermal diffusion. Between T2  and T. in the ide­
al state there is a separation ,e j due to ordi­
nary thermal diffusion. At T. and T2  the laws
of thermodynamics can be used. Together with the
ideal gas is equal to the pressure, it is clear that
hold:

Non -

Fig. 10

Diagram to illustrate the cal­
culation of the "equilibrium
separation" of a real gas mix­
ture in a temperature gradient.

fact that the fugacity for an
the following relation should

2 ' c non-ideal 2/ c ideal 2/ h ideal 2/ h
(3.16)

non-ideal

where f< 9  = t îe fugacity of
c and h mean the values taken at T, and T

component 1,2 in the mixture and the subscripts

In f. In x
1 + In p - ;r-=-* D T

equation (3.16) states that

X 1 X 1
111 (— ) -  111 (— )

2 h 2 c
In Qreal

R T <Vva>* - rT (Vj - V2) dp (3.17)

with V. the molar volume of component i.
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Owing to the non-ideality of the gas there is a separation, which we call
in  Qreal . The ordinary thermal diffusion effect gives a separation In Qideal • When
both separations are considered as additive the total separation is

] n Q  = ** 9 real + Qideal '

Consequently:

0 = 0 + a . , .real ideal

Introducing an equation of state in the general Eq. (3.17) one can calculate In •

Here the partial similarity between Haase's formula and the "fugacity" method
must be pointed out. In the latter method grad In * /  f2  = 0 has been stated. As
In f  = (v  -  u . ° ) / R T  condition (3.16) becomes

i i i

grad
\  (»*! -, O  ,  V2 - V20 ) '

0  .
\  T  T /

The substitution of (3 .9) and the Gibbs- Duhem relation

\3v, + c .
P, T

leads to (grad p = 0):

2 \ 3c 1 / P, T

M. M„
1 2

---------  c .M 1

3( Ui -  Uj0 ) grad (h j  " h 1°) * M2 <h2 '  h2°*
grad T = 0

C1 C2

real

M <h2 - V> - NT (hl - "l̂
1 ___ ^

°1 3c7

(3.18)

There are two salient differences:
Haase's a  and O , are not additive since his o has been corrected by the fac-o real u
tor 1 + Xj X2  3^ In f / 3 x ^ ,  which becomes important at the highest pressures. The
enthalpies in (3.18) are m ultiplied by the mass fraction M / M j .  This la tter differ­
ence is largest at trace concentrations of one of the components.
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D. D i m e r s

Drickamer ®a) has already stated that the clustering of molecules could influ­
ence the thermal diffusion process. Recently, Leckenby and Robbins have observed
double molecules (dimers) in the mass spectrum of CO, when the attractive Van
der Waals interaction is important and the pressure high enough to produce a fraction
of three-body collisions. Stogryn and Hirschfelder and Kim et al. have shown
that a contribution to the density dependence of the viscosity in our pressure range
can be caused by molecules colliding with a dimer (such as bound, metastable and
orbiting pairs). The number density of dimers can be obtained from an equilibrium
statistical mechanical calculation based on classical mechanics. When an equilibrium
of the following form is assumed:

2 CP2 ; (CP2 )2 (3.19)

between two monomers and a dimer, this can contribute to an increase of a in three
ways.

1. If all CO, molecules are dimers the thermal diffusion factor a can be
calculated according to Eq. (3.4) with M, = 88 instead of 44. Due to the fact that
the relative mass difference between He and CO, is already close to unity this ef­
fect leads only to an increase in a of 0.1.

2. When part of the CO, molecules are dimers the He - CO, mixture can
be considered as a ternary mixture with particles having molar masses of 4 , 44 and
88. The concentration of the dimer can be found from the equilibrium constant K*
for Eq. (3.19) as given by Kim and Ross. The effective thermal diffusion factors
o ij (*em ‘ ) in a ternary mixture can be calculated, according to Van der Valk ® )̂.
The simultaneous separations of .monomers and dimers with respect to helium can
be added, but the dimers have to be counted twice as they are analysed as two
molecules of COg .

3. The dimer formation can be considered as a chemical reaction with an
P ( c o 2 ) 2 d l n K p AH

equilibrium constant K = ------------- . The Van 't Hoff equation ------------  — ----- —
P ( p C O /  d T  RT2

can be used to calculate the change in enthalpy or heat of reaction A H. Baranovs-
ki and De Vries who have done experiments on At -  NO, mixtures found that a
increases very greatly as a consequence of the chemical reaction 2 NO2  -—  > N2  .
They have derived a formula which gives a correction term a  ̂ to the thermal dif­
fusion factor

*d - V _  (1 + o ) + 2
X1 d .

R T
4  ( -  +  1 )

X1

(3.20)
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where a .  = degree of dissociation, th a t is the fraction  of the to ta l num ber of
dim ers (COgJg w hich are sp lit up,

x« = m ole fraction of the idea l (helium ) com ponent,
x ,  = m ole fraction  of the no n -id ea l com ponent.

The difference in  enthalpy betw een dim er and m onom er A H / R T  has been given
in Stogryn's artic le  59) ^  a function of T * .  .K im  and Ross give a reduced equilib ri­
um  constant

K V

K ‘ ----------“ 3
2 /3  v a N

A

where V = the volum e of one m ole of the gas,
= Avogadro's num ber.

W ith K * it  is possible to  ca lcu la te  th e  concentration of the d im er, from  w hich O ,
1  °

and a  1 follow.

45



CHAPTER IV

THE TWO- BULB A P P A R A T U S ;  DES CRI P TI ON AND EXPERIMENTS

1. DESCRIPTION OF THE TWO-BULB APPARATUS

The two-bulb apparatus consists of two cylindrical stainless steel reservoirs
connected by a tube and kept at temperatures T^ and Tg respectively (Tg > T . ).
To avoid convection the apparatus is mounted vertically with the hotter bulb at the
top (see Fig. 11).

The lower reservoir V . is constructed as an ionization chamber to follow con­
tinuously the radioactive tracer concentration of the gas mixture. It has a coaxial
collecting electrode, the distance between the electrodes being 3 mm. The wall of
the chamber has a positive potential of 550 V with regard to the collector.

The upper reservoir V 2  is connected to an ionization chamber, I, to measure
the radioactive tracer depletion. The ionization chambers together with the critical
electrical components are maintained at room temperature for ease of operation. A
water-cooling jacket W is therefore placed between the upper reservoir and the ion­
ization chamber. The gas is flushed continuously through the ionization chamber by
means of convective action through a by-pass B. The upper reservoir is placed in a
specially built oven O filled with Vermiculite (asbestos) with one or two main heater
windings H and one auxiliary winding (200 W). The oven is kept at a constant tem­
perature with a contact thermometer T within 1 °C.

A water-cooled flange F is welded to the lower end of the connecting tube
L. The cooling water is kept at a constant temperature T j (Tj ^ T^ ^ Tg) by a
circulation thermostat.

Bulb V j is attached to the water-cooled flange via a Perspex (polymethyl
methacrylate) flange P for the electric insulation. The apparatus is evacuated and
filled through a side tube S entering the lower reservoir. The tube can be closed
by needle valves.

Temperature readings are taken with the aid of a chromel-alumel thermo­
couple soldered to the hot bulb, and with an ordinary mercury thermometer for the
lower reservoir, which is kept constantly at or slightly above room temperature. The
pressure is measured with a Bourdon manometer.

The specifications of the two-bulb apparatus are:
hot reservoir V2  * 51 cc
ionization chambers I : 48 cc
lower reservoir V j : 83 cc
connecting tube L : length 122 mm; diam. 11 mm
by-pass B : length 61 cm; diam. 4 mm

Two different methods of analysis have been applied. The composition of the
mixture with radioactive tracers was analysed with the ionization chambers. The con-
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Fig. 11

The tw o-bulb apparatus.
B b y -pass L connecting tube T therm ocouple
E expansion-volum e O oven V 1 lower reservoir
F w ater-coo led  flange P Perspex flange V 2 upper reservoir
H
1

heater
ionization cham ber

S side tube W w ater-coo led  flange
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centration of the bulk gas, helium , was taken  as un ity . For analysing higher CO2 concen­
trations samples have been  taken  from  the upper and low er' bulbs through a sm all ex­
pansion volum e (E ,S). They were m easured in  a mass spectrom eter (Atlas, m odel CH^).
The gases used a r e :

°  Q C
The rad ioactive tracer °'TCr, carrie r-free  obtained from  the R adiochem ical

C entre, Amersham, U .K .
14C O , was m ade by adding HCIO^ to  B a ^ C O j w hich was also obtained

from  the R adiochem ical Centre
C O , and helium , taken from  com m ercially  availab le  gas cylinders; the puri­

ty  was more than 9 9 .9  96.

2. THE IONIZATION CHAMBERS

The behaviour of th e  ionization cham bers was exam ined in  prelim inary ex­
perim ents.

Two types of ionization cham ber w ere u se d :
1. a brass one, suitable for 20 atm  and used in the colum n experim ents (Fig. 12).
2 . a stainless steel one, suitable for 150 atm  and connected to  the tw o-bulb appa­

ratus (Fig. 11 I).

<D ©perspex
teflon

Fig. 12

The brass ionization cham ber.
E co llec ting  electrode S threaded jo in t

F Perspex flange T  Teflon insulation

I insulating ferrule
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The form er has already been used in  low density m easurem ents ® \  I t is
cy lindrical in  shape, 3 .2  cm  inner d iam eter by 4. 9 cm  w all.

The co llec ting  electrode E (3 .4  cm , d iam  0 .3  cm ) is p laced  so as to  lie
along the axis of the cham ber. It can  easily  be changed because it  is connected  to
the measuring c ircu it by means of a threaded jo in t S. In operation a positive high
voltage V is applied to  the outer w a ll. The e lec trica l insulation is m ade of Teflon T
(tetrafluoroethylene) so th a t the  resistance to  earth  is greater than  1014fl. The high
voltage is screened from  the rest of the apparatus by Perspex flanges F and polyam ide
insulating ferrules I. The cham ber shown on the le ft in  F ig. 12 could  be used for
p re-am plifica tion  in  vacuum . This part has been om itted  in  la te r designs. The rad io ­
active tracer generates an ionization current I betw een the two electrodes. This cur­
ren t must be independent of the applied field  w hich m eans th a t the  cham ber is op­
erated  a t the "saturation p la teau" of the I -  V p lo t. The output is m easured w ith  a
G eneral Radio DC A m plifier when large concentration changes occur. For sm all
separations higher accuracy is obtained by using a com pensation c irc u it ^0) 63)_

W ith the inner electrode of 3 m m  in  the cham ber the p la teau  m easured in
helium  a t 20 atm  w ith  85Kr does not start un til 1700 V . As this voltage causes too
large background currents through the Teflon insulation the d iam eter of the inner
electrode has been changed to  22 m m  so th a t the  distance from  the w all was 5 m m
on each  side.

i (10'8 A)

20 atm

1 atm
41 cm Hg

20 atm

Fig. 13

A. Saturation curves of the  brass ionization cham ber. in  helium
at various pressures

B. Pressure dependence of the ionization current at a  constant ra tio
^ C O o  - helium .
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M easurements a t different pressures w ith  *4C 0 2 showed th a t the p la teau  started at
30 V in 1 atm  and at 340 V in  20 atm  helium  (Fig. 13 A). The ionization current
p lo tted  as a function of th e  pressure p (Fig. 13 B) produces a straight line between
0 .5  and 20 atm , w hich means th a t 1 is proportional to  the to ta l density of the m ix­
ture.

Using the ionization cham ber as an analysing instrum ent I should also be found
to  be proportional to  the am ount of rad ioactive tracer a t a constant helium  pressure.
This can  be tested  by measuring the pressure dependence a t a constant ^4C 0 2 - He
ratio  betw een 20 atm  and 15 atm  (A - B) (Fig. 14). At B pure helium  is pressed into
the ionization cham ber up to  20 atm  pressure (B -  C ), w hich m eans th a t the CO^ - He
ratio  is then 75 % of the in itia l ra tio . The pressure dependence is m easured again
(C - D), after w hich pure helium  is added (D - E) and so on. From the d ilu tion  of the
14C O , com ponent the points F and G can  be ca lcu la ted  and com pared w ith  experi­
m ent. The results given in  T able IV. 1 show th a t I is a  lin ear function of the am ount
of rad ioactive tracer.

k io ' 8a >

20 atm

F ig . 14

C oncentration dependence of the ionization current in
14COz - helium  a t 14 .9  a tm . For description see te x t.
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TABLE IV. 1

Test on the linearity of ionization current.

point ionization current

at 14.9 atm experimental theoretical

B 1.31 x 10 '3 * * * * 8 A _

F -80. 980 x 10 A -80.971 x 10 A

G -80.645 x 10 A -80.636 x 10 A

As the brass ionization chamber could not be used for pressures up to 150 atm
a stainless steel ionization chamber which differed only in size and minor details was
designed. The outer wall is 7 .0  cm long and has an internal diameter of 5 .0 cm.
The distance between the collecting electrode and the wall is 3 mm. The same cali­
brations were made up to 150 atm in this chamber. The saturation plateau begins at
90 V in 20 atm and at 550 V in 150 atm helium. The slope of the plateau is

85t2 % /  100 V. For "TCr - He the ionization current is a linear function of the total den-14
sity between 10 and 150 atm, for COg - He the current has been found linear with
density between 25 and 150 atm. This is important as in the two-bulb apparatus the
two ionization chambers are not always at the same temperature. The temperature
of the upper ionization chamber is raised by the constant flushing of hot gas from
the upper reservoir so that the density differs from that in the lower ionization cham­
ber. By measuring the temperature of the gas in both ionization chambers the ion­
ization current can be corrected.

. i  2The background ionization current in pure helium was about 5 x 10 A. Cor­
rections for this have not to be made because the total ionization current was always
between 5 x 10"^® A and 10"® A.

3. SHORT DESCRIPTION OF A SERIES OF EXPERIMENTS

For the mixtures with radioactive tracers, first the background current in vacu­
um in the ionization chamber was measured. When it was less than 1 0 " "  A the
trace component and the helium were let in. The gases were allowed to mix thor­
oughly for some days. With this homogeneous initial mixture the ionization chamber
factor was measured. Slight geometrical differences in the chambers led to different
ionization currents. The ratio of these currents is called the ionization chamber fac­
tor. The experimental results (Fig. 15 and 16; Table IV. 2 and IV. 3) have been cor­
rected for this. A series of experiments were carried out, starting with To at 60 °C.
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The re laxation  tim e t f  o f the  experim ent can  be estim ated  from  an equa­
tion  given by Saxena and Mason • ).

t
r

T  TL I  2

where L is the length  and A the cross-sectional area of the connecting tube,

is the  ra tio  of an average value of the tem perature T . < T  < T_ and
av. the binary diffusion coeffic ien t in  this tem perature region.

For 150 a tm , T . = 303 °K and T0 = 330 °K , t  = 40 hours, t  is the tim e takenx u r  r
to  reach  1 -  1 /e  of the concentra tion  difference of the  stationary sta te . After 5 t
the separation differs less than  1 % from  th e  stationary sta te separation. This tim e
can  be verified  experim entally  by m easuring the ionization currents after regular in­
tervals of tim e .

For trace  com ponents the separation factor Q reduces to

After reaching the stationary sta te T ,  was increased and the pressure lowered
where necessary. The separation factor was m easured in  five to  seven steps as a func­
tio n  of the higher tem perature . The data  of a run a t one pressure and com position
w ere p lo tted  as a function of In To /  T .  . A sm ooth curve was constructed, where
possible w ith  the m ethod of least squares, in  order to  cover the observed points as
closely as possible. The therm al diffusion factor can  then be eva lua ted  as the  tangent
of the curve.

For th e  m ixtures w ith  higher CO2 concentrations first the  COo was fed  into
the apparatus a t uniform  tem peratu re . W hen the gas was in  therm al equilibrium  the
pressure was read and helium  added t i l l  the required concentration  was reached . So
the  com position was obtained from  two pressure readings, w hich m ean t th a t a re la ­
tive  error of 3 % was possible. Then the tem perature gradient was set and therm al
diffusion allow ed to  reach  its stationary sta te . In the stationary state the working
pressure was read  and sam ples were taken  to  be analysed in  a mass spectrom eter.
The ra tio  of the peak lengths for mass 44 to  th a t for mass 4  a t  T .  divided by tha t
ra tio  a t T« is equal to  Q .
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4 . EXPERIMENTAL RESULTS

A. E x p e r i m e n t s  w i t h  r a d i o a c t i v e  t r a c e r s

Experiments were carried  out w ith helium  -  °"*Kr a t pressures 42 atm  a n d '135
atm . The ionization currents, m easured in  the in itia l m ixture a t the uniform  room
tem perature of the entire apparatus, were different (see Section 3). A t 42 atm
12 = 1 -15S 1 1 , at 135 a tm  I 2  = 1 .121 I j .  Apparently the ionization cham ber fa c ­
tor is slightly  pressure dependent. This factor was taken  in to  account in the experi­
m en tal results w hich are given in  T able IV. 2 and illustrated  in  F ig . 15. Two straight
lines can be drawn through the m easured points; the tangent of the lines was ca lcu ­
la ted , p roducing :

o a t  42 atm  : 0 .8 3  + 0 .0 1  335 < T  < 620 °K
a  a t 135 atm  : 0 .8 2  + 0 .0 2  335 < T  < 620 °K

T able IV. 2 shows th a t the reproducibility  in Q is 1 %. The error in  the ther­
m al diffusion factor was ca lcu la ted , assuming th a t the m easured points were in  a
straight line . The uncertain ty  in  a  was found to  be less than  2 . 5 %.

TABLE IV .2

Experim ental values of the separation factor for trace  concentra­
tions ®^Kr in  helium  a t 42 atm  and 135 atm .

42 atm
T = 303 °K

135 atm
T  = 303 °K

t 2  ( ° K ) Q t 2  ( ° K ) Q

335 1.110 338 1.099
337 1.109 372 1.190
376 1.212 374 1.206
432 1.372 421 1.297
433 1.365 427 1.320
479 1.454 469 1.443
480 1.452 469 1.446
480 1.455 519 1.555
527 1.557 520 1.553
573 1.670 520 1.560
618 1.772 564 1.626
619 1.763 623 1.753
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Q20 -

600°K----- T,

Fig. 15

Logarithm of the separation factor as a function of temperature for trace
concentrations 85Kr in helium . □  42 atm  O 135 atm .

060 -

040 -

020 -

Fig. 16

Logarithm of the separation factor as a function of temperature for trace
concentrations " C O , in helium . V  30 atm  ^  134 atm .
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For the m ixture helium  - ^ C O -  the therm al diffusion factor was m easured a t
30 atm  and 134 a tm . The ionization cham ber factor was 1 .154 a t 30 a tm  and 1.112
a t 134 atm ; i t  decreased again  w ith increasing pressure. The corrected  values of Q
are reported in  T able IV .3 and shown in  Fig. 16.

Fig. 16 shows th a t a t 134 atm  a  is slightly  tem perature dependent. I t occurs,
however, a t the lim it of the high tem perature range so th a t no ce rta in ty  can  be ob­
ta ined .

For the tem perature range, where Oi is constant, the tangents of the curves
y ie ld :

O a t 30 atm  : 0 .916  + 0 .0 0 7  330 < T < 620 °K
a  a t 134 atm  : 0 .8 8  + 0 .0 2  330 < T  < 520 °K

The reproducibility  of the  experim ents is 1 % as T ab le IV. 3 shows. When it
is assumed th a t all m easured points a t 30 atm  and the m easured points a t 134 a tm
up to  525 °K are on a straight line  the uncertain ty  in  a  is less than  2 .5  %.

TABLE IV. 3

Experim ental values of the  separation fac to r for trace  concen tra­
tions 1 ^ 0 0 2  in  helium  a t 30 atm  and 134 a tm .

30 atm
T = 305 °K

134 atm
T  = 301 °K

t 2 ( ° k ) Q t 2 (°K ) Q

330 1.095 330 1.086
330 1.097 381 1.222
382 1.246 381 1.226
383 1.255 426 1.348
425 1.362 426 1.343
425 1.373 476 1.475
481 1.512 523 1.584
481 1.523 523 1.567
524 1.598 578 1.763
524 1.603 578 1.770
579 1.760 579 1.787
619 1.856 620 1.811
620 1.860 621 1.807
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B. E x p e r im e n ts  w ith  h ig h e r  CO^ c o n c e n t r a t io n s

After the experiments with trace concentrations the thermal diffusion factor
for the mixtures 73.796 He - 26.396 CC^, 51.696 He - 48.496 CC^ and 20.496 He -
79.6 96 CO, was measured as a function of temperature and pressure. The results of
the experiments are given in Table IV.4, 5 and 6, and plotted in Figs. 17, 18 and
19. For the 26.3 96 CO2  mixture the thermal diffusion factor is independent of tem­
perature. For the other mixtures the a 's were obtained by drawing the tangent to
the curves in Figs. 18 and 19 with a glass mirror ruler at integral values of T 2 .
The thermal diffusion factors of all the mixtures are given in Table IV .7.

The reproducibility in these experiments is not so good as with the trace con­
centrations; it is between 4 96 for the 26.3 96 COg mixture and 6 96 for the 79.6 96
CCX mixture. For the 26.3 96 CO2  mixture the tangents of the straight lines through
the measured points were calculated by the least squares method leading to an un­
certainty in a of 4 96. For the other mixtures the error in the thermal diffusion fac­
tor is larger due to the uncertainty in the drawing of the tangent; the absolute value
of the error can be 0 .1 .

TABLE IV.4

Experimental values of the separation factor for the system 73 .7  96 He - 26.3 96 CO2

at 28, 71 and 124 atm.

28 atm
T = 309 °K

71 atm
T = 308 °K

124 atm
T = 309 °K

t 2 (°K ) Q t 2 (°K) Q t 2 (°K) Q

335 1.029 325 1.055 336 1.064
444 1.212 370 1.139 336 1.110
500 1.268 401 1.180 429 1.400
500 1.287 446 1.232 494 1.490
567 1.359 518 1.335 544 1.636
621 1.411 567 1.473 580 1.694
622 1.425 621 1.562 617 1.844
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TABLE IV .5

Experim ental values of the separation factor for the system 5 1 .6  96 He - 4 8 .4  96 C O j
a t  28, 72, 102 and 141 atm .

28 atm
T = 309 °K

72 atm
T  = 311 °K

102 atm
T  = 297 °K

141 atm
T = 309 °K

t 2 ( ° k ) Q t 2 ( ° k ) Q T 2 (°K ) Q T 2 (°K ) Q

333 1.035 335 1.029 326 1.133 336 1.191
386 1.121 379 1.211 369 1.354 387 1.611

435 1.192 429 1.349 436 1.936

438 1.196 471 1.391 487 2 .116

485 1.260 535 1.512 533 2.231

533 1.323 574 1.558 617 2.358

571 1.392 616 1.601
617 1.441

TABLE IV .6

Experim ental values of the separation factor for the system 20.496 He - 7 9 .6  96 CC>2
at 26, 60 and 85 a tm .

26 atm
T = 309 °K

1

60 atm
T = 310 °K

85 atm
T = 311 °K

t 2 (°K ) Q t 2 (°K ) Q T 2 (°K ) Q

336 1.025 332 1.068 332 1.074 *)
376 1.107 375 1.270 371 1.356
430 1.201 427 1.412 425 1.556
495 1.269 475 1.508 470 1.782
537 1.308 522 1.587 479 1.877
538 1.283 570 1.646 526 1.940
577 1.305 617 1.730 570 1.939
624 1.283 620 2.011

620 1.886

*) This value is too low; the convection through the upper ionization cham ber did
not work w ell.
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TABLE IV .7

Experimental values of the therm al diffusion factor a  for He - Kr and He - CO,
mixtures a t various concentrations, temperatures and pressures.

He with 0 96 Kr /■'vy' 096 CO- 26.3 96 CO„2
T (°C ) 42 atm 135 atm 30 atm 134 atm 28 atm 71 atm 124 atm

75 0.83 0.82 0.92 0.88 0.52 0.62 0.85
150 0.83 0.82 0.92 0.88 0.52 0.62 0.85
225 0.83 0.82 0.92 0.88 0.52 0.62 0.85
300 0.83 0.82 0.92 0.53 0.52 0.62 0.85

He with 48.496 CO2 79.6  96 CO
2

T (°C ) 28 atm 72 atm 102 atm 141 atm 26 atm 60 atm 85 atm

75 0.53 0.93 1.40 2.13 0.53 1.27 1.53
150 0.53 0.75 - 1.31 0.53 0.68 1.38
225 0.53 0.51 - 0 .54 0.36 0.53 0.41
300 0.53 0.50 “ 0.47 < 0 .2 0.48 0.23

Fig. 17

Logarithm of the separation factor as a function of temperature for the system
73. 7 % He -  26 . 3 % COg. 0  28 atm  V 71 atm  □  124 atm
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In Q

0.80

060 -

0*0 -

Q20

550 600 K

Fig. 18
Logarithm of the separation factor as a function of temperature for the system
51.696 He - 48.496 COg. O 28 atm  V 72 atm  □  141 atm .

ato -

O 3 SO

Fig. 19
Logarithm of the separation factor as a function of temperature for the system
20.496 He -  79.6 96 CO . O 26 atm  A 60 atm  □  85 atm .
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5. COMPARISON WITH OTHER EXPERIMENTS

For the thermal diffusion factor a comparison of our experimental results with
the low density measurements of Ghozlan Saxena and Mason and Elliot and
Masson  ̂ and the high pressure experiments of Walther and Drickamer is possi­
ble.

O C

The thermal diffusion factor for He - Kr has been measured at one atmos­
phere by Ghozlan ® he found a = 0 . 8 7  at 350 °K, a = 0.90 at 600 °K, which
is higher than our result. Apparently a for trace concentrations Kr in helium has a
tendency to decrease with increasing density.

a

2.00 -

121 atm

Fig. 20

The thermal diffusion factors of the system He - CC>2 at
75 °C as a function of pressure for different compositions.

O trace cone. COg > at 1 atm Saxena and Mason **)
A 26.3 96 COg , at 1 atm Elliot and Masson
V 48.496 COg , at 1 atm Elliot and Masson
□ 79.6 96 COg , at 1 atm theory Kihara
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For the mixture He - 14COz the thermal diffusion factor has been measured
by Saxena and Mason at one atmosphere. Their result can be represented by:

3(4.70 + 1.32) x 10
o = (0. 918 + 0.017) - ----------------------------  200 °K < T < 530 °K

t 2

Tn the temperature region 330 °K < T 4 620 °K they find 0.88 é ot 4 0.90,
which fits in very well with our value of 0.916. It indicates furthermore that the
pressure only slightly influences the thermal diffusion factor of trace concentrations
of CO, in helium; apparently a negative dependence.

The only thermal diffusion experiments with helium with higher CO2  concen­
trations have been conducted by Elliot and Masson They have measured the ther­
mal diffusion ratio K-j. = a x j  Xg for the mixture with 26% and 49% CO2  between
273 and 492 °K with the result KT = 0. 1087 for 26% COj and KT = 0.1135 for 49%
C 02. It follows that o = 0.56 for 26% C02 and 0.46 for 48% COg. The first value
is somewhat larger than our 0.52 at 28 atm, the second value somewhat lower than
our value at 28 atm. Figure 20 shows our experimental values for o at different
concentrations as a function of pressure, together with the low pressure values of oth­
er authors.

Walther and Drickamer 12b) have measured the thermal diffusion factor be­
tween 100 and 1000 atm for the mixtures 50% CO2  - 50% He and 80% CO2  - 20%
He at about 305 °K. Unfortunately their results can only be found by interpolation
from their a /pressure graphs. According to their measurements o should be nega­
tive above 150 atm for the 50% COg mixture, whereas for the 80% C 02 mixture
the sign reversal of a should occur as early as 50 atm. As these results deviate seri­
ously from ours we made some control measurements on the thermal diffusion factor
a in an additional experiment for the mixture 51.6% He - 48.4% CC>2 at 102 atm.

With T. = 297 °K "and 323 °K < T2 < 370 °K, o = 1.40 + 0.05, which con­
firmed our increase of a with pressure in contradiction of Walther and Drickamer's
results.
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C H A P T E R  V

D I S C U S S I O N  OF T H E  E X P E R I M E N T A L  R E S U L T S

1. COMPARISON OF THE EXPERIMENTS WITH THEORY

In this chapter the experim ents w ill be com pared w ith  the theories outlined
in chapter III. The m ost prom ising theories, those of Haase and the "fugacity" m ethod,
are discussed in  extension; some of the results of the other theories w ill be given
first.

The therm al diffusion factor has been ca lcu la ted  w ith  Eq. (3 .5 )  for He -  C O ,
a t various pressures. As Enskog's dense gas theory is based on the assumption th a t the
m olecules behave as rig id  spheres, his values differ from  th e  more refined K ihara ap­
proxim ation (Eq. 3 .4 )  a t 1 a tm . From 1 -  150 atm , however, Enskog's theory
predicts a decrease in  a  of 3 -  11% dependent on the concentrations in  the entire
tem perature range 323 -  623 °K . This decrease h as .n o t been found in  the experi­
m ents. D rickam er e t  a l have already reported th a t this theory fails to  pred ic t
the therm al diffusion factor even qualita tive ly . Therefore, this theory w ill not be
considered further here.

For the influence of the  dim er form ation on the therm al diffusion factor the
num ber density of dim ers must be known. The re la tion  to  th e  reduced equilibrium
constant K* is

where n  ̂ and n , are the number densities of the monomer and dimer complex,
a to  is the Leimard - Jones parameter for the monomer - dimer interaction
n = 1 02 a 60)® dimer * °  monomer ’

0 has been taken 4 . 1 A,
K* is tabulated as a function of T* in ref.

For CO, e /k  is approximately 200 °K which means that for the temperature range
300 °K < T < 630 °K, 1 .5  < T* < 3 .2  or 3 .0  > K* > 1 .1 . The dimer
concentration is temperature dependent, it decreases with increasing temperature. The
largest dimer concentration can be expected a f T = 300 °K; for a partial CO2
pressure of 80 atm the calculation of the dimer concentration gives 35 %. Now the
effective thermal diffusion factor a _(tem ) can be calculated for a ternary mixture
with a total pressure of 160 atm and concentrations: monomer 32.5 % dimer 17.5 %
and helium 50 .0  %. After a lengthy calculation the result is an apparent increase of
ex by 0.12, or 25 %.
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The m axim um  value for the correction  te rm  a '  as a consequence of the
enthalpy change by the dim er form ation can  be estim ated as follows: The value

A H /R T  has been given in  Stogryn's a rtic le  59) as a function of T * . Between
T * = 1 .5  and T* = 3 .2 , :A H /R T  = -  2 .6  to  -  2 .5 . When we ascribe 0 ^ ( 1  -  O j)
its m axim um  value 0 .2 5  i t  follows th a t x2/ x j  — 1 .34  and a  m ax =

The influence of the clustering of COz m olecules on the therm al diffusion
factor can  be given by a correction  to o  of 0 .3  m axim um . This m eans th a t only
part of the increase in  a  found in  the experim ents can  be ascribed to  dim er form a­
tion .

In order to  ca lcu la te  a  num erically  for Kotousov's form ula an equation of
sta te can be introduced into Eq. (3 .15 ) by m eans of the therm odynam ical relations:

H.
3 In f.

2 i
RT (— — — )

'  3 T  p ,x

In f. x.
l

+ In p - (—  - V .) dp
P 1

( S . l )

The drawback of Kotousov's expression is th a t values few X and D j 2 a t high
pressure are required. Therefore, we first evaluate  his equation  for low densities.
When the v iria l equation of sta te  p V  = R T  + B (T) p is u se d :

V. = —  + B.. + (1 -  x .)2 A ,
l p li i

w ith  B (T ) = B11 'x 12 + 2 B12 XjXg + B22 x2 , the second v iria l coeffic ien t for
a m ixture,

B-- = the second v iria l coeffic ien t for the pure com ponent,
A = 2  B12 -  Bj j  -  B2 2  •

Consequently Eq. (3 .15 ) becom es:

a
2 ( A -  T  i-A)

3 2 B.

3 T

3 2 B,

3 T

2
22 j . 3 A

+ (x2 " Xi) 71?

X _______M________
P D ^ -  R T  - 2 p x x x2 A

The equation can be developed theore tically  by means of the B coefficients as tabu ­
la ted  in  H irschfelder's book 18  ̂ for the Lennard -  Jones (12 -  6) m odel. The result of
the ca lcu la tion  for a m ixture of 4 8 .4  96 C 0 2 -  5 1 .6  96 He a t 461 K is o  = 0 .0023 .
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This is some orders of m agnitude sm aller than  the experim ents and other theories
show.

The pressure dependence com es into the equation  through the factors A /  pD  ̂ 2
and R T  -  2 p x .  x2 A . The fa tter factor changes 4 5 % betw een 1 and 150 atm .
The results of experim ents on therm al conductivity  m easurem ents a t e leva ted  gas den­
sities m ade by Franck and Sengers have shown th a t A ^  does n o t appreci­
ably vary betw een 1 and 144 a tm , bu t tha t A c o  can  increase by 350 96. It means

that a t  144 atm  O is certa in ly  less than 0 .0 1 , w hich does no t f it  in  w ith  the experi­
m ents. No further calcu lations have been  m ade w ith  Kotousov's form ula.

To obtain  num erical results w ith  H aase's theory and the "fugacity" m ethod the
quantities h  and f  m ust be known. They can  be ca lcu la ted  from  an equation of sta te .
To com pare the theories and the equations of sta te the "fugacity" m ethod has been
ca lcu la ted  using the V an der W aals equation  of sta te and a sim plified  B eattie -
Bridgeman equation , whereas Haase's theory has been  eva lua ted  w ith  the B eattie -
Bridgeman equation of s ta te . This equation has been  sim plified  as follows:

p V = R T  + B (T) p .

For a m ixture B (T) = Bu  Xj2 + 2 B12 Xj x2 + Xg2 , w ith  B.. the second v iria l
coeffic ien t for the pure com ponent, according to  Beattie and Bridgeman

Bii *  « V i i

(A ) •: c -4O 11 11

R T

A B anH c are constants for w hich the following com bination  laws are v a l id :
o ’ o

< V  12 -  V ( V u  • <Ao>: :12 ‘  VC11 ‘  C22

<Bo * 12 I ^  *  ^  '" o ' 22'

For the sim plified  Beattie -  Bridgeman e q u a tio n :

Bii P P ( !  " xt ) A
In f. = In p x. + - ^ j r -  + -------^

w ith  A = 2 B . ,  -  B .. -  B „  . As a consequence Eq. (3 .1 7 ) is :

-  B__+ (x_ -  x ) A
22c ' 2  1 c

B - B« v  + (5t,  - x i )  Al l h  22hp S ilc
111 Qrea l = R (

The B eattie -  Bridgeman constants th a t have been used are given in  T able V . 1.
(5 .2 )

64



TABLE V . 1

Van der Waals and Beattie - Bridge man constants for helium , CO^ and the He - CO^
m ixture.

Van der Waals constants Beattie - Bridgeman constants

a b Ao Bo c

gas
2

litres at litres/m ole litres at litres/m ole
_ o ,3litres K

mole mole2 mole

He 0.034
-2

2.38 x 10 0.0216 0.014
40.004 x 10

C°2
He -  CC2

3.60

0.35

-2
4.28  x 10

3.25  x 10’ 2

5.0065

0.3288

0.10476

0.0451

4
66 x 10

0.514 x 104

For the Van der Waals equation of sta te :

x R T
l

B. A.

l>PjII ------ 7" +-  b V - b V R T

2= a . x + 2 a ._ X
2x_ + a_ x_

i i  i 12 1 2 22 2
, 2

= b x + 2 b „ X
2x + b _ x

i i  i 12 1 2 22 2

= \ / a a b ,„
V 11 22 12

(5.3)

V
a and b are the constants for the pure component
ii ii

A and B are defined b y :i i

A1 = 2 (a i l  X1 + a i2  V
B = b - x (b1 11 2 1 11 2 b„_ + b )12 22 '

and cyclic interchange.
The universal equation (3.17) now becomes:

Xl  x l
111 ~ *  ( r ) c2 2

In Q
J V V J V V

real (V - b) (V^ - b)c h

<Af V < T l Vc - T 2 V
R T . T V V,1 2 c h

(5 .4)

The values used for the Van der Waals constants are given in  Table V . l .
65



For the "fugacity" method numerical calculations have been made on an ELX1
computer (N.V. Electrologica, The Hague) giving the separation as a function of
pressure, composition and T2 . T^ has been taken constant at 309 °K.

Two comments should be made:
1, When solving for In Qre£j  from (5.2) and (5.4) one has to take into

account that Aj , B» and b are concentration dependent so that they vary with tem­
perature. In Eq. (5.2) the unknown and x2 also appear on the right hand side.
The equations can then be solved only by expanding the logarithm or by a trial and
error procedure. In a first approximation we have given the x, at the right hand side
the values at 309 °K. After the calculation an estimation of the error can be made.
It was found that B. changed less than 0.1 96 and b less than 8 96, but Aj could vary
1996 in the worst case (48.4 96 C02 - 51.6 96 He at 141 atm). Therefore, in the
second approximation we have distinguished between Ajc and A-^ and have given
them their values for x. and Xj  ̂ .

2. From the separation in the gas mixture at the temperature gradient the

factor a = — —  can be calculated. This O , is an average value for
real In T /T  real

the temperature region T . to T2 • It must be distinguished from the method by
Haase that gives a separation at a specified temperature T.

In order to calculate a numerically according to Haase the equation of state
can be introduced into (3,14) through the relations (5.1). For the simplified Beattie-
Bridgeman equation:

Hi - Hi Bi i ' T W + <1 - Xi ) 2 < * - T S '
which shows a linear dependence of a an pressure. Eq. (3.14) becomes:

MRT a + poa =

dB 3B

M1(B2 2 -T l f > - M2<BU - T T F l * ,“ l V M! , ! ! | | 1 ' T M l

M (RT - 2 p x^ x^ A) (5.5)

This equation gives the total thermal diffusion factor a for a fixed temperature T.
With (5.5) O has been calculated for different compositions of the He - COz mix­
ture, as a function of p and T, using the Beattie - Bridgeman virial coefficients. To
compare the theory with the experiments the separation factor Q has been calculated

a In T
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As num erical results of Eq. (5 .5 )  show th a t a is tem perature dependent, In Q can
only be found by a num erical in tegration  of a In T  betw een T j  and Tg .

T able V .2  shows the experim ental separation factor In Q, th e  theo re tical
value of In Q a t 1 atm , the d ifference betw een these two A In Q and the separation
factors owing to the n on -idea lity  of th e  gas m ixture according to  Eqs. (5 .2 ), (5 .4 )
and (5 .5 ) . The values for T 2 = 617 °K have been  plo tted  as a function of pressure
in  Figs. 21 -  24.

The concentrations given in  T able V . 2 are in itia l values. I t is also the com ­
position in  the connecting tube half-w ay betw een hot and cold  reservoir a t the end
of an experim ent when the volum es of both reservoirs are equal or when the separa­
tion  is sm all. This m ean concentration  changes, however, when the bulbs are not of
th e  sam e size. For large separations as w ith  the  4 8 .4  96 COg - 5 1 .6  96 He m ixture at
141 atm  the m ean COg concentration  can change to  46.396. C 0 2< A correction  has to
be m ade for this effect.

121 atm

Fig. 21

R eality  contribution to the logarithm  of the separation fac ­
tor, both experim ental and theore tical, as a function of
pressure, for a tem perature difference of 308 , for trace
concentrations COg in  helium  T  ̂  = 309 °K  Tg = 617 °K
______ experim ental ..............fugacity  Beattie -  Bridgeman
______ H aase's theory  fugacity  V an der W aals.
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TABLE V . 2

Com parison betw een the logarithm  of the experim ental and theo re tica l separation
factors above the  values a t 1 a tm .

In Q In Q A In Q A in  Q A in  Q A in  Q
T 2 experi- 1 atm experi- fugacity fugacity Haase

m ental theo- m ental v .d .  Waals B eattie- B eattie-
re tica l Bridgeman Bridgeman

trace  concentration  COg, 30 atm

330 0.092 0 .088 0 .004 0 .002 - 0 .001 0 .012
382 0 .224 0 .213 0.011 0 .007 -  0 .004 0 .027
425 0.313 0 .3 0 7 0 .006 0 .0 0 9 - 0 .006 0 .0 3 5
481 0 .417 0 .4 0 5 0 .012 0 .011 -  0 .0 0 9 0 .044
524 0 .471 0 .4 8 0 - 0 .0 0 9 0 .012 -  0 .011 0 .0 4 9
579 0 .565 0 .563 0 .002 0 .013 -  0 .013 0 .0 5 4
619 0 .6 2 0 0 .621 -  0 .001 0 .013 - 0 .015 0 .058

trace  concentration  C 0 2 , 134 atm

330 0 .082 0 .092 - 0 .0 1 0 0 .008 -  0 .005 0 .058
381 0 .202 0 .2 0 0 0 .002 0 .0 2 4 - 0 .017 0 .1 1 5
426 0 .2 9 7 0 .3 0 0 -  0 .003 0 .0 3 4 -  0 .027 0 .1 5 7
476 0 .3 8 9 0 .391 - 0 .002 0 .0 4 0 - 0 .0 3 9 0 .193
523 0 .455 0 .482 -  0 .027 0 .0 4 5 -  0 .048 0 .221
578 0 .573 0 .6 1 5 -  0 .042 0 .0 4 7 -  0 .058 0 .2 5 9
620 0 .593 0 .682 -  0 .0 8 9 0 .0 4 9 -  0 .066 0 .2 7 5

26. 3 % C 0 2 , 28 atm

335 0 .0 2 9 0 .048 -  0 .0 1 9 0 .012 0 .015 0 .018
444 0 .192 0 .2 2 4 -  0 .032 0 .045 0 .051 0 .063
500 0 .245 0 .2 8 7 - 0 .042 0 .053 0 .058 0 .074
567 0 .307 0 .3 6 9 - 0 .062 0 .0 6 0 0 .063 0 .0 7 9
621 0 .3 4 9 0 .426 -  0 .077 0 .064 0 .066 0 .081

26. 3 % C 0 2 , 71 atm

325 0 .0 5 4 0 .046 0 .008 0 .022 0 .025 0 .0 4 7
370 0 .1 3 0 0 .106 0 .0 2 4 0 .076 0 .086 0 .091
401 0 .1 6 5 0 .1 5 4 0 .011 0 .097 0.111 0 .118
446 0.208 0 .218 - 0 .0 1 0 0 .122 0 .135 0 .151
518 0 .2 8 9 0 .312 -  0 .023 0 .148 0 .156 0 .1 7 6
567 0 .387 0 .367 0 .0 2 0 0 .1 5 9 0 .164 0 .193
621 0 .446 0 .425 0 .021 0 .1 6 9 0 .1 7 0 0 .203

26.3%  CO,,, 124 atm

336 0.083 0 .047 0 .036 0 .0 6 5 0 .078 0 .1 0 9
429 0 .336 0 .205 0 .131 0 .2 0 7 0 .233 0 .323
494 0 .3 9 9 0 .281 0 .118 0 .254 0 .272 0 .388
544 0.492 0 .342 0 .1 5 0 0 .277 0 .288 0 .418
580 0 .527 0 .383 0 .144 0 .2 9 0 0 .296 0 .4 4 0
617 0 .612 0 .4 1 9 0 .193 0 .318 0 .302 0 .4 5 4
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TABLE V .2  (continued)

T 2
In Q

experi­
m ental

In Q
1 atm
theo­
re tica l

A in  Q
experi­
m ental

A in  Q
fugacity

v. d . Waals

A i n  Q
fugacity
B eattie-

Bridgeman

A in  Q
Haase

B eattie-
Bridgeman

4 8 .4  % COo, 28 atm

333 0 .035 0 .034 0 .001 0 .0 2 0 0 .0 2 7 0 .0 2 4
386 0 .114 0 .1 0 0 0 .014 0 .057 0 .073 0.061
437 0 .177 0 .161 0 .016 0 .0 7 9 0 .098 0 .082
485 0.231 0 .2 1 0 0 .021 0 .093 0 .113 0 .096
533 0 .2 8 0 0 .2 5 9 0 .021 0 .103 0 .123 0 .106
571 0.331 0 .292 0 .0 3 9 0 .1 0 9 0 .1 2 9 0 .113
617 0.365 0 .328 0 .037 0 .115 0 .1 3 4 0 .118

4 8 .4  % CO 2 , 72 atm

335 0 .0 2 9 0 .034 -  0 .005 0 .0 7 4 0 .083 0 .072
379 0.191 0 .090 0 .101 0 .173 0 .1 9 4 0 .161
429 0 .2 9 9 0 .1 5 0 0 .1 4 9 0 .236 0 .263 0 .2 2 4
471 0 .3 3 0 0 .193 0 .137 0 .2 7 0 0 .298 0 .2 6 0
535 0.413 0 .257 0 .156 0 .3 0 7 0 .3 3 0 0 .298
574 0.443 0 .2 9 0 0 .153 0 .323 0 .3 4 4 0 .315
616 0.471 0 .327 0 .144 0 .337 0 .3 5 4 0 .3 2 9

48 .4%  CO2 , 141 atm

336 0 .175 0 .0 3 9 0 .136 0 .177 0 .196 0.211
387 0 .477 0 .101 0 .376 0 .4 2 7 0 .457 0 .4 5 0
436 0.661 0 .162 0 .4 9 9 0 .557 0 .576 0 .582
487 0 .750 0 .212 0 .538 0 .641 0 .6 4 4 0 .663
533 0 .802 0 .258 0 .5 4 4 0 .691 0 .681 0 .712
617 0 .858 0 .3 3 0 0 .528 0 .751 0 .7 1 9 0 .775

79 .6%  CO 2 , 26 atm

336 0 .025 0 .028 - 0 .003 0 .0 3 9 0 .048 0 .031
376 0.102 0 .068 0 .034 0 .086 0 .106 0 .0 6 5
430 0.183 0 .118 0 .0 6 5 0 .126 0 .151 0 .095
495 0 .238 0 .168 0 .070 0 .1 5 5 0 .183 0 .117
537 0 .2 5 9 0 .201 0 .058 0 .168 0 .197 0 .127
577 0 .266 0 .226 0 .0 4 0 0 .178 0 .206 0 .134
624 0 .2 4 9 0 .256 -  0 .007 0 .186 0 .215 0 .1 4 0

79 .6%  CO 2 , 60 atm

332 0.066 0 .024 0 .042 0.107 0 .105 0 .0 6 5
375 0 .2 3 9 0 .066 0 .173 0 .273 0 .267 0 .155
427 0.345 0 .115 0 .2 3 0 0 .382 0 .371 0 .221
475 0.411 0 .153 0 .258 0 .444 0 .428 0 .263
522 0.462 0 .190 0 .272 0 .486 0 .464 0 .291
570 0 .4 9 9 0 .222 0 .277 0 .516 0 .4 9 0 0 .313
617 0 .548 0 .2 4 9 0 .2 9 9 0 .537 0 .507 0 .328
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TABLE V .2 (continued)

T2
In Q

experi­
mental

In Q
1 atm
theo­
retical

Ain Q
experi­
mental

Ain Q
fugacity

v .d . Waals

Ain Q
fugacity
Beattie-

Bridgeman

Ain Q
Haase

Beattie-
Bridgeman

79.6 % CC>-, 85 atm

332 0.071 0.023 0.048 0.199 0.159 0.093
371 0.305 0.061 0.244 0.485 0.389 0.221
425 0.442 0.109 0.333 0.672 0.546 0.328
470 0.578 0.148 0.430 0.763 0.621 0.392
479 0.630 0.154 0.476 0.776 0.630 0.402
526 0.663 0.190 0.473 0.836 0.672 0.442
570 0.662 0.219 0.443 0.876 0.700 0.471
620 0.698 0.251 0.447 0.910 0.724 0.497

121 atm

Fig. 22

Reality contribution to the logarithm of the separation fac­
tor, both experimental and theoretical, as a function of
pressure, for a temperature difference of 308°, for the system
73. 7 % He -  2 6 .3 % CC>2 T j  = 3 0 9 °K T2 = 617 °K
______  experimental ...........  fugacity Beattie - Bridge man
---------Haase's theory fugacity Van der Waals.
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2. DISCUSSION

The data p lo tted  in  Figs. 20 -  24 show th a t in  general the experim ental values
for the separation and the therm al diffusion factor increase w ith  increasing pressure.
For trace  concentrations C 02 , as w ell as Kr, however, the therm al diffusion factor
is constant or has a tendency to  decrease w ith pressure a t high tem peratu re . The
pressure dependence of a betw een 1 atm  and 20 a tm  is neg lig ib le . T o  design a
therm al diffusion colum n for concentration  of im purities in helium  a t 20 a tm  the low
density value of a can  be used.

For the m ixtures w ith  48 .4%  and 79 . 6 % COg the pressure dependence of a
is pronounced a t 75 °C but considerably less a t 300 ° C . It m ay be due to  the c r it i­
c a l po in t of CO2 w hich is 31 °C  and 73 a tm . W alther's experim ents l^b )
c a te  th a t a t the c r itica l density of one of the com ponents large effects in  a can  oc­
cur.

(MO -

121 atm

Fig. 23

R eality  contribution to  the logarithm  of the separation fac ­
tor, both experim ental and th eo re tica l, as a function of
pressure, for a tem perature difference of 308°, for the  system
51 .6%  He - 48 .4 %  C 0 2 T j  = 309 °K T g = 617 °K
-----------experim ental ............. fugacity  Beattie -  Bridgeman
--------- Haase's theory fugacity  V an der W aals.
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So far as theory is 'co n cern ed , th e  k ine tic  theory does no t y e t give ex p lic it
expressions for the  therm al diffusion factor. A sim plification  of this theory (Enskog)
yields results w hich con trad ict the experim ents (Sec. V . l ;  D rickam er '  ).

The theory of therm odynam ics of irreversible processes predicts only the re la ­
tionships betw een the transport coefficients. W ith an assumption outside the scope of
therm odynam ics Haase succeeded to  derive a form ula th a t gives the pressure depend­
ence of (X as a consequence of the  non -idea lity  of the gas.

The "fugacity" m ethod is based on the no n -id ea lity  of the gas m ixture and
predicts a separation in  a tem perature gradient as a consequence of this property.

0.60 -

0 ( 0 -

,7  /

121 atm

Fig. 24

R eality  contribution to  the logarithm  of the separation fac­
to r, both experim ental and th eo re tica l, as a function of
pressure, for a  tem perature difference of 308°, for the system
2 0 .4  % He -  79 .6  % COz T j  = 309 °K Tg = 617 °K
______  experim ental ............ fugacity  B eattie - Bridgeman
______ H aase's theory fugacity  V an der W aals.
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Although Haase's theory and the "fugacity" method differ in their derivation
they both predict qualitatively an increase of the separation with increasing pressure.
This effect is more pronounced in higher CO2  concentrations. Both theories give in
first order a linear relation between the reality contribution and the pressure. At the
highest pressure A In Q increases with a higher power of the pressure as a conse­
quence of the factor RT - 2 p x. Xg A in the denominator of Eq. (5.5). The experi­
mental values are much lower1 than the theoretical at low pressure but they approach
them at the highest pressure.

A difference between Haase's theory and the "fugacity" treatment turns up at
low CO, concentration, which is a consequence of the concentration - dependent fac­
tor M in Eq. (3.18). The difference is especially striking for trace concentration
C02, where Haase predicts an increase of a with pressure, whereas the experiments
have a tendency to decrease with pressure.

A comparison between the simplified Beattie - Bridgeman equation of state
and the Van der Waals equation shows that they produce almost the same results,
except for trace concentrations of COg. Here the "fugacity" method with the Beattie-
Bridgeman equation gives a slightly negative action of the pressure on a in contrast
with the Van der Waals equation that predicts an increase of a with pressure. It is
possible to solve the value X2  - ■ x^ in Eq. (5.2), which makes In Qreai zero. Below
2 %  CO2  In Qre  ̂ < 0 for the simplified Beattie - Bridgeman equation. No value
for x can be found that makes In Qreaj  disappear in the Van der Waals equation.

The clustering of molecules and their contribution to the increase of a fol­
lows from a consideration on the equilibrium 2 CO2  - — (CO2  ) 2  . The effect is
small for our experiments due to the fact that the relative mass difference between
He and COg is already close to unity and that the enthalpy change by the dimer
formation is low. The theory looks very promising for Ar - CCX which has not such
a large mass difference or for thermal diffusion including chemical reactions ^),
where AH is about 15 times larger.

Although the anomalous effects in thermal diffusion at intermediate pressures
are not rigorously accounted for by theory, it is still remarkable that treatments based
essentially on thermodynamics of the equilibrium produce results which are in general
agreement with the experiments.
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SUMMARY

This thesis concerns some aspects of thermal diffusion at a moderately high
pressure in both a two-bulb apparatus and a thermal diffusion column. In the first
part a concentric cylinder column for concentrating trace quantities of CO2 in helium
gas at 20 atm pressure with a factor of at least 100 is described.

Chapter I deals with the theory of the thermal diffusion column. The equa­
tions of Jones and Furry, Fleischmann and Jensen, and Slieker for concentric cylin­
der column parameters are compared. They differ mostly when the deviation from
the parallel plates type is greatest. The requirement that the flow in the column
must be laminar means that it cannot work at optimum performance.

A stainless steel thermal diffusion column has been constructed, which is capa­
ble of enriching CO, in helium at 20 atm with a factor of 100 in 5 - 8 hours. The
column - 100 cm long - has a large upper reservoir so as to keep the COg concen­
tration as constant as possible. Originally, the analysis was made with an infra-red
gas analyser, but as this instrument has a few disadvantages when used at high pressure,
we switched to ^COg as trace component and ionization chambers for detecting it.
In order to reduce the effects of adsorbing and desorbing CO» molecules on the cold
wall experiments were carried out at a higher overall column temperature. Agree­
ment between theory and experiment is poor, especially at low Reynolds numbers.
An imperfection in the construction of the column has less influence on the initial
transport than the stationary state separation. For the column operated with bleed-
off comparison of experiment with theory is quite good.

Chapter III reviews the existing theories of transport phenomena at high densi­
ty. The theory based on statistical mechanics, such as the distribution function meth­
od and the time correlation method, does not yet provide explicit expressions for
the thermal diffusion factor. Enskog's dense gas correction on the Boltzmann equa­
tion leads to a slight decrease of a with pressure. The thermodynamics of irreversi­
ble processes developed by Dé Groot, Haase and Kotousov involve a quantity qj*,
the heat of transfer, which can only be evaluated by making assumptions. Becker
predicts separation in a gas mixture in a temperature gradient due to the non-ideal­
ity of one of the components. His theory has been supplemented to include all inter­
actions, considering the equality of the ratio of the fugacity of both components at
different temperatures. Another effect that can influence the thermal diffusion factor
is the formation of clusters of molecules. How this clustering can contribute to an
increase of q in three ways has been shown.

Chapter IV presents a short description of a two-bulb apparatus to measure
the elementary effect up to 150 atm. Some calibration values of the analysing in­
struments (ionization chambers) are also given. The binary systems °Kr - He and

- He were measured up to 135 atm from 300 to 620 °K. Within the ^experi­
mental accuracy only a slight decrease of a with pressure could be found for COz -
He. The pressure dependence of a was also measured for He -  COg mixtures with
26.396, 48.496 and 79.696 COg. Samples were taken and analysed in a mass spectro­
meter. All mixtures showed a large increase of a with pressure especially at tem-
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peratures somewhat above room temperature,
A comparison of theory and experiment is made in chapter V. The formation

of clusters can contribute to an increase of O by a maximum of 0.3. Kotousov's
equation differs by several orders of magnitude from theory and experiment at 1 atm
His formula cannot be evaluated easily at high densities because it contains the heat
conductivity and the diffusion coefficients. Haase's theory is treated numerically for
a virial equation of state, whereas results for the fugacity method have been obtain­
ed with the Van der Waals equation of state and the virial equation. Both theories
predict qualitatively an increase in the separation with pressure. Haase's theory dif­
fers from the fugacity method with a concentration-dependent factor M = x^ +
M- x2 .. This matters especially at low COg concentrations, where Haase's equation
gives a large increase of a with pressure, which has not been found experimentally.
In general the experimental values are much lower than theory at low pressure, but
they approach it at the highest pressure. Although the anomalous effects in thermal
diffusion at intermediate pressures are not fully explained by theory, it is still wor­
thy of note that treatments based essentially on equilibrium thermodynamics produce
results in general agreement with the experiments.
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SAMENVATTING

Dit proefschrift belicht enige aspecten van thermodiffusie bij gematigd hoge
drukken in een twee-bollen apparaat, zowel als in een thermodiffusie kolom. In het
eerste deel wordt een beschrijving gegeven van een concentrische cylinder kolom om
sparen concentraties CO2  in helium bij 20 atm druk met tenminste een factor hon­
derd te verrijken.

In hoofdstuk I wordt de theorie van de thermodiffusie kolom behandeld. De
vergelijkingen van Jones en Furry, Fleischmann en Jensen en Slieker voor de con­
centrische cylinder kolom warden vergeleken. Het verschil tussen deze vergelijkingen
is groter naarmate de afwijking van evenwijdige vlakke platen groter is. De voor­
waarde dat de stroming in de kolom laminair moet zijn heeft tot gevolg dat hij niet
onder optimale omstandigheden kan werken.

Er werd een roestvrij stalen kolom ontworpen in staat om CO2  in helium bij
20 atm met een factor honderd te verrijken in 5 a 8 uur, De kolom, die 100 cm
lang is, heeft een groot bovenvolume om de concentratie zo goed mogelijk constant
te houden. Oorspronkelijk werd de analyse uitgevoerd met een infrarood gasanalysa-
tor, maar daar dit instrument enige nadelen heeft bij gebruik op hoge druk gingen
wij over op ^C O - en ionisatiekamers als detectoren. Om het effect van adsorptie
en desorptie van CO2  moleculen aan de koude wand te verminderen, werden experi­
menten gedaan met een hoge temperatuur van de koelmantel. De overeenstemming
tussen theorie en experiment is slecht, vooral bij lage Reynoldsgetallen. Onvolkomen­
heden in de constructie van de kolom beïnvloeden het begintransport minder dan de
uiteindelijke scheiding. Voor de kolom met aftap is de overeenkomst tussen experi­
ment en theorie goed.

In hoofdstuk III wordt een overzicht gegeven van de bestaande theorieën over
transportverschijnselen bij hogere dichtheid. De theorie gebaseerd op de statistische
mechanica, zoals de verdelingsfunctie-methode en de correlatiefunctie-methode ge­
ven nog geen uitgewerkte vergelijkingen voor de thermodiffusiefactor. Enskogs cor­
recties voor een verdicht gas op de Boltzmann vergelijking leveren een kleine afna­
me van a met de druk op. Een methode volgens de lijnen van de thermodynamica
der irreversibele processen ontwikkeld door de Groot, Haase en Kotousov bevat een
grootheid q.*, de overgangswarmte, die slechts ontwikkeld kan worden door het ma­
ken van diverse veronderstellingen. Becker voorspelt een scheiding in een gasmengsel
in een temperatuurgradiënt tengevolge van het niet-ideaal zijn van een van de com­
ponenten. Zijn theorie wordt hier verder uitgewerkt, waarbij alle interacties in be­
schouwing worden genomen, door de verhouding van de fugaciteit van beide compo­
nenten bij verschillende temperaturen aan elkaar gelijk te stellen. Een ander ver­
schijnsel dat de thermodiffusiefactor kan beïnvloeden is de vorming van clusters van
moleculen. Er wordt aangetoond hoe deze clustervorming op drie manieren aan een
toename van a kan bijdragen.

In hoofdstuk IV wordt een twee-bollen apparaat beschreven waarmee het ele­
mentaire thermodiffusie effect tot ISO atm is gemeten. Hierbij wordt ook aandacht
besteed aan de ijking van de ionisatiekamers, die als analyse-instrument werden ge-
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bruikt. De binaire systemen 85Kr - He en 14COz - He zijn gemeten tot 135 atm tus­
sen 300 en 620 °K. Binnen de experimentele foutengrens werd een kleine afname van
a met de druk gevonden voor 14C02 - He. Daarna werd de drukafhankelijkheid van
a bepaald voor He - COg mengsels met 26,3%, 48, 4 % en 79 , 6 % COg. Hierbij wer­
den monsters getrokken en geanalyseerd in een massaspectrometer. Alle mengsels ver­
toonden een grote toename van Q met de druk, vooral bij temperaturen dicht bo­
ven kamertemperatuur.

In hoofdstuk V worden de experimenten met de theorie vergeleken. De vor­
ming van clusters kan een toename van a met maximaal 0.3 tengevolge hebben.
Kotousovs formule levert een O die enige grootte-orden te laag is bij 1 atm verge­
leken met andere theorieën en experimenten. Voor hogere dichtheden kan zijn for­
mule niet gemakkelijk worden uitgewerkt daar deze de warmtegeleiding en de diffu-
siecoëfficiënt bevat. Numerieke resultaten zijn verkregen voor de theorie van Haase
met behulp van een viriaal toestandsvergelijking en voor de fugaciteitenmethode met
de Van der Waals vergelijking en de viriaalvergelijking. Beide theorieën voorspellen
kwalitatief een toename van de scheiding met de druk. Het verschil tussen Haases
theorie en de fugaciteitenmethode zit in een concentratie-afhankelijke factor M =

Xj + M2 x2 . Deze is vooral belangrijk bij lage COg concentraties. Haases for­
mule geeft hier een grote toename van O met de druk die experimenteel niet is ge­
vonden. In het algemeen blijven de experimentele waarden achter bij de theorie,
vooral bij lage druk, maar ze naderen die bij de hoogste drukken. Ofschoon de op­
tredende effecten in thermodiffusie bij gematigd hoge drukken niet volkomen door de
theorie worden verklaard, blijft het toch opmerkelijk dat beschouwingen die essenti­
eel zijn gebaseerd op de thermodynamica van evenwichtsprocessen, resultaten geven
die in het algemeen overeenstemmen met experimenten over transportverschijnselen.
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L IS T  OF SYM BOLS

The numbers indicate the pages on which the symbols are introduced.

a

a

b

c.
l

c
p

d

e

f (c ,"? )

f

f.i
g

h.
l

k

2
m

n (*» t )

n.1
P

^opt
q

r

C6

ratio of izmer radius over outer radius r^ /r  ,

v irial coefficient in the Van der Waals equation of state,

co-volume in  the Van der Waals equation of state,

column parameters according to Cohen,

cascade parameter for parasitic currents,

linear velocity of the mass centre of a molecule,

coefficient in the equation of state of Beattie - Bridgeman,

concentration of component i (mass fraction),

heat capacity at constant pressure,

distance between hot wall and cold wall in a column,

base of natural logarithms,

velocity distribution function,

fugacity,

fugacity of component i in a mixture,

gravitational acceleration,

partial specific enthalpy of component i,

Boltzmann's constant,

unit vector,
2 2

ratio p /p  ,opt
local particle density,

number density of molecules of component i,

pressure,

optimum pressure,

enrichment in a thermal diffusion colum n: Nz/No,

heat of transfer,

radial coordinate,

5

41

41

2

14

35

64

39

12

4

5

32

40

42

4

39

34

3 5 -

8

34

37

1

8

5

38

4
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r » ruc h
radius of cold and hot cylinder, 4

rm
distance of the minimum of the Lennard - Jones potential field, 33

s.ï
partial specific entropy of component i, 39

t tim e, 2

tr
relaxation tim e in  a thermal diffusion experiment, 11

5f(f, t ) local average velocity, 34

V convection velocity in  axial direction in a column, 4

V centre of mass velocity, 38

vr1 velocity of component i, 38

v.1
partial specific volume of component i, 39

X horizontal coordinate, 4

X.1
mole fraction of component i, 33

z vertical coordinate', 2

A cross-sectional area of therm al diffusion tube, 52

A* ratio of two collision integrals, 13

<Ao>ü
coefficient in the equation of state of Beattie - Bridgeman, 64

B mean circumference of thermal diffusion column, 4

B* ratio of collision integrals, 37

« * » ii
coefficient in the equation of state of Beattie -  Bridgeman, 64

B (T) second virial coefficient, 63

C * ratio of two collision integrals, 34

D self-diffusion coefficient, 4

° 1 2
diffusion coefficient of binary mixture, 1

d t
thermal diffusion coefficient, 1

E heat input, 17

GrPr Grashof -  Prandtl number, 12

H mass of gas in positive reservoir, 5

H' mass of gas in  negative reservoir, 11

Heff.
effective mass of gas in positive reservoir, 30

H.1 partial molar enthalpy of component i, 41
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49I

t t
ls

K*

K
P

KT
L

Lik
M.l

ft

Q

Q *
i

R

Re

T

T T
1 ’  2

T

A T
•p*

V

ionization current,

flux of matter of component i,

heat flux,

reduced equilibrium constant for dissociation,

equilibrium constant involving partial pressures,

thermal diffusion ratio,

length of thermal diffusion tube,

Onsager coefficient,

molar mass of component i,

= M x . + x_ , molar mass of mixture,1 1 2  2 ’

mole fraction, only in chapters I and II,

mole fraction i t  and respectively,

mole fraction at z = 0 and z = Z,

mole fraction of product in a column,

mole fraction at time t,

Avogadro's constant,

production rate of thermal diffusion column,

ftandtl number,

equilibrium separation factor,

heat of transfer, according to Kotousov,

gai constant per mole,

Reynolds number,

temperature,

temperature of cold and hot side respectively,

mean temperature,

temperature difference T - T^,

reduced temperature kT/  e ,

molar volume,

molar volume of component i,

thermodynamic forces or affinities,

1

37

44

44

1

52

38

32

40

1

1

8

2

20

45

2

13

1

41
1

13

1

1

2

4

34

41

42

38
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z length of thermal diffusion column, 5

a therm al diffusion factor, 1

a o
thermal diffusion factor at low densities, 40

° d
degree of dissociation, 45

e half "Trennscharfe", 5

c potential energy of the minimum in the function of the Lennard -  Jones

potential model, 33

e ( r |  t) local energy density, 35

n

X

u .1
m t

“ i
P

P .1
a

t

♦ ( r )

X

n ( 1 , r )

coefficient of viscosity, 4

coefficient of therm al conductivity, 4

chem ical potential of component i per unit mass, 38

molar chem ical potential of component i ,  40

density of gas, 4

density of component i , 38

distance of closest approach of two molecules, 33

amount of isotope flowing through a cross section of the column per

unit of tim e, 2

potential energy of interaction between two molecules a t distance r,33

angle by which molecules are deflected, 32

normalized production rate P /c , 9

flux vector, 32

collision integral, 13
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