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SEPARATION OF LIQUIDS BY THERMAL DIFFUSION
John Edward Powers
Radiation Laboratory and
Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

August, 1954

ABSTRACT

The separation of liquid mixtures in continuocus flow thermo=
gravitational columns was investigated experimentally and theoreticéllyo
Two continuous~flow thermogravitational columins were built and operated
toc determine the effect of changihg several operating variables.

The data obtained are in qualitative agreement with the theory of
Furry, Jones and Onsager as modified in this thesis., Three additional
corrections are necessary to bring the theory into quantitative agree-
ment with the data, In the laminar-flow range individual corrections
are required for bpth‘lbw and high convective flow rates without ﬁurbun
lence. A third correction is necessary when turbulence is encountered,
A correlation of the correction necessary at high convective flow rates
without turbulence (the only region investigated) is pr@posedehich ine
cludes data on both liquid and gas éystemsa

Design procedures to aid in the development of thermal diffusion
plants are developed and surmarized. A plant to treat 1,000 barrels
per'day of a liquid aromatie=aliphatic mixture is designed and costs
are estimated. |

‘Data obtained in a small glass»diaphragm ther@al diffusion cell
weree not consistent with data from the coﬁtinuouseflow thermogravitational

column,

fﬁ

An extensive review of the literature on all phases ofvthgrmal

diffusion is included,
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SEPARATION OF LIQUIDS BY THERMAL DIFFUSION
John Edward Powers :
Radiation Laboratory and Department of Chemistry and Chemical Engineering
University of California, Berkeley, California

August, 1954
I, INTRODUCTION

During the pést quarter century the need for new separation
methods has given strong impetus to the investigation of irreversible -
ﬁrocesseso For example, most of the work done in the field of
irreversible processes invol#ing nonisothermal_solution behavior has
been repdrted in the last several decades, althoughffhis effect was
first noted almost one hundred years ago. The possibility of
commerciai application of separation methods based on these particular
irreversible procésses has stimylated some of the most recent in-
vestigations, |

Noniscthermal solution behavior has two manifestations, one the
inverse of the other, If two gases of different composition and
initially at %he same temperature are allowed to diffuse together,

a transient temperature gradient results from the ordinary diffusion
process, This phenomenon was first noted by Dufour in 1873?0 and
bears his name. Convefsely, if a temperature gradient is applied to
a homogeneous solutioh, a concentration gradient is usually-eé»
tablished. The name thermal diffusion (or thermodiffusion) is
genefally applied'to this second effect,

Obviously only the nonisothermal solution phenomena relating
to thermal diffusion can be used for the separation of solgﬁignsg )

as the Dufour effect is the result of a mixing process, Two methods

ofvutilizing thermal diffusion for the separation'of solutions have
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been proposed. In the static method the thermal gradient is established

in such a manner that convection is eliminated and there is no bulk flow,

‘When applied to liquid or solid solutions the static method is called the

LudwiémSoret or the Soret effect. No special name has been given to the

phenomenon in gases, The extent of the separation obtainable by the

static method is generally very slight. The thermogravitational methed
multiﬁlies the separation achieved in the static method by utilizing
convection currents to produce a cascading effect° The_apparatus that

is used to produce the cascadlng effect is called a thermggravztatlonal

column or, commonly, a Clu51us=chkel column (1n honor of the 1nventors)

This type of apparatus is described in more detall in Chapter IV Thermo=
grav1tat10nal columns have been used to brlng about separatlons in both
gas and liquid solutlons, and have been operated in both batch (not to
be confused with statlc) and-contlnuous manners. The terms "continuous”
and "batch" indicate, respectively, the presence or absence of a net
bulk flow chrough the thermogravitational column.

'figure 1 diagrammaticaily illustrates the relaficns between the
various phases of nonlsethermal solution behavior,

In 1922, Mulliken 2 demonstrated that the static method of thermal-
diffusion separation eould not compete with otherAwe11=known separation

methods, Benedietl5

in 1947, compared the thermogravitational method
with other multistage separation processes and concluded that,tﬁe
mebthod is relaticely expensive and that pcssible app1ication'is
limited to processes with cery cspecialvreq}lirements° Because thermal
diffusion is such a special end expensice_process, it is desirable
to establish adeqpate desigﬁ pfocedufee in ordey to obtcin”eccurete

estimates of minimum costs for use in comparlson of thermal dlffu31on

with other separation processes., The development of such a d681gn

i

.-
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procedure could be greatly simplified by a theory that would quantitatively .

predict the effect of thermogravitational-column variables on the magnitude o

b4

of separation, Various column theories, as well as design procedures
based on these theories, have been proposed in the literéture, élthough
there have been insufficient data presented either to substantiate the
theories or to define their limits of applicability., This is especially
true of continuous—column oﬁeration, which would most certainly be
utilized in any large-scale commercial application of thermal diffusion.
Objeétives

In view of the fact that a continuous-flow ther@ogravitational
process ought to have advantages over the correspondiﬁg bateh process
in commercial application, an extensive investigation'bf the performance
of continuous~flow coiumns was initiatédoA The effects of a large number

of column variables were to be determined in a coordinated manner. The

BN

results of these investigations could be used to evaluate the original
column theory and any theoretical or empirieal modifications, A design
procedure based on experimental facts as well as on theory could then be

developed.,



-Korsching and Wirt227 and Clusius and Dickel2

o] Doo

II. REVIEW OF LITERATURE ON THERMAL DIFFUSION

A Briéf History

Thermal diffusion was first noted by Ludwigl in 1856 and then
investigated independently by Soret? in the period 1887-1890. Ludwig
3=11

and Soret, as well as other early investigators, conducted their

experiments with aqueous solutions, The several theoretical treatment312_19
of thermal diffusion in liquidé that were proposed in this early period
were inadedquate to explain the experimental results,

20

Dufour”” noted the inverse of the thermal diffusion effect in gases

as early as 1872. It was not until.‘Enskogz1 22

in 1911 and_Chapman
independently in 1916 predicted thermal-diffusion phenomena in gases

on the basis of kinetic theory that éhapman and 'bootson23 iﬁ 1917
experimentally verified the existence of thermal diffusign in gases,

A1l of the early investigators used the static ﬁetﬁqdo This method
is not a practical means of sepafating materials; as was pointed out bj
Miulliken.,2Z+ Measurements made with gases could be_used to determine the
nature of intermolecularnforces because of the high degree of developmenbE
of the gas theony, The effect in 1iquids remained largely a laboratory
curiosity. '

-In 1938 Clusius and Dicke125 introduced the hot-wire thermo-
gravitationalvcolumn, which increased the possibility of use of thermal
diffusion as a methéd of separating gases, Brewér and Bramleyz6
suggested the use of concentric cylinders raiher than hot-wire apparatus.
8 used cqlﬁmns in the form

of parallel flat plates in some of the earliest applications of the

thermogravitational method to liquids,
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In the several years after the introduction of the thermogravi-

29-35 yere published to explain

tational technique a variety of theories
the functioning of the column, Altﬁough the approach to the solution
'vafies somewhaflwith different authoré, tﬂé results can be shown to be
very siniilar;géi | |

| VS§ mény investigators have used the thermogravitationél'method to
"‘invésfigaté thermal diffusion in gases and liquids that no attempt is

made to 1list them all here.

Published Reviews

37“53 ' The

Numerous reviews on thermal diffusion are available,
diversityvof nétionality represented by these publications attests to
the widespféad.attention given to the subject. Séveralvof these
.reviews ﬁefit particular discussion, v
N The érticle by R. C. Jones éndhwg H, Furny47 (héreafter referred
to as JF‘cohtains‘é'resume.of the ﬁﬁeories and expéfimental wofk
published prior to 1946, Their article is eépecially not@worthyl
bécause of its excellent summary of column theory, Theoretical treat-
ments of hot-wire, concentricmqy1inder, and flatapléte columns are
-included. The transient and steady-state behavior of baﬁ@h columns
with and without reséfvoirs are discussed; The results obtained from
the theoretical treatment of a batch column aréiextendéd to continuous-
fl&#-apparatus, and both singlé; and multi-stage procesges are con=
sid;redo The:authors point out how the equations‘devélbpéd By Furry,
'anééland Onsager31 for gas separétions are éqﬁally applicable to

the treatment of liquids.
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In reviewing the experimental_literaturq, JF illustrate that the

~effect of pressure on the amount of separation obtained in a thermo-

gravitational column provides alconvenient:method for. checking column
theory, If the fundamental thermal diffusion phenomena are independent
of pressure, and the properties (other than thermal @iffusion) of a
Maxwellian gas are assumed, the theory predicts the pressure dependence

described by

Ing = & |[—2— | , o (2.1)
P |1+p+p |
P '
: : ' (Cl/cz)top
where q is the column equilibrium separation factor o=
| ] : (€1 7€ Jpottom

for a binary:mixturg of components 1 and 2, and a and b are theoretical
values indepéndent of pressure. Thé term p represents the magnitude of
the parasitié'remixing effects and must be evaluated empirically, JF
found that the majofity of dats available to them could be satisfactorily
correlated b& eﬁpirically evaluating the effect of parasitic remixing.

S. R. deGroot hz'haé presented a very comprehensive study of
thermal diffusion in condensed phases (liquids and solids)@ His review
of the theories that have been applied to the fundamental problem of
the'Soret effect is exbellent, Thése theofies have met with very
limited success, a fact recognizéd by‘deGroota He begins thé chapter
dealing with the kinéfic theory of the Soret effect with the following
néte attributed to Chapman,l2 who was instrumental in developihg the
theoryvof thermal diffusion in‘géses: | |

"The»préspect‘of grriving at an eveﬁ approximaﬁely correct theory
seems rather remote, This is not only Secause'of fﬁe additiénal
difficulties present in evéry branch of'the kinetic theory of liquids,

as compared with the corresponding theory of gases, but because the



theory of thermsl diffusion even.in gases is/ﬁnusualiy complex,

"Though it is depressing thus to dwell on the diggicultles which
appear to beset the theoretical treatment of the Soret phenomenon, a
proper estimation of them may prevent waste of effort on unduly simple
methods that are foredoomed to failure,".

. deGroot also develops the phenomenologieal theories of the static
method and the.batch thermogravitational method as they appl& to the
condensed phases. The exﬁerimental data reviewed in deGrootfs thesis
are in qualitative agfeement with the phenomenological theorj’_eso

The monograph by Grew-and Ibbs.hl contains an exceilent review
.of the tseOny and experdﬁmnts dealing with the stafic effect in gases.
One chapter of their book is devoted to the thermogravitational column
and another %o the-effect in liquids., Both'chspters ere qualitative
in nature, and the authors conclude that the column theory has not been
sufficiently perfected that separations obtained in thermogravitational
columns can be used to study the fundamentals of either the gas or the

liquid state,

Recent Publications

The statlc method in gases contlnues to serve es s handy tool
'1n the 1nvest1gat10n of 1ntermolecular forces in gasesgsh =58 although
such measurements are sensitive to small experlmental errerso59
New attempts at theoretlcal 1nterpretat10n of thermal dlffu31on in
llquldséga73 onLy serve to 1llustrate that knowledge of the llquld
state is still very llmlted As 1t appears that thermal d1ffus1on
in liquids nmust be 1nvest1gated experlmentally, several authors7h =77

have suggested neW'apparatus that should increase the speed of

measurement of fhe Soret effect,
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The thermogravitational method has been used ﬁore than the static
method by recent investigators. The ease in measuremenﬁ afforded by the
large separations thained in-thermogravitatiohal columns is offset by
the fact that the theoretical tfeatment of the column performance is
not quantitative. It is therefore not surprising that measurements
made in thermogravitational columns genérally agree aﬁly as to order
of magnitude with values calculated from gas théoﬁy or obtained by
static measurements.‘?&87 This is especially true if the parasitic
remixing effects, which ean‘bnly be evaluated empiri¢ally, are not taken
into account.

Of the several methdds used to test column theory, the invgstigation
of the effect of pressure on the separation is sﬁill the m.og‘b,‘popular°

88-92 working in the laminar region have been

Many of the experiméntalists
able to obtain reasonablé correlations of their data by employing equations
of the férm predicted by theory. The effect of pressure on the separation
is illustrated in Figure 2 with the data of Drickamer, O!Brien, Bresee

and Ochert,90

The solid curve represents the’separation p;edicted from
the thedny negleeting'the'effects of paraéificﬁfemiiingc :

Even thouéh the thebny is supported by data cbtained in the laminar
region; it éannot account for the fact that as the pressure in the column
is increased and the convective flow becomes turbulen&93 the separation
obtained in the column is egual to or greatér than that which would be
b

predicted assuming conditions of laminar flow! Simon

89

"and Donaldson

and Watson ’ noted this in the course of their experiments., Several

95

other investigators =104 have made extensive studies of column behavior

at elevated pressures and have tried to interpret:their results in the

95

light of theoryob Becker’” was able to gpprpxi@gﬁewpis“eypgfimgnﬁgl‘>"

results by assuming that the effective plate spacing was decreased by

2
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#Equation (2) presented by Hirota and Koboyashi
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the presence of turbulence, Becker also found that the initial rate
of separation of the gaseous components in the column was reduced
because the effective distance between the walls was diminished,

97

: : : =10 : :
Drickamer and his coworkers 3 have carried out an. extensive

investigation of thermal diffusion in gases with and without turbulence,

‘While Becker's work was done with one column, operated at different

pressures, Drickamer et al, used several columns of different dimensions
in investigating pressure effects. The latter investigators assumed
the thermal diffusion constant to be independent of pressure for all
pressures, and were able to correlate their data by using two empirical

99,102 Becker96

correction factors. disagrees with the application of
these correetion factors‘to a column operated in the laminar flow region,
but findé that his own results are in agreement with Drickamer's
modification for turbulent flow,

Hiroto and Kobc)y::xshilm‘L have presented some experimental results
to support Drickamer?!s modification., Data were obtained from a

cblumn with continuous flow, The faect that they use a faulty equations

to interpret their results and then apply Drickamer!s modification

104

cannot be obtained

31 Thé equation

from the analysis develcped by Furry, Jones and Onsager.
of Hiroto and Koboyashi appears similar to but is radiecally different
from Eq,(224) of Ref. 47 and Eq.(L.42) appearing in Chapter IV of this

thesis, °
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incorrectly* seems tc invalidate their support of the method.,
The effect of turbulence is not the only peeuliarity in column
performance that has been found experimentally, As early as 1939

105 and Brewer and Bramley1@6 found that the per-

Clusius and Dickel
~ formance of their thermoéravitational columns was improied byvfhe in§r0=
" duetion of spéeers placed at intervals in the annular space of the
columns, JF disagreed withkfhe conclusions of Brewer and Bramley that
the increase in separaﬁion was due to swirls‘in the gas. Subsequernt
wm?k89"107;"1‘1O has substantlated the fa@t that baffling ér packing can
improve cclumn performance and that sw1r1s do exist in the gaso Several
patentslll s112 have been issued which mention the effects of packlng

and baffiingo The results of such investigations are very important

ahd may well séfvevto inerease the range of appli@ation of thermal
diffusion, However; since such factors repfesent a further complication

of an alfeady compiéx problem; this subject will not be considered

further in this £hesis°

#Hirota and KobéYashi make the followihg corrections in order to obtain

consistent results:

S N ) L T ] P

K. | z_ﬂl/ K ' The relations developed by TﬁnngQ are:
d . d . .
. | Expt., Calc, »

' 6
(16;1)31'» = (W)B (Ca'lc? [(O)JE:qut = §(8") [ é@)]Calc and’—— }5 to

Kd This discrepancy in the use of the factor @ is especially
Calc,

seriolis as f§ generally represents a much bigger correction than @¢,
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The pressure dependence of the separation in thermogravitational
columns is undoubtedly one of the most convehient methods‘of testing
the column théory.beéause only one column and one fluid system need
be used., The effective gravitational field causing conVective flow
can also be varied and this variation used to éheek the theory; The
predicted. effect of a. change'in the'gravifational fiéld.dn the éeparation

is given by Eq.(2.2); which is remarkably similar to Eq.(2.1)s

(2.2)*

The effective gravitational field g may be varied in either of

two ways. Farber and Libbeyll3

and Tilvisllh devised méthods of rotating
their'columns‘and thus increasing the convective flow., Both the expefiw
mental procedure and theoretical 'l:r'e.sn.‘l_:.men'c.]':uP are necessarily éomplicated
by this technique° The results of Farber and Libbey?vhowever, are in
definite agreement with the relation given by Eq{2.2).

deGroot™® has pointed out that the effective gravitational field
canvbe Qaried by changing the angle of the plates from the vertical.
Carrll5 has made a qualitative investigation of this effect and his

results are in substantial agreement with theory.

#The symbols a, b and p are used throughout the text to indicate
functional dependences similar to those indicafed in Egs, (201):and
(2.2)., It might perhaps be better to use different symbols for

different functional dependences, but one soon runs out of practical

sjmbolse
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This type of 1nvest1gatlon is necessarily restrlcted in application to
apparatus con51st1ng of parallel flat plates° |

-JF concluded that for gas separatlons a chaﬁgevin bressure is Jjust
.as effective as and more practlcal than a change in the grav1tat10nal
fleld A varlatlon of the effective grav1tatlonal field may prove
practical in appllcatlon to liaquids, however, |

Data on the aéproéch to steady state iﬁ a'thenmoéravifational
column can also be:uséd to evaluate the theony, Numefous invesfigators

88,91,92,114-117 have shown that the transient behavior determined

91

experimentally agrees with theory. Lauder’™ and Tilvisllh have verified
the predictions, based on theory, that the rate of approach to equilibrium
" in a column can be ihcyeaséd by verying the pressure and (or) effective
gravitational field during operation, deGroot, Gorter and Hdogenstraaten118
“further showed that experimental data on transient column behavior obtained
with columns of different plate spacings (distance'betﬁeeniwalls) was |
in accordance with theory. Prigogine, deBrouchere, and Amandll? used
dgta on-the transient behavior in columns to “illustrate emphatically
that the concentration gradient that exists between the walls of ar
thermogravitational column can play an important role in thévseparation
of liguid mixtures (the "forgotten effecta"lzo)

The effect of flow rate on the separation brought about in a
continuous-flow column is a convenient experimental method that has
received veny'little attention. This may be because the correction
applied to the treatment of batch columns to deal with continuous-flow
systems is without much theoretical justification and few data have been
published to support the assumptions made. Many authors have, however,
reported the use of continuous or inte;mittentmflpw cplumps“fq; the

separation of isotopes., It is encouraging that several aLu‘chorsl2:“'“:3'23

LS
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have been able to predict continucus=flar separations accurately from
experimental results obtained by operating the same columns in a
batchwise manner, Few have actually studied the effect of flow rate

124

as a variable. Hirota and Koboyashi have published the most extensive

data on this subjectite date, A, L. Joneslz5 and A, Lo Jones and Foremanlzé.
have published empiriecal conclusions based on an extensive investigation
of the continuous»separation of liquids, A, L. Jones and Hugheslz? have
secured a paﬁent for a continuous method of separating material by
liquid thermal diffusion, Treacyllo has reported unusual effects of
flow in a column equipped with baffles,

Other experimental wofkvof a less coordinated naturé has been
reported in the literature an& can be used to‘evaluate certain aspects
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of the column theory. Docherty and Ritchie have made an extensive

investigétiéﬂ of initial rates of separation., Their data support the
conclusion based on the theory of‘DebyeBO that the initial rate is
independent of the height of the column, Data reported on the effect

s 113,117 soem to substantiate the theory.
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of temperature difference
. Debye and Buechel®? and Hirota and Kimura individually report that
their data are in substanﬁial agreement with the dependence on plate
spacing and height predicted by theory.

The above paragraphs have been primarily devoted to reviewing
the comparisons of column theory and experimental data reported in
the literature., Tb:make the treatment as simple as possible, the
diseussiéﬁ has been limited to the consideration of binary mixtures.

Both theoretical 20137 and experimentall®?s1285138-145

investigations
of thermal diffusion in multicomponent systems have been attempted,

but this author is in no position to evaluate the results,



"It is interesting to note that chemical reactions have been used .
‘ 146,147 -

to enhance separations in thermogravitational columns and conversely,

thermogravitational columns have been used to promote chemical reactions”

Summary
On the basis of the litefature reviewed‘abéve:the fblioﬁiné-
conclu51ons are drawn ‘ | o }M . | 4
(l) The fUndamental thermal dlffu51em\phenomena 1n llqulds cannot
be predicted theoreti@ally but must be determlned uexperlmentally
(2) The column theony 1s fundamentally correct and ean be used to
predlct the results of changes in operatlon 1f the fluld in the
column is in 1am1nar flow° o | |
-(3) If turbulence ex1sts of 1f obétructlons arekpléced in the .

‘separatlon space the unmedlfied theony @annot be applled

148-15%
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III. EXPERIMENTS

Continuous Flow Thermogravitational Column

Equipment. The two thermogravitational columns used in the course of
this investigation were constructed in the form of parallél plates
(rather than concentric cylinders) in order ﬁo facilitate changes in
the plate spacingg(zuu) and to permit operation of the column at angles

other than vertical. The'working space between the plates measured

_ ‘approximately 6 inches by 4 feet in the smaller column and 6 inghes by

8 feet in the larger. petails of column construction are shown in
Figure 3. The transfer plates (1) were constructed of 1/8-in, stain-
less steel sheet that was relatively free of scratches. The surfaces
of these platés were giygn.nq special finishing treatment, as grinding
caused excessive warpage of the plates. Two thermocouples:(z) were
located on the surface of each transfer plate. A thermocnuple.fixfure
is shown in detail in Pigure 4. The column was supported on an iron
fia@e by means of support arms (3). A pointer attached to one of the
support arms indicated the ‘angle of the column on a large metal pro=
tractor attaghed to the frame., Figure 5 shows the 4=foot column in
the vertical position on the metal frame. Figure 6 is a view of the
L=foot column incliﬁed ét an angle of +45° and Figure 7 is a photo=
graph of the 8-foot column,

The gravity=flqw feed system that provided steady flows through
the columns is diagramed in Figure 8, All material other than the
gasket contacted,by the feed was either stainless steel, glass or
teflon. Thé feed supply was kept in a barrel (1) 14 feet .above the

floow, The liquid lewvel in the barrel could be seen in a glass side
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Fig. 3 Details of Column Construction.
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Fig. 4 Detzil of Transfer Plate Thermocouple.
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'ZN-1003
Fig. 5a Thermogravitational Column (4 ft) in

the Vertical Position. )
Front View
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Fig.: 5b Thermogravitational Column (4 ft)
in the Vertical Position.
Side View.
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Fig. 6 Thermogravigational Column (4 ft) at 2n
Angle of +45°.
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Fig. 7. Thermogravitational Column (8 ft) in
the Vertical Position.
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Fig. 8. Gravitv-Flow Feed System.
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tube. The feed was raised to the temperature of the heating water in

a one-liter glass cylinder (2) just below the feed barrel. The gases

released by this heating process were periodically vented from the -

cylinder. The feed was cooled on passing through a small heat eX=
changer (3), and a sample tap (4) was located between the feed cooler
and the thermogravitational column (5). .The feed entered the column
through holes drilled gentrally in both transfer plates. The top
product was removed through the hot plate and the bottom‘produet
through the cold plate. Product,sampie taps (6) were located as close
to the working space as possible. .Details of a sample tap are given
in Figure 9. A 1/i-in. needle valve (Hoke No. 343) (7) was lccated
on the bottom product line Just downstream from the sample tap.
Sufficient heatmexchange surface was provided in the'productvgqolers
(8) to bring the temperatures of both product streams Eelow room

temperature. Two banks of three rotameters each,(?) indicated flqw

rates from 0,01l to 50 grams per minute. A needle valve (10) identical

to the one located on the beottom product line (7) was placed down-
stream from the rotameters on the top product line., Two series of
shunted capillary tubes (1/2 mm) (11), siﬁilar in application to an
eiectrical resistance box, were used for flow-rate control at low
flow rates (0.02-1.0 grams per minute). The needle valves gave
satisfactory control at flow rates larger than 1 gram per minute,
The processed material was collected in a product barrél_(lZ) and
retufnednto the feed barrel when needed. . _
‘1>Theihigh=heat=capacity, hot-and=cold wapepiSysﬁem diagramed in
Figure 10 limited the drop in water temperature thr§ugh the colﬁmn
to less than 1.0°C, and damped temperature fiuetuations to less than

0.1°C. Two 55-gallon barrels (1), treated with 4A plastic and
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Fig. 10. Heating and Cooling Wrter System.
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insulated with several sheets of asbestos paper, were mounted at the

same level as the feed barrel, Overflow lines (2) ere.provided one
Toot, below the tops of the barrels. Steam s mixed with the heating
water through a sparge near the bottom of the'hoﬁéwater barrel and tap
water was sinilarly introduced into the cooling-water barrel, The steam
and tap-water rates were regulated by Honeywell gigfépegaﬁe@uqiaphragm
motor valves (3), which were activated by Bpown_circularmgha?t
Electronik potentiometrié temperature recorderopéntrollérsf(A)bL(A view
of the control panel.is given in Fig. 11)« Brown pencil-type iron-
coﬁstantan thermocouplés*(S).served as sensing eleménﬁs and wefe locaﬁed
in the pipeline é inches beiow the bottoms of the barrels. Two 1/3 hp.
ingeréollfﬁand Model D motor pumpsw(é) provided flow rates ﬁp'to'25
gallons. per minute. Rﬁpber hose connections were provided between the
pumps and the cqlumé but didvnot'eliminatg all vibrationsal Sqnare=
edged orifices (7);wefe calibrated in place and served to measure water
flow rates. Standard gloBe valves (8) were used to regulate_ﬁater.floysa
The hét water entered the‘tcp of the Qolﬁmn_and,flqwe@ cquntercu;pentlﬁo
the cqld water; The temperatures of the waﬁar‘sﬁgeamé'werg measured at
the inlets and outlets of the column (10) by means of standardized
thermometers (9), with 0,1°C divisions, immersed to a depth of about

5 inches. The water was recirculated to the barrels. The water lines
were made of 1m1/2=in; standard pipe and were lagged wiﬁh Asbestocel
insulation. |

Procedure. In'experiments'with ihe continuous~flaw_thermograviﬁational
columns, the separation was determined as a function of flow rate, The
plate spacing (2ew), column length (LT), angle of plates from the vertical
(8), and temperature difference betweén the plates,(AT) were treated as

parameters. Changes in © and AT could be made easily. .Two separate
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columns were used to investigate the effect of column length. The plate
spacing was varied by using gaskets of different thicknesses between the

ﬁransfer plates. After a new gasket had been installed the plate spacing

had o be determined sccurately before the more weful experimental data
i cou1dwb¢;t$kena -As the plate spacing appears in the theory as (2@))?_
 (2£@5?Aand (2(@)? intgppretaﬁion of the data is extremely sensitive to
"any efror in this measurement. The method of méasuring the ﬁlate spééing
‘vis discussedfin detail in the next paragraph. |
. The column was assembled with véry-iittle tension in théigasketm

compressing bolts and placed on the supportihg frame, Water flow was
.started through the coollng and heatlng jackets and set at a rate large )
enough to give turbulence in the water Jackets, The temperature recorder=
controllerévwere adjusted to maintain the desifed AT and temperaturg
level, T, After the system had attained themai ':equilibritm the gasket-
i‘compress1ng nuts were tlghtened equally with a torque *wr’encho A period
- of several days was allowed for the gasket to COmpress, - and dry air was
jiblown through the column to remove any liquid from the worklng space as
'?well as from the feed and product headers. When the drylng process was
:vcompleted the working space was filled with dlstllled water from a
welghed bottle, After disturbances in the wateratemperaﬁure'contr@l
'gwere eliminated, the weight of water in the working SPacé‘and headers
~ was determined by again weighing the distilled-water bottle., The density

153

1_of ﬁhe water was obtained from a standard source aﬁd the volume of the
workiné-spéce éalculated by subtracting the volume of the headers from
the total volume, The inner dimensions of the gasket had;been»meagured
during column assembly and thus an average column;plate spaclng was

obtained. This measured plate spacing was larger than the gasket

[
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thickness»owing to a slight outward bowing of both transfer plates,
It was necessary to take the following precautions in order to obtain -
reproducibility.in the_measUrement:of the plate spécing:

(1) A gasket material had to‘be used that would not change under
the alternate wef and dry conditions required to determine the plate
spacing. This effect accounts for the uncertainty in value of the plate
spacings reported for experiments 34-93 and 176~1§h; Vegetable fiber
(Velumoid) gaskets weré used during experiments 3,4=93, and‘they apparently
shrank when driéd° The benzené used in experiments 176-18l, caused the
binder in the compressed asbestos gasket (Garlock No. 7021) to: swell
and then shrink‘when dried. The compressed asbestos gaskets were
satisfactory for use with ethyl alcohéluwater mixtures and gaskets
formed from annealed copper wire with a soft soldered joint were .
employed for the remainder of the n-heptane—benzene experiments,

(2) Both the compressed asbestos and the copper gaskéts
exhibited plastic flow over a long period of time. The most rapid
compression o¢cﬁrred during the first week and only negligible changes
occurred after this period. Plate=spacing determinations were made
before and after a series of runs and the average was reported.

(3) The water-flow rates were maintained as constant as possible
in ordgr to minimize changes of pressure across the transfer plates.

,(h) The distilled water bottle used to f£ill the working space
was placed at the same height in successive platemspacing.determinations?,
In order to duplicate conditions existing during actual columnwopgrationg
the distilled water bottle was placed at a height calculated to give a

head equivalent to the mixture in the feed barrel, The liqu

PRI TS T ST

leyel

in the feed barrel was kept within several inches of the reference

level during the course of the experiments.
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After several platemépaciﬁg determinations had'been.mgdeg a series
of experiments was conducted to determine the separationras a function
of the flow rate. The column and all lines were purged wiﬁh}tbg mixbure
to be invgstigateda T@e;rptameters‘were-used to set apprqgimgterﬁ}qg
rates through the workiﬁé space, and samples from both product streams
were analyzed pericdically. Sufficient time was allowed between sets
of samples to purge the headers and eliminate any disturbances intro-
duced by the sampling procedure. = The separation was plotted as a
function of the time toc determine the steady-state separation when
‘the relaxation time was large compared to the time between samples.
Several analyses were made with the column opefating under steady=
" state conditions and the average of these analyses was.repo;“tedo
During the time interval between samples taken under steady-state
'.conditioné, rotameter readings were taken, and the actual product-
flow rates were measured by colléeting and weighing samples. vOther
readings taken at this time included the temperatures of the water
entering and leaving thelcolumn, manometer readings (water flow rate),
controller readings, index of refraction of the feed, feed-barrel
levél, and the potentials of the four thermoe@uples lccated at the
surfaces of the transfer plates, A record of these four potentials
was made by a Brown electronic multipoint recorder.

Results. Thevdata taken to determine the separation as a funetion of
' the flow rate are given in Table I for the ethyl alcohol-water system
and in Table II for the n-heptane-benzene mixtures, Table III lists
the values of the parameters 2w, LTg ATave and © as well as average
values of the feed composition and column width, ALl experiments with
the ethyl alcohol-water system were made at a mean temperature level

of 120°F, and those made with the n-heptane-benzene miktureslwere at
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a mean temperature of 108°F, These mean temperatures were taken as the
average of the temperatures indicated on the temperature recorder-
99nt;qll¢rso Ta?le Iv lists>the data used to determine the thermal
conductivity of LOF ethyl alcohol-water mixtures and Table V cdntains
data on the approach to steady state in the column.’ In Chapter V the
data are compared with theory and with the results fBund by other ine

vestigators. Tables of data appear in the appendix.

Glass=Diaphragsm Cell

Equipment. The glass—diaphragm cell used to obtain a measurement of
the thermal diffusion constant by the static methéd is shown in

Figure 12. The cell is similar to that described by Huse, Trevoy and
Drickamero75 The temperature-measuring technique employed was different
from that reported by these authors. Copper=constantan thermocouple
leads were sealed with Epon resin into small glass tubes which extended
into -the cell through the ground glass joints, The thermocouples were
placed as close to the surfacé'of the diaphragm as possible, The cell
was suspended in a bath:similar to that used by Huse et al, A photo=
graph of the glass—=diaphragm cell and constant temperature baths is
reproduced in Fig, 13.

Procedure, The constant-~temperature baths were brought to the desired
temperature and the diaphragm cell was immersed between them, The
apparatus was operated for several days, and a record of the  thermo-
couple potentials was kept on the Brown electronic multipoint recorder.
Owing to mechanical difficulty.the cells were operated without the
benefit of mechanical stirring. After a period of several days samples

were taken and analyzed.
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Fig. 12. Details of Glass-Diaphragm Cell.
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Fig. 13. Glass-Diaphragm Cell and Constent-
Temperature Baths.
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Results, Some of the more reprcducible results obtained in the glass-
diaphragm cell are given in Tables VI and VII. In Chapter V these
results are compared with data of other investigators and with the

data obtained in the thermogravitationél column,

Materials Used and Methods of Analysis

Ethyl alcohol-water system. The ethyl alecohol-water mixtures used in

the experiments were prepared from azeotropic ethyl aleohol (95 wt &)
and distilled water. Density and viscosity data for this system were

taken from the International Critical Tables. " The ICT density data

were extended to elevated temperatures by using the data of R:a,kshit,.,ls5

Values of the expansion coefficient, BT, were obtained graphically from

plots of the density data. Values of the diffusion coefficient were
' 156 157

obtained from data repofted by Smith and Starrow, and

158

Lemonde,
Franke. The data of these three observers were generally in good
agreement, Values of the physical properties used in the calculations
are given in Table VIII.

.The ethyl alcohol-water miztures were analyzed with the aid of a
Bausch and Lomb immersion refractometer. Analyses were made at 15.0°C
and the refractometer was calibrated with ethyl alcchol solutiocns at
this temperature., As the separations obtained in‘the glaSSQdiaphragm
cell were very small, these samples were analyzed in a Zeiss portable
interferometer with a 40-mm cell, The optical instruments used for

analysis of solutions are shown in Fig. 14,

n=_Heptanee§enzenep The n=heptane=benzene mix?ure was prebared fyg@w

Baker reagent grade (ACS specification) benzene and Phillips pure grade

(99+ mol %) n-heptane. The deﬁsity and expansion coefficient for the
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mixture were calculated from values for the pure materialsvdbtaiped
from the International Critical Tables based on the assumption of ideal
s,olut,iqnvbehavi_aro The viscosiﬁy and diffusion data for this system _

159,160 Values of the physical

have been reported by Trevdf and Dfickamerp
properties used in the.calculations are listed in Table VIII.

The analyses of the n=heptaneebenzene mixtures were made with an
Abbey refractometer., Measurements were made at i5q0°C and the refractom=

 eter was calibrated with n-heptane-benzene mixtures at this temperature.

Hydrochlori¢ acid. The aqueous hydrochloric acid solutions that were

used for testing the glass-diaphragm cells were prepared from Baker and
Adamson reagent grade (ACS specification) hydrochloric acid., The
hydrochloric acid concentration was measured by titration with 0.1 N

NaOH,
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IV. COLUMN THEORY

Mathematical Formulation of the Problem

o The ?emperaﬁure gradieﬁt apﬁlied between the plates of a tbeﬁ@o=
gravitaiional‘column has two effects: ;(1) a flux of one éomponent
6f the solution relaﬁive to the othef kor others) is brought about
by thermal diffusion, (2) convective cﬁrrents are produced parallel
to the plates due to density differenc;s. The combined result of
these two effects is to prodﬁce a concentration difference between
the two ends of the column which is generally'muéh greater than that
obtainable by the static method,

In an ideal column, a temperature gradienﬁ exists cnly_in fhe

direction normal to the plates., The flux of componeht 1 duéiﬁo thermal

diffusion, J, g, is given by (See Ref. 47)

Xe=T
. o
aD _ ('
J = 4~— (C.C,dT , ' hol)
x=TD T 172 ax

where
"o is the thermal diffusion "constantt,
D, the ordinary diffusion coefficient,
T, the absolute temperature,
Cl’ C,, the fraction of cémponent 1,2 in a binary solution, and
X, the axis normal to the plates.

The choice of sign is arbitrary and 'is taken as positive in order to

be consisteht with the notation of Jones and Furny.h7

Bquation (4.1)
was developed to represent the behavior of isotopic gas mixtures, In
this case a is essentially independent of temperature, pressureﬂand

coﬁposition; Although nonisotcpi@lliquid solutions bear little or no

ot Sl
IR, T8
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resemblance to isotopic mixtures of gases, Eq. (4.1) can be used to

define the thermal diffusion "constant", a, for liquids.

The concentration gradient produced by the combined effects of
vthermal diffusion‘and cqnvéction acts to oppose thermal diffusion and
imtg_the separation, Two equz%.tions.:,} (héé),?‘}d_(_“'?) cén.desgribewthis
flux completely,vas any variation in the direcﬁion normal to the K=y
plane can generally Ilae‘ne_glect_ed° |

| 8%
% - D 36 N s | ) ) ] (l;.oZ)_
SA £ o
1
Ty = =P - B

J

P

where J

20D is the flux of cbmpdnent 1 in‘the x direction due to
ordinary diffusion,

JY'--OD’
diffusion, and

the flﬁx of component 1 in the y direction due to ordinary
e
¥, the axis parallel to the transfer plates in the direction of
normal convective flow, |

Figure 15 illustrates the flows existing in a thermogravitational
column and the coordinate system that is used in the mathematical
description.

Equations (4.1), (4.2) and (L4.3) can be combined with a function
that represents the convective velocity. to obtain a partial differenﬁial
equation which will describe the concentration as a function of the
~time and the two coordinates x and y. The resulting equation is greatly
simplified if the coefficients D and o as well as the temperature level
T are~treated_a$ constants and the velocity distribution is considered
to be a function of x only. Equation (L.4) is the partial differential

equation obtained from Egs. (4.1), (4.2) and (4.3) by applying the
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continuity conditions and the assumptions listed abbve. -
90 rzcl % o oar 9(CiC) 5%
-2 E L2 Ly =2 ()
Lax 9y T dx 0 x v

Only the steady-state solubtion of’ tﬁ‘is equation (601/ 2t 0) ig~
considered in this thesis,

The net flow due to thermal diffusion and ordinar:;; diffusion must
be zero at both walls, Therefore a solution to Eq., (4.4) must be found
subjeét to the boundary coﬁditions,

a¢c

,]_)aé.g_,].: 4 % 0102 g’sg = 0 atx=tw. (1405)
X T dx

Aside from the conditions expressed in Eq.(4.5), a solution to
Eq.(4.L) must satisfy material balances made around any section of the "
column, Eq. (4.6) represents a material balance made around the end of

the enriching section.,
+w o Gw

o L
‘OéCe = + Be ,A /001 v(x) dx = Be /OD ‘=5=;=’ dx (L.6)
""’LU =)

where g is the mass flow rate out enriching secticn,

Ce’ the fraction of component 1 in the product stream exiting
‘from the enriching sectiong

Be’ the column width in the enriching section, and

}o, the density,

Equation (4.7) expresses a similar condition existing in the stripping

sgcbions " o - +@'
= [ 94
= ol =+ B_ /001 w(x) dx = By D agm dx (L.7)
_ | 5

=l 7 =W
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Equations (4.4)=(4.7) provide an accurate mathematical description of
the processes occuring within the column. Since Eq.(4.4) is a partial
differential equation of second order in x and y with a coefficient
v(x), that is in general a complicated function, a rigorous mathematical
solution to the problem would be tedi@ﬁs_to find and of doubtful value
unless expressed in a closed formo Furry, Jones and Onsager 31 (here=
.after reférred to as FJO) have shown how an ordinmary differential equation
 of first order in y with constant coefficients can be obtained from Egs.
(Lol)~(4sT7). Their development is based on the conditions existing in a
batch-operated column., Their method of reducing the partial differential
equation to an ordinary differential equation (called the tfansgort
eguation) is accepﬁable because the totallconéentration change in the x
direction is small compared to the total concentration change in the y
direction. The treatment of a continuous~flow column by applying the
transport equation obtained in considering conditions in a batch

column is subject to some restrictions, In the treatment presented

here the transport equation is derived by considering conditions that
exist in a continuous-flow column. This is accomplished by making a
slight modification in the method proposed by FJO., The mathematical
treatment is given in detail in the following section. The results
obtained by use of this modification are comparable to those given

by FJO. Assuﬁptions and results are tabulated at the end of this

chapter.

for a COntinu6u5mFlow Column

Equation (4.4) can be simplified by neglecting the second-order

term in y. By inspection it appears reasonable to neglect the effect
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2
C . , ‘
of vertical diffusion, D :é——%, in relation to the mass flow due to cone=
50 252
vection, v(x)-—é-;-—-l . If one is further willing to restrict the solution
y

to conditions of laminar flow, the temperature gradient dT/dx‘can be
replaced by AT/2 () where AT is the temperature difference and 2w
the distance between the plates. With these assumptions and the

condition of steady state, Eq. (L4.4) reduces to

o S |

- 9% aC.c X :

AN R 10 L e
9 X T 2w dx By

Similar assumptions modify the boundany”conditions, Eq. (4.5) to

ac g A :
p—2t- 2 8 cg -0 at x =t .  (4.9)
ox T 2w ‘ S

An integration of'Eqa (4.8) with respect to the variéble”x yields

@9cC, - 1Y .
p—=- & & ¢, - wx) —2= dx = £(y). (4.10)
- O0x T 2w ‘. y

=W .

From the conditions existing at x = ~w, it follows that £(y) = O.

‘Now if a functionhG(x,y) is defined by

2C 2C ‘ o
— axy) == + 2 oc, )
oy ox T 2w -

‘and if 9C,/9y is assumed to be independent of x, then Eqo (4.10)

reduces to
X

() - / (%) dx = 0, G
Zw | o
It is now obvious that G{(x,y) does not depend on y. Further, it follows
from the definition of G(x), Eq. (4.11), and the boundary conditions,
Eq. (4.9), that G(x) =0 at x =+ . From (4.12) this can only be true

if



)

that is; only for batch column coperation. This method can be modified

to treat the case of a continuous=flow column by assuming a linear

. a9cC
dependence of 3_3% on x as a second approximation:
30
— = 1+ vx). {4e13).
=2 =P+ ) (4-13)
A function G*¥(x,y), analogous to G(x,y), is defined by
- aC
Pirroetxy) = -p—2+ L A ¢ G

P9x T 2w

The combination of Egs. (4.8),(4.13) and (4.14) produces

—*(x,) - fx WO+ wax =0 (4.15)
2w
The left hand side of Eq. (4.15) was found to be equai to vz.ero by
considering the conditions existing at X = =W, I‘nspection of Eq'° (L4.15)
reveals that G¥(x,y) is a function of x only., The boundary condition at

x = +@) serves to define y in terms of the velocity distribution as

/‘:}(x), dx’
“w

Y = o= ‘ -"HA" | (l]-alé)
x v(x) dx

indicated by

A W '
From the velocity-distribution function developed later Cqu (4,36)]

it can be shown that Y is a measure of the ratio of the net flow through

the column to the convective flow,
‘Since ¥(x) is different in the enriching and stripping sections;

separate sdlutions must be obtained for y > 0 and y < 0, The complete



solution is obtained by a suitable combination of the two solutions.
For y > O (the enriching ééctién), Eqs (4.6) gives the relation that
must be satlsfledo If’ mean values of the density /2 and the diffusion
coefficient D are used, Eq,, (b, 6) s:.mpllfles to

_ : \ e

30,
— 4, “ (L4.17)

Equation (4.17) can be transformed to an ordinary differential equation
by some mathematical "sleight of hand®. -The velocity distribution as
related through Eq. (4.15) to G*(x) is given by
1 de#(x)
v(x) = = e e (4.18)

Equation (4.19) results from substituting Eq. (4.18) into Eq. (4.17).

; (4.19)

If the first term on the right-hand side of Eq. (4o19) is integrated

by parts, Eq., (L.20) results from the fact that G¥(x) = 0 at x = *W:

6;Ce = 1 57 o) dx = B_YD dx (4.20)
The term 3—;; can be obtalned from the deflnltlon of G*(x), Eq, (Uodls)

and when substituted into Eq. (14- 20) y:.elds )



+) )
C
¢ G¥(x) |a AT G(x,y) 1 Y 1 °"1
00 P8, (T+yx) 7 2w Clcz m(’(y) D (1+YX)I dx B YD 3y dx
) ) : -
(4.21)

An ordinary differential equation deseribing the y dependénce of the
concentration can be obtained from Eq. (4.21) by using mean values of .the
concentrations, '51 and '520 In using these mean valies it is assumed
that the small but important variation of the concentration in the x

direction has been described by the terms réta:'i.ned under the integral

sign. Equation (4.22) results from this substitution and application

of Eq. (4.13).

- 91’Y/°B. 8x) gy . BE (4.22)

Such a development yields mean cdncentratibn values and thus the term
(1+y;c)ml outside the integral sign can be replaced by 1.0, f.e.s ?1= Cy

at x = 0. Then Eq. (4.22) can be written in the form

‘ dG.
_®EE® - -2 _ R
o0, = HE,G, K_+K d} = -H. (4.23)

Equations (4.22), (4.23) and (4.15) define the parameters H, K = K, +

Ko and E in terms of the velocity distribution, v(x):
) , o

(Lo24)

= ja.




(4.25)

(4.26)

(4.27)

A convenient form of >the velocity disﬁribution v(.x)> can. 'be cbtained
from the Nav:Ler-Stokes relatlons descrlb:mg 1am1nar f.low., A simplified

form of these relatlons is

d v(x)

% + g cos 9/0 )l - (4.28)

where -
P 1s the pressure,
g, the acceleration due to‘gravi’oy,
8, the anéle of plates from the vertical (an addition to the
treatnient suggested by de("}r'ﬂooi‘;l’2 and
N» the coefficient of nscos:.tyo
By dlfferentlatlng Eq. (L4 28) w:.th respect to x and treatlng the

viscosny coefflcn.ent as a constant, an equat:.on of this form is found:
g cos e Vl -d—'é-l (4.29)

If the term g—é can be replaced by the constant term, mB*, success:.ve

integrations of Eq. (4.29) yield

I

cos 9 3 x3 1 2
v(x) = -—---z-)s—-n + 5= X c‘e»sz + 13, (4.30)
The I's represent constants of integretiono At the walls the velocity

must be zero, and when these conditions are applied Eq. (ho30) reduces



to
I. . | _
w(x) = :5-2§%;9-Ei (x? ~¢u?x) + EL £ - a)z). (4.31)

Now for the enriching section,
+ W _ ‘ : o -
Bef/ vWx) &x =06, (4.32)

and when this condition is applied to’Eqﬁ (4.31) the fbllowing form of

the velocity distribution is obtained:

3 o0,

B

2 2

v<x>=-5-59-9-§—%ﬁ (@ - ) + W?- B )

Thus the velocity distribution is composed of two independent terms,
one describing the convective velocity and the other describing the
velocity due to the net flow through the column.

- The term B* = = a2e is composed of two terms.

%
2P _ 3P, 2°P 9% (4o3L)
2x 9T dx" pC 2x

In many cases the second term on the right can be neglected, This is
"not always a good assumption, as is discussed later in thié'chépter;

In the development that follows the Qensitj_is‘assuméd,to be a function
of the temperature only. Under these conditions |

B% = By 55 : S (4.39)

__2f
where BT = - é}To

The velocity'distribution is thus describedvby

st _ ) o
Ppg cos © & (wx-) + 2 %= (ad'2 - %) (1436)
L Be’oap ‘

v(x) =
12wn
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When Eq, (4.36) is used to evaluate Eq. (4.16) and thus Egs. (4.24)=

{4.27), the following relations are obtained:

1 =19 wwy), . - (4.37)
o o (o3 B (A2
(o) _© BT.,ag cos @ izw) BQ(AT) ] (1.378)
61T
_ = _ (qu)zk
h(w Y) =1 w‘.18 . (2a=1)(2a+1)(2a+3)(2A+5) _ _ (4.370)
K, = Kg")k(w e ' (14.38)

2 2 2 T o2
B L& cos” 8 (2w)’ B_(AT)
LL ' . (4.38a)

w0 -
91D %

Kw v) =1 = 0.39636(wv)>

® 6 |
: ) a v )"
+ 0,0984, (wy)™ (wy) P e e | (4.38b)
. x=06  m= 5
Kg=2wD B, (1:39)
" E=-q, and I o |  (4eb0)

— — (L.41)
(:2w) BT/O'g- cos © B_ AT

-~

The infinite series in Egs. (4.37b) and (4.38b) converge in the
interval Iu)?, £ 1,
If Eq. (4.40) is substituted into Eq. (4.23), the final form of

the transport equation is given by

- == 1 :
oz (G, = C)) =HTT, - K = | | (hoks2)
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Solutions of the Transport “Equation

Equation (4.42) has exactly the same form as the equation used by

Jones and Fﬁrryhy

to describe a thermogravitational column that’ is
operated in a continuous manner, The only differences between their
transport equation and Eq. (4.42) are the corrections h(w v) and

K(wv), and an empirical term, KP’ which JF added to K@ and K, %o

d
account for the effects of parasitic remixing. Jones and Furry have
obtained a general solution to this transport equation as well as
several useful approximate solutions. Their results can be applied
directly to Eq. (l,uah2).,‘ |

The liquid mixtures investigated in connection with this thesis
existed in the concentration range 0.7 > 'C.l > 0,3, Under these corditions
the solution of Eg., (4.42) is simplified by making the approximation
010'2 = 1/l (which is cor'r’éc’c. to within 16% over the range of Cl)o‘
For this case the solution of Eq. (4.42) is given by |

¢ -7 = (1 2o ) (lsoh3)
e,” i = 1}65 o= e:qaa K . ‘ o

where Ei is the mean concentration at the feed point and Le is the
length éf the enriching section, |

The development desecribed aboire'applie:s only to the enriéhing
section. The treatmeiﬁ; of the stripping section is errbirelj analogous,
The folldwing equations are the end result of a development for the

stripping sections

Ciﬁcs = (1 = expo = Y (4olity)
Loy , '8
+ 45710'; '
-YS =wl@ = (l"°1~3’5>

BT,Og cos & B AT



t’_l‘he f’low»rates o and cs; .afpe always positive numbers, _The difference

in sign between Eqs. (4.41) ang_l}(}hol;,S)' is of little significance, as ¥y
-a.ppears"- ohly_ to even powefé in the functions h(w y) and ¥(w y). The
‘4equations for Hy and K are obtained from Egs. (1.;‘03'.7) ‘and (4.38) by
Substiﬁuting dimensions and proﬁerties relating to the stripping
séctiono The total column separation can be obtained by addi'ng“ Egs.
(iabk) and (4.45): | |

o el H ~gL

| - _ | P
A=EC, = C, == (1= exp. —2) + =2 (1= exp. =22, (L.46)
l-mg ‘ . b,G; s :

This equation is further simplified to

=01,

B P o
A= 50 (1 exp, oK ) 3 ‘ (}-&014—7)
if G = O; 207, T, = I, = Ly/2 snd B, = B,

LT is the total column length.

In the limiting case, a‘/‘= O, (vatch) Eqs (4.47) becomes

H(O)LT':v o ; L , - _
b = Te) | N

Equation (4.48) is identical in the limit A o —> 0 and for C;lC2 =

" 1/k4, to Eq. (4.49), developed by FJO for the batch case.
o)y plo) | -
q=ef /K o (4oh9)
where q is the equilibrium geparation factor,

ce(l - cs)

c(1-c)
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Other steady-state solutions of Eq. (4.42) which appear in the review

article of Jones and Furny47

are listed in the appendix of this thesis,
These authors also treat the transient behavior of the column and the

problem of multistage apparatus.

The "Forgotten Effect!

In the preceding development the effect of the separation on the
density gradient was ignored, i.e,, "forgotten". deGroot, Hoogen=

straaten and Gorter1r120 19

and others, have been able to show both
theoretically and experimentally that this second effect is of major
importance in some cases. By using suitable approximations deGroot

determined a mean value of

-%% to use in Eq, (4.34) for large plate

spacings.

= + 0.3 (a/T)(5T/24) - (4.51)

¢
x

This result may be used to improve the interpretation of column data,
It can be applied directly to Eags. (4.47) and (4.38) by replacing By
with "B'i' + 0,3(a/'1')(6,0/9 C;) in Eq, (4.37) and substituting [‘“BT +

0.3 (a/T)(G/O/G'Cl)] ? for g2 in Ba. (4.38).
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Summary ‘ -

The assumptions that were made in the development of‘Eqéo,(udhé)g
(4.47) and (4.48) are listed bélow. The number appearing to the right
of each assumption refers to the equation that results most directly
from that particular assumptiopol The equations used to compare theory
and experiment are summarizéd following this list,

Assumgtibﬁs°
Q) T=Tx)only - | (kD)
(2) Any variance in the direction normal to the x-y plane
may be neglected., - - C (4o2)(403)

(3) The temperaturé and concentration dependence of D, a, B, can

be ignored, - S O (Bat)(4.29)(4030)
(4) The temperature level T can be replaced by its mean value, T. )
| (Loks)
(5). v = w(x) only. I )
(6) 8C;/9t = 0 (steady state). | o (be6)(47)(4.8)

(7) The colwnn w1dth is constant in any one sect:.ono
(8) The. vertical dlff‘us:i.on term, D i is small compared to the
v a0,

convective veloc:Lty term, v(x) === R ) - (4.8)

v’
(9) Laminar flow condltlor?s estt between the plates, (Lp 8)(4.28)
(10) 4C/@§ does not depend on x (basis of development by FJO).,
, | (4.12)
(11) 8c/3y = ‘/}(y)(‘iéﬁyx) (basis of this development). (4.15)
(12) A mean value of /o.ean be used to cqnverfb volumetric flows
to mass flows. (Similarly average molecular wei\‘ght' values can be o
applied to mixtures to convert mol units to mass units.) (4.17)
and C

1 can be used after their x dependence

(13) Mean values of C 5
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- has been described by H, K and E. | ‘ (4+22)

(14) A solution for the y.dependence at x = 0 is

satisfactory., - . (4.23)
(15) o= £(T) only | (4+36)
(16) €, 2 1/h - (lrol3) (o)
(17) o, =07, =0 o | (447
(18) L =L =L/2 (4.47)
(19) B, =B, | (lol7)

Equations Used to Compare Theory and Experiment

.. (A1l equations based on the assumption €10, = 1/L)%

Géneral Selution

g -0 L H - 0L

_ ‘ e’e S s's
b= (1= exp, —¢ ),+wﬁs(l-expo X ) (L4o46)

A=52 (1= e, 5t ) (4.47)
0=0
(o)
H |
B, = (Lf (4.48)
LK (o]

#See appendix for other solutions.
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Index of Equations Defining the Various Parameters

E= MWy o o () .
K = K@ + Ky + K U (4.52)
K, = Kg°>k<m> I (4.38)
K, = 20DBp T (4.39)
6m 6
= L', ) - (Ll'OL"l)
(2w) B.ﬁo g cos © BAT
(Values of H_, Ks and Ysﬁ are obtained by .suﬁsﬁiﬁ;ﬁtiﬁg’i{ flow rate,
dimensions and properties relating to the stripping Section in the
above equations,) e :
o
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V., INTERPRETATION OF EXPERIMENTAL RESULTS

In the preceding chapter the theoretical treatment of batch thermo-
gravitational columns originally proposed by Furry, Jones and‘Onsager31
was extended to include continuous-flow thermogravitétional columns.
-Data obtained:using the equipment des@ribed in Chapter III provide a
means of testing not only the modification of the theory proposed in
Chapter IV but also the fundamental theory itself.

The eéuations developed in Chapter IV were shown to be similar t§
ﬁhe more Simple equations'éuggested by Jones and Furry°h7 Severai
'inveStigatofSlzl”lzB have been successful in applying the equations of
JF to predict the performance of continuous flow‘columﬁs, Therefore
it seemed deéirable to attempt to define the limits of application of
the less complicated equations of JF in addition to testing the

modification proposed in'Chapter IV, In the diséussion that folloﬁs

the term corrected equation refers to the developments of Chapter IV

and the notation uncorrected equation indicates the use of the

approximations of JF, i.e.,, equations extluding the terms h(w y) and
k(@)

The mixtures investigated in the continuous-flow thermogravitational
columns were all concentfated (as opposed to dilute) binary liquid
sclutions., This type of mixture was chosen for several reasons: (1)
There arevrelatively few data on such systems reported in the literature,
(2) The maximum separation of any binary mixture should occur when the
feed is composed of equal amounts of each component., (3) For the
conditions 0.7 > C >’003, i,e., for 0102 = 1/h, the solution to the

1
transport equation is of a simple form, The equations obtained for
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N n
the case 0102 =

is considerably less complicated than Eq. (4.46), experimental conditions

1/4 have been sumarized on Page 6l. As Eq. (4.47)

were generally adjusted to satisfy the assumptions under which Eq. (4.47)

was -obtained, i.e., O = e; =07 L, =L = LT/Z, and B, = B¢

e s
P (1 = exp. =~=“I) (LokT)
26- : 2K : S

Qualitative Aspects of the Theetz

The eighteen assumptions that were utilized in the development of
qu (4.47) have been listed on Page 60. Many of these aseumptions
are reasonable when laminar flow‘conditiens exist in the column and
neither the temperature difference nof the concentration change is very
large. Expeﬁimental conditions were choseﬁ to satisfy these and other
restrictions as much as possible, The validity of assumptions 8, 11, 12
and 13 on Page 60 can only be evaluated bf comparing the theory with the
‘results of experiments. In no case would a lzl_correspoﬁdence_be
expected unless the effects of'parasiﬁic remixing,_aecounted fer by
the term KP,'are properly evaluated, In view of these inherent diffi-
culties the datavwefe first used to test the qualitative aspects of the
theory, The quantitative correspondence of theory and experiment are
considered later in this chapter.

- Flow=Rate Dependence

. Two of the first questions to be resolved were whether the flow-
'rate dependence predicted by Eq. (4.47) correeponded to the experimental
"results, and over what range the uncorrected equationslof JElwere

a.ppli.ceble° Since the flowarate dependence is here eonsidered to be

of prime importance, values of H(o) and K(o) in Eq. (4.47) were

-

-
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determined empirically in such & manner that values calculated from
Eq. (4.47) agreed with experimental data in the region‘ o—> 0,
(o)

The following procedure waé used to obtain empirieal wvalues of H

and K(o): If BEqo (4.47) is expanded‘in series, qu (5.1) results:

-2 3
HL HL HI. 2
A= e (T4 e = 5o (501)
LK gg? 168>

In the limit 6“¥=—m> '0, the intercept A, and the initial slope m =

(2 18/26™) oe0r TC obtained from Eq. (5.1) by inspection.

' (0) :
A =H"L
° =5y © . (L.48)

E—T-TH“)LZ | (5.2)
m 2 e - . N -

Eas., (4:48) and (5.2) can thus be solved simnltaneéusly for H(o)
and K(o) values that will satisfy the experimental values of Ao and
m o _ |
Some typical data are presented in Figure 16. The complete solid
lines represent values of the separation AL caléulated from uncorrected
Eq. (hah7) with values of H(é) and_K(Q)-determined in the manner
described in the preceding paragraph, The solid lines énding in a

dot represent separations calculated from the corrected Eq. (4.47)

using these same H(O) and,K(o) Values, For relatively low flow rates,
the corrected and uncorrected equétions give almost identical results

and agree very well with the data, At higher flow rates, the uncorrected

equation deviates markedly from the data and predicts separations

larger than those found experimentally. The corrected equation gives
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values that compare very well with the experimental data. However, for
values of ¢y > 1 (dots indicate upy = 1) the series appearing in the
corrections h(wv) and k(wvy) (Eas. (4.37b) and (4.38b)) diverge and
lead to the indeterminate expression A = ®° o,

The dashed lines drawn as a continuation of the corrected curves
represent the use of correction terms hl(w y) and k5(wY)., Values of
| hl(""’Y) ‘are calculated ‘bvy ignéring all terms but the first in the
series appearing in Eq. (4.37b) and k5(q/'y) values are calculated by
considei'ing oniy the first five terms of the series in Eq. (4.38b).
These relations are given by Eqgs. (5.3) and (5.4), and are represented

graphically in Figures 17 and 18,

h (@) = 1-0.17L3 (w1)? . (5.3)

kg(w v) = 1-0.39636(w 1) + .033567(w )" + 2,2378
x 1020y 18 + 3,949 x 10w + 1.0392
x 104 (w)'0 + 30464 x 107 (wn)*? | (5.4)

Values of h(y v) and k(w y) for Iwylf 1 are included in Figures 17 and
18 for comparisdn; o

The term hl(w y) becomes negative at large flow rates, and the
separations predicted for wy > 2.43 are opposite in sign to Aoo The
net result of the use of 'kS( QY)_ is to limit the separations calculated
fo:é a) Y > 2,43 to very small values. Negative separation values are
shown in Figure 16, In other figures in ﬁhe text the dotted line
represénting the corrected Eq. (4.47) is terminated at e« y = 2,43
because separations of opposite sign é.t higher flow rates have 1;0
physical signifieanceo In most cases both calculated and measured
separation values are equal to zero within experimental accuracy for

W v > 2,43, The agreement with experimental data for 2.43 > Wy > 1.0
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that is obtained by using these approximations’is remarkable, as there
seems to be no justification for using only the first several terms in
these divergent seriles,

Equations (Loh8) and (5.2) were used to detemmine empirical values

() and. K(O) for most of the groups of experimental data listed in

of H
Tables I and II, The variati on of the separation Awith flow rate was
properly accounted for by use of Ege (LoL7)s In general tre corrected
equation with the terms hl (wy ) and kg (wy) was superior to the un=-
corrected equation in representing the data, | |

The separation-flow rate data successfully represented by Eg (L.L7)
were obfained for a variety of operating conditions, The théory predicts
the effect of changes in the operating conditions and the empirical H(O)
and K(®) values can be used to check these predictions. The functiondl
dependence of the term H(G) is given by Eqo (Le372)e k(0) 35 composed
of three additive termssz Kéo) representing the remixing effects due to
the convective flewg K3 , which accounts for vertical diffusion, and 1&)3
a term appended to the theory to account for parasitic rernixing effects,
Fortunately, for the raage of var’iablés investigated in connection with
this reseau:".ch9 both Ky and K, appear to be negligibly small when
compared to K(E@).o In this case, the functiondl dependence of k(o) 35
essentially given by Eqe (Lo38a)y Loee, that for Kgo)., »

Temperature Difference ( AT)

According to Eq. (L.37a) and Eg (L.38a), both H(O) and K('o) are
proportiondl to ( AT)2  Values of u(0) and K(©) used in Eqge (L.L7) were
cbtained from relations of the form H(O) = a( A‘I)2 and K( 0) - b( AT)%
These relations seem to satisfy the data presented in Figures 16;9 i9
and 20 over a wide range of AT and for three different values of the

plate spmcing, 2we Experimental groups J and K substantiate these
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conclusions, These data are included in Table I, but are not extensive
enoﬁgh to warrant graphical representation.,

In Figures 19 and 20, and subsequent figures in which no curve {or
curves) representing the corrected equation appeérs, the measurement of
the plate'spaeing was too inaccurate to permit a proper evaluation of
theAcorreetiono
Length QLTZ

The theory predicts that H(O) and K(o) are independent of the
column length, From Eq. (4.48), A, should be proportional to L and,
according to Eq. (L4.47), the separation should become independent of
height at high flow rates. These theoretical predictions are definitely
substantiated by the data presented in Figure 21, The difference between
the values of H(o) and K(Q) used to represent the two experimental groups
and the deviation of the theoretical curves at high flow rates is due in
part to slight differences in the plate spacing and AT,

Effective Gravitational Field (g cos @)

The effective gravitational field was changed by tilting the column
in the manner illustrated in Figure 6, This variation is accounted for
in the theory by the product g cos @, The results of experiments made
with the hot plate on top (positive angles) are presented in Figure 22,.
The curves drawn on Figure 22 represent separations calculated using

.values of H(O) and K(O) obtained from relatiocns of the form H(O) =a
cos © and K(°)~= b 0052 @ as predicted by theory.

Several experiments were made with the cold plate on the top
(experimental groups P and T). Separations were obtained in this case
and were generally smaller than values obtained at the corresponding

positive angle (45°)., Experiment Ne., 87-P was a notable exception,

Experiment No, 116-T did not check this anomalous result, It is probable
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that Experiment No, 87-P is in error, but it would be of theoretical
interest to investigate this question further, preferably in a batch

column,

Plate Spacing (2u4))

According to the theory the separation should show a strong

dependence on the plate ‘spacing. From‘Eq; (L.37a) and (4.38a), H(O) =
a(20)’ and k(°) - 5(2)7. The magnitude of this effect is even
more clearly emphasized by the fact.that.m , the initial slope,iis
inversely proportional to (2«))11£ The tremendous effect of the plate
spacing is illustrated in Figure 23 by retaining the same relative
scales on the four graphs., The curves on Figure 23 represent values
calculated from Eq. (4.47) using values of H(O) and K(o) determined
from the above relations, Values of a and b wére determined from the
data taken for 2a)sr6;€908 cm (Figure 23b), and slight corrections
were made for variations in AT. The agreement appéérs to be quantitative
largely because the scales are small,

Actually some discrepancies exist between the theoretical and
experimental ﬁaluesrfér daté taken at the larger plate spac¢ings,
Figure 24 represents other data taken to investigate the effect of
plate spacing and will serve to illustrate the nature of these
discrepancies, If the constants a and b in the relations H(o) o=
a(2a})3 and K(o) = b(2u))7 are evaluated frem the data taken at the
smaller plate spacing (larger Ao), values of H(O) and K(o) calculated
from these relatioﬁs fail to represent the data taken at the larger
plate spacing (1ight line). The predicted wvalue of A, is somewhat
smaller than that found experimentally, and experimental valﬁes of
the separation at high flow rates are suwbstantially smaller than the

calculated values, On the other hand, values of H(o) and K(o)
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obtained empirically from each individual set of data serve to represent
the data very weil.(heavy lines).

AsLe Jones125 has reported some qualitative conclusions based on an
extensive investigation of the separatioﬁ of liquids in continuous=-flow
thermogravitational columns, Although he does not indicate the nature
of the dependence of the separation on the flow rate, his conclusions
with regard to other variables are in general agreement with the theory

and with the results of this investigation.

Quantitetive Comparison

of Experimental and Thoretical Values of (o) and H(0)

The theoretical development given in detail in Chapter IV predicts
not only the form of the equation that may be used to represent the
data and the functional dependence of the terms K(o) and H(O), but the
numeric;tl.values of these terms as well, Comparison of the experimental
and theoretical values of K(O) and H(o) is a convenient method of
investigating the quantitative nature of the theory,

Corrections on K (¢K (o))

(o)

The factor K(o) is composed of three additive terms, Kc s K

d
and 5#, as described previously., Values of Kgo) and Ky can be
calculated from Equations (L.38a) and (L4.39) respectively and over the
range of variables involved in this research Kd<z:Kgo). 3% can only

be evaluated empirically., For purposes of comparison, a factor ¢K(O)

[+
is defined by Eqe (58,

g0 - % | (545)

c E( acalc.,
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Valdes of K(O{]expt . [r(@?] calé' and’ ¢ (o) are nabulated in Table X

and are dlscussed in detail in & later éectlon oi th¢s @hapter°

’Correctlons oh H( 0) (ﬁnﬁql)
(@) (Q)

' In contrast to K contalns but one - term, that glven by

" Bq, (4.37a). Tt might thereforé be éxpected that a éomparisci of the
' experimental and theoretical valtes of H'®) would prove a better criterion
" of the validity of the theory than the corresponding comparisor of KO
values, If anything, the inverse is trie, This is besaiise H'® is

proportional to the thermal dlffu31on "ccnstantwg @, and K(O) is

‘alndependent of thls term° Values of Q. for liquid systems reported in

. , the. llterature are not only scarce but also very 1ncon51stent Deter~

"mlnatlon of rellableuvalues of‘a from separatlons made 1n»thermo=
: grav1tatlona1 columns is hampered by the fa@t ‘that the theony is not
?quantltatlveo Because of the 1nadequac1es of the theony two methods
~of determining a values from thermograv1tat10na1 column data were
developed. v v A g  “:l e

One method is based on the facf that valuésmoffdlééléuléﬁed from
the experlmental data u51ng the two 1ndependent Eqsa (4 373) and (4.48)
iare generally not 1n agreement° The notatlon a (@) is used t@ de31gnate
a value ealculated fram Eq_o (4 37a) uSIng an experimental value of H( )

o and a, w1ll 31m11arly 1dent1fy the value as belng dbtalned from the
o .

‘J vexperlmentdl value of the 1ntercept Bs using Eqp (AOAS) It is
lassumed that the “correct" a value is obtalned under the condltlons
aH(o) =a, @n Figure 25a 111ustrates the manner in whlch the "correct"
a value for the system naheptaneébenzene was determlned from values
of by and H( °) obtained from the: data presenﬁed in Figure 24,

The other method used to determine "correct® a values is based

on the assumption that the theoretical equations are quantitative
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when ¢K(o) = 1.00 (this is true only if KP << K ) In Figure 25b

values ofvccA
f¢)

varied in the twe iimvestigations represented by eire1659 as the

are plotted as the ordinate with 2039 thelonly parameter

e'bseissao These data were extrapclated to 2@ = 0.067 cm, the value
of the plate spacing at which ¢K(o) 1.00. (This value of 24) at
¢K(o) = 1,00 was cbtained from Figufe 28b which is discussed later in

thls chapter, ) A "correct® o value of 1, 08 was obtained by the first
method (Figure 25&), and the second’ method yielded a = . 1,13, An
average of @ = 101 was used in the ealeulations,
A similar procedure was applied to the data taken with’the
4O Wt % ethyl alcohol-water system, The value of a for the 33 wt'%
efhjl aleehol=watef systEm was determined ffom‘only one group of
experimental data (Z),.fer’whieh‘ﬁKgojv= 1,00 end QAQ g'aﬁ(qjo The
curve in Figure 26 Tepresenﬁ%nvalues of the separation calculated
from Eq° (Lo h?) u31ng theoretlcal rather than emplrleal values of
K0) g WO |
-Results ofyipvesﬁiéations of both the n-heptane-benzene and
ethyl aléoholmwaﬁer'sy5£ems have previcusly been,reported in the

literature,  Trevoy and Driekamer71 determined aﬁ' values for the
' ' ©

n=heptane=benzene systémin a batch column 4 inches long operated
at a AT of about 5°C. A velue of a, at 4200 taken from their'data
is represented by a triangle on Flguie 25b, The’égreement is
remarkable when the . dlfferences 1n LT and AT are considered.

Van Velden, van der Voort and G@@terlél determined values ;f:a
for the system ethyl alcohol-=water over a eonsiderable concentration
range, They considered the concentration change at the two ends of
a batch thermogravitational column 2-1// inches Ieng as a function

of time for 0,02 < 2w< 0,12 em., Values of a salculated from the



L3

-83-

@ Experimental Group Z
Uncorrected Eqn 447
¥=1)
--—~Corrected Eq’n 447
K%Eq'ns 4380+ 4.39
H%Eqn 4.37a; c=0213

03

Fig. 26. Separation 38)2 Funcgtion of Flow Rate.
Values of H and K Calculated from

Theory.



T

data of Van Velden et al.; using the assumption c;C S 1/L are in

2
excellent agreement uith the "correct" o values determined from the
data of this work. The nature of the agreement is illustrated in
Figure>2'7o |

It would appear, then, that the two methods of determining a
"correct" a value are not only self-consistent but alsoc yield values
that are in agreement with the data of other observerso These

"correet“ a values were used to calculate theoretlcal values of

.H(o) and ¢H(o) (defined by Eq. (5.6)). Table IX contains

(o)
¢H(Q) = "EEEE (5.6)
#(°)
Calc.,
a list of H(gipt . ggic and ¢H(o)a

Unfortunately, accurate measurements of tﬂe plate spacing were
not obtained for all the experiments, owing to the unexpected gasket
behavior disecussed in Chapter III, As‘a result only approximately 100
experiments were used to dbtaiu the values of ¢H(o) and ﬁK(o) listed

e
in Table IXOV

Correlation of @.(o) and QKLS)

The maJorlty of the experlments for which the plate spacing was
accurately measured were devoted to the investigation of the effect
of changes in the plate spacing. Three liquid systems (40 wt # EtOH-
water, 33 wt % EtOH-water and 50 mol % nwheptanembenzenej'and two
columne'(four and eight feet in length), were used during the ceufse
of these 1nvest1gatlons° The effeet of temperature difference was
checked in runs W and X, Values of ¢H(o) and ¢K(o) are plotted as functions

of 2w in Figure 28. The value of ¢K(o) represented by the solid
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black triangle in Figure 28b was calculated (See appendix) from data on
“ the approach to steady state in a batch thermogravitational column

71

reported by Trevoy and Drickamer. The column used by Trevoy and
Drickeamer was / inches long and was operated at a AT of about 5°C,
The results of their investigation are in remarkable agreement with
the data obtained in the present reéearch with a column 4 feet long
operated with a AT of about 42°C,
| Figure 28 is noteworthy in-sevéral respects:
(1) It would apbear‘that the theory is quantitativevét‘Certain
small values of the plate spacings,
(2) The theory is in good qualitative agreement with the
experimental data over the entire range of variables investigated,
. Values of ¢H§o) and ¢Kg?) for this investigation are in the range
0,10-1.00, with the large majority of the values between 0.4 and 1.00.
In contrast H(o) values varied from 4.5 x 1o°h to 3 x 10'“2 and K(o)
from 5 x 1072 to 228, a factor of over 4,000 in the latter case!l
(3) The corrections ¢H(o) and ¢K (o) vary rapidly with changes
in the plate spacing 2¢ . °
() .¢H(O) and ¢K (o) appear to be independent ‘of the column
length LT’ as might becanticipated°
(5) The corrections vary little with iarge changes in the
temperature difference, AT, a result that is gnexpectedo:
(6} Both ¢H(°) and ¢Kéo) are functions of the physical:pfqperties
of the';ystemo
Other investigators have reported éimilarﬂdiscrepanpies between

theory and experiment. Becker95 was able to correlate thermogravitational

column data taken with turbulence in the gas mixture by merely applying
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a correction to the measured plate spacing. On this ba31s ﬁK (o) =
¢ (o) 7/3 (assumlng Ky and KP are negligible). By calculatlng the

1n1t;a1 transpor’t9 Becker further found that the ratio

() | wP (o)

W2 "o (e)?

was approximately constant over a wide pressure range, The group

PN : : . i ,
3glzw is essentially independent of pressure and thus ¢Kéo) = [bH(olj 2,

. The .values of the two exponents, 2.00 and 7/39 are in substantial agree=
ment with each other andvlend support to Beckerf®s method of accbunting
for turbulence{ﬂ

Values of .¢Kéo) and ¢fH(o) from Table IX plotted on Figure 29

indicate the ‘relation between QKéo)‘and'¢H(o) given by Eq. (5.7):

o) = [#,(o)] %5  3/2>§>'1°. I O R

Equation (5.7) is in sﬁbstantial disagfeement with the results of Becker,

This suggests that the need for correction might not depend on the
existence of turbuienceo According to Onsager and Wbt30n93 turbulénce

~exists for Reynold®s Nos. > 150,

et - 20 px g"ég;' o (5.8)
363 M -

For the systems investigated during the course of the present research,
.Reynold“s Nos, célculated'from Eq. (508) were all less than ﬁOs
97-10

Drickamer and his co-workeérs 3 have made an extensive’
inveétigation'of the effect bf'pressure on the separation of gas mixtures
in batch thermogravitational columns, They found that their eiperimental

" results were in accord with column thedny only in the région of maximum
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99

separation., Drickamer; Mellow and Tung’’ proposed the following

modification of Eq. (4.49) based on a quasi-theoretical developﬁentg

| (g)? 1oL
1“2 q = — . (509)

06 () 4 (o)
#(g)° x O + Ky

In applying Eq. (5.9), Drickamer, Mellow and Tung utilized the
factor @' to correlate the data obtained at pressureé less than
optimum, and similarly the factor @ was used to bring theory and
experiment inte agreementvat higher pressures, The relafions used by

Drickamer et al., are listed below:

g+ = 1,00;
Gr# >1.2x10° (5.10a)
Gt = 0.576 Gr#o.@ség | |
1.2 x 10° > Grff > 6 x 10° (5.100)
g = 0.866; |
orft < 6 x 10° | (5.10¢)
g = 1260 (P13
: | Y < 1,35 x 1073 : (5.11a)
B = 13.6 (P)0-512
6,3 x10° >¢¥>1,35 x 1070 (5,11b)
g =1.00; |
¥s 6,3 x 107 | (5.11e)
 (2w)? L, B & P AT |
Gr# = (5.12)
Ln 2
- 2D/2w 7 (5.13)

(LaTgp/p)
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Each correcticr suggested by Drickamer et al., applies to a
specific region of column operation:
(1) Equations (5.10b) and (5.10c) are used when the convective

velocity between the walls of the column is small and the term Kd is

162 163

as important as K@(°), The data of Nier, - Taylor and Glockler,

92

and Whalley, Winter and Briscoe’~ were all obtained under conditions
that produced small convective velocities., These data were brought
into agreement with the theory by evaluating:the KP term empiriéélly

as suggested by Jones and FUrnyh7

and making slight corrections on
the calculated Ky term, |
(2) The correction represented by Eq. (5.11a) is apparently
necessary when there is turbulence in the fluid between the walls of
the thermogravitational column, because ﬁhis correction is in agree=
ment with the results.of Beckero96 |

(3) Equation (5.1lb) provides a correction at high convective

flow rates in the laminar region. Under these conditions Kd << Kc(o)g
@ = 1,00 and Eq. (5.9) reduces.to
(o)
Inq = i, (5.14)
Pylo)
c

Equation (5.14) is comparable to Eq., (4.48), which when corrected

by the terms ¢H(o) and ¢K(o) becomes
e

B,(0) o)y

ha,=

— | (5.15)
AOR S |
(4]

The similarity of Egs. (5.14) and (5.15) suggests the relation

B - B(/B o). - (5a6)
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Equation (5.16) is analogous in form to Eq, (5.7).

The relation between the terﬁs-¢;‘¢H(o)'and ¢K(o)'canube'clarified
. by considering their variation with respect tavchénies in the plate
spaéingo When Eq. (5.11b) and (5.13) are combined, @ is obtaingdvas

a function of 2w in the region of high convective flow rates without

turbulence:
f=a()0 - (5.17)
Froﬁ”Figﬁre 28
P lo) = at(2w)™ % and I - (5.18)
B (o) =ati(aw)™®0 (5.19)
The Eds. (5.16)=(5.19) suggest that R
¢H(0) =-¢3 and - - ; - - {5.20) .
o=t e

These results are in good agreement w1th the relation glven by Eqe (5.7).

The combination of Eq, (5 llb)9 (5 13) (5, 20) and (5 21) ylelds

fi(o) - b (020 ana - (5:22)

=10, (5.23)

¢K(o) = bt(aT)”

. Both Eqs; (5022) and (5.23) are.in subsﬁantialldisagreement with
the conclusions drawn from Figure 28b. o _ ,

. The general agreement between Eq,.(5°7) and (5017)=(5°l9) indicates
that data on the separation of.ﬁoth 1iquids and gases in thefﬁdgravitational )
columns might be used to obtain a more general correlation than that
proposed by Drickamer, Mellow‘andvfﬁngq~

Dimensional analysis may be used to arrange the variables of a

system into convenient groups to aid in the correlation of data, As
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the first step in this type of analysis, @ is considered as a general

function of a number of important system variables in Eq. (5.24):

¢=¢[2£, 1°, 8%, €%, %, 8%, &8, ", oY, kJ c , (g cose) , ™, ATﬂo
(5.24)
Variables included in Eq. (5.24) not previously defined are:
.E s & length dimension - possibly a relative.roughness;
kTg the thermal conductivity, and

%@, the heat capacity at constant pressure.
Equation (5.25) is obtained by applying the method of dimensional
analysis to Eq. (5.24) and assuming that a solution in the form of a
simple product of dimensionless groups is sufficient to represent the

general function,

-z LJ’"[..] [5%)] {&] [g,,] [VIP:] l:gcose(aﬂ)J [AT] (5.25)

Since both L and B 3 2¢ for all practical cases it seems reasonable

to set b = ¢ = 0 especielly in 1ightvof the data presented in Fig. 28,
Several other exponential unknowns can be eliminated by considering the
theoretigal equations_developed in Chapter IV, The only manner in which
either B or g cos® appears iﬁ/the theory is in the éqnation describing
the velocity distribution, Eq. (4.36). In this equation these variables
aﬁpear as thevproduet B g cos 8, It therefore seems reasonable ﬁo set

f =p in Eq. (5.25). Further; if Eq. (4.8) is made dimensionless, the
term Q%Zv appears as a product and therefore it might be expected that

e = «m in Eq. (5.25). When these simplifications are applied to Eq.

(5.25), Eq, (5.26) is obtained:

mo ' w3 \ - .
B-ugy (gt GAag (R LT e G (520
' .. P '
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It might further be noted that-

B g cos © (209 AT 361/- (Re#)(SC#)9 ' (5.27)

D
where Re# is the Reynold“s number defined by Eq. (5. 8) (actually a

Grasshoff number) and Sc# is the Schmidt number deflned by

Sc# = - o (5.28)
v VL
By utilizing the definition of the Prandti ﬁumbef,
Prf = | (5.29)
Eq, (5 28) can be wrltten in the relatlvely simple form
. (£&yd f-g -
P=z (GAT) ( u,) (Bef)® (Sch) (Pr#) - (5.30)

The remaining,gxponeﬁts; m, d? f;'g and j, must be eValuatedv
empirieally. o o | |

Some explanation ofbthe,correia£ing prceduréé isvheéeéséf& before
the resuits ééﬁ be gi&éh° | o | |
(1) Instead of ¢9,¢3 was treated as a functlon of ‘the varlableé given

in Eq. (5.,30)° Thus from Eqs° (5 20) (5 21) and (5 30),

# - g0 ="I<¢Kg°>)3/"‘= 2 (0 (B @eh° (s (er)°.

| - (5.31)
(2) Values of ¢H(o) and ¢K(o) used in the correlation are those listed ‘
~in Table IX, ’
- (3) ¢3 values were obtained' from data:.on the separation of gases_in
batch columns, Data reported by Drickamer and his co=workers99’1029103
were used. In order to eliminate as much as possible any corrections
due to Kéoj; énly data-dbtéined €tbpréSSurés greater,thah §ptimum were
considered and @ values were calculated from Eq. (5.16). Calculation



details are given in the appendix,.
When the pressure on a gas is increased, the Reynold!s number (Eq.
(5.8)) is effectively increased without changing any other variables,

From the data of Drickamer and his co-workers, ¢! = =0,8 or

7 - 2(rei) | (5.32)
Equation (5.32) would predict that | ,
P = 6.(0) = (BLoNY¥ = a(2a)®H  (5.33)
]

which is in substantial disagreement with Eq. (5.17)=(5.19). The

modification of Eq. (5.33) proposed in Eqﬁ'(EOBA) is in agreement with

Eas. (5.17)=(5.19) and thus seems applicable to both gas and liquid

systems: |

gilo) = 25 (Rep)™08, o (5.)

(The term ﬁH(@) is used in this and future equations to represent

¢3 ¢H(o) = ¢K(o) 3/ o) Tt is assumed that the necessary correction

of the plate=spaelng dependence is provided by the group (€?/2ou)

Since € is an undefined length dimension it is assumed to be equal for
all columns considered and is replaced by 1,_making,the'fina1 correlation
'aimenaionalo

The Schmidt and Prandti nmunbers for two of the gas systems
investigated by Drickamer and his co-workers (A-Ne and 002 '3 8) are
essentially identical. ¢3 values for these two gas systems are

correlated by setting a! = «1,0:

filo) = 2(=22) o (550 (me) 0% (5.35)
There remain but two expohents to be determined, d?{and,efg-and
essentially 3 systems (ﬁwo licuid and a combined gas system) to be
correlated, It is possible to correlate these data approximately by

using either of the following relations:
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=1/25 et =0 _ . (5.36) ’
dt = 03 e = =3/2 - (5.37)

qat

Because of these apparent discrepancies the Schmidt and Prandil groups
-have beén combined by applyipg the following reasoﬁinng The Schmidt
number is the ratic of thevmolecular momentum transfer to the moclecular
mass transfer. Similarly the Prandtl number is the ratic of molecular
momentum transfer to molecular heat transfer. The ratio of these two
groups (Sc#/Pr#) is the ratio of molecular heét transfer to melecular
mass transferé If'the effects of the momentum transfer are properly
accounted fof.in the Reynold's number then one might expect the ratio
(Sc#/Pr#) to be the correlating group. By use of this ratio the following
relation was obtaiﬁed: |

dﬂ = =’e = "008'0 (5038) -

Equation (5.38) correlates the data better than either qu (5.36) or

Eq. (5.37) and has been used in the flnal correlation: |
E (o] 83 %207 e () (5g)(Re)° ohert®® (5.3

A plet of ¢3 ¢H(o) amdﬁ%K(oa 4? a function of

(GAT)(===)(R e)0-8 (sc c#/p#)°°8 is presented in Figure 30 to illustrate

the degree to wh;ch the datavls correlated by Eq. (5.39). Equation (5.39)

applies only for values of ¢H(o) < 1,00 and should not be used beyond

'fhe;range of data represented in Figure 30 witgout due regard for

possible effects of turbulence,

The range of variables included in the correlation represented by

Figure 30 are listed below: o .
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20 T T T T
+ ‘GAS SYSTEMS
+ System 2W cm
+ |+ 55%C0p-C5Hg 0.308
X 44% Ne -A 0.0508
X 44% Ne-A 0.1016
+
1o} N+t . -
0.7 i
¢3
gu© 0.4} 4
3/4
o
[#e] .
LIQUID SYSTEMS
System Lycm ATT
O 40 wt% EtOH-H0 15,8 36
[ ] " It n 2398 36
02+ n n " 5.8 18 i
® 33wty 0 " 115.8 36
A 50 m% nCH CgHg (158 42
A n o) 102 5
ol | L 1 1
70°  ixi0* 2x10% : axi0% 750%  1x10°
- 10.8, 0.8
=T ('—) (Rd‘) [s¢*) em™
AT \2W), Pr#

N . R MU-7893

Fig. 30. General Correlation of the Correction
Factors # , ﬁH(o) and ¢Kio).
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L: 10 - 24} cm
a:  0,0117 - 1.1
AT: 4,9 = 180°C
T 295 = 380°K
2w: 0,0508 = 0,308 cm
B 3.7 x 1070 = 9.1, x 107% am em™ oK™t
p: 0.00L - 0.9 gn am™>
g cos8: 980 cm sec™?
N: | 0.025 = 1.14 cehtipoise |
- Seffs 0,696 = 1,200
Pr#: 0.663 = 11.5
Ref: 0.6l - 185

Althoughvthe vast majoritj of fhe data seem to be correlated well
by Eq, (5.39), there afé}several notable exceptions:

(1) The open circles and opeﬁ squares that aéviate from the rest
of the data represent experimgntéivgfgﬁgé subject fo largé experimental
error; The data 6f these experimental groups éfe correlated by Eq. (5039)
within the limits of experimental acéuracjol.

(2) The deviation of.the black diamond from the general correlation
is primarilj‘due to the fact that a for the Sysﬁem EtOH-water varies
rapidly with concentration whereas. -other physical‘properties do not,

Now explanatién is'offered for this discfepancy other than that the
meaéured:@ ﬁalue may be in error or that o should not apgeér‘in'the

correlation,
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Comparison of a Values Measured by the

Static and Thermogravitational Methods

The comparison of a values. determined from thermogravitational
column- data with a values measured by the static method should provide
a severe test of the column theory., The nature of the agreement and

disagreement between the o values thus measured is indicated in Table X,

Table X

Comparison of a Values Measured by the

Static and Thermogravitational Methods

Ejystem a,a.

Thermogravitational Static Calculated Used in

Method Method from Theory Correlation 5.41

43.55% Ne 0.18677°°  0.15-0.23°7  0,186°7 0,186
56.45% A : ,
55% €0, 0,0117775P - 0.011777 0,017
45% Gyl -
4O wt. % EtOH . 0.5220¢  op9° - 0.522
60 wt, % water '
33 wt, % EtOH 0.2131615¢ - - 0.213
67 wt, % water |
50 mole % nc, . 1.17° 0.35'° - 1.1

50 mole % benzene

(a) First-named component concentrates at the hot side in the static
method and at the top of atthermogravitational column.

(b) Calculated from data given in reference cited.

(¢) This work.
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From Table X it is apparent that a values ecalculated from
sepérations of gases in thermogravitational éplumns are in.good agree=
ment with values measured by the static method or calculated from

theory, These conclusions are supported by the data of Niergléz

163 and Whalley, Winter and Briscoe. ?

Taylér and Glockler,
- In the case of the liquid systems includéd in Table X the a

values obtained by the two methods of measurement égree as to sign

and order of magnitude only. Similar discrepancies have previously

85

been reported fqr both organic ” and inorganicgo_liquid‘systemso
-Oniy deGroot, G@ptef and‘qugenétraétenlls haﬁe reported results of
measurements made.with liquids in thermogravitational columns ﬁhat
are in good agfeemeh£ with data obtained by the static methbd;

In some éaseé the separatioh Erought éboﬁt in the columﬁ.is
largé enough té inf&ueﬁcevthe convaétive velocity and invalidate
the theory as originélly proposed by FJO. This effect can be"
approximately accounted for by applying ﬁqo (4,51) in the manner
suggested in the latter part of Chapter IV. For both the ethyl
alcohol=water and nmheptanembenzené systems this effect'actSfto
increase the separation slightly, and a ﬁalues calculated by_using
Eq. (4.51) are reduQed by less than 10% of the values listed in
Table X, | B |

The discrepancy between the two a values for thefholwﬁ % ethyl
alcohol-water systemvreported in Table X is somewhat gfeater than for
other s&stems° It is unforﬂunaég that only fwo meaéﬁréments could be
made before the ethyl alcéhoi solution ruined the intérferometer cell
used iﬁ the analysis. From the measurements made by Huse; Trevoy and

Drickamer in a similar glass-diaphragm cell it can be concluded that

eqnilibrium was attained in the 96=hour_p§riod of the experiment and
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and that no significant error was introduced by the method used to measure
the temperature drop across the diaphragm. The fact that the diaphragm
itself may influence the degree of separatioh has been investigated by
Alexandero7h It should be noted, howevér, that the small separation
obtained in the glass-diaphragm cell is in substantial agreement with
other measurements made with ethyl alcohol-water solutions by WErtzl6h
and Wéreideoll Neither of these investigators used diaphragms of any
kind, ' |

Several measurements of a for 0.1 N HC1l were made in the glass
diaphragm for comparison with the data of other obserwers. The nature
of this Yagreementh is indicated in Figure 31.

No fufther attempt will be made at present to explain the large
discrepancies between the two methods of measuring wvalues of a for
liquid systems, Such comparison will be meaningful only when a reliable
method of measuring a by the static method is developed (See TannerlO
85)

or Thomaes

o

’Miscellanedus‘Experimental Data

Colﬁmn Opgration with Unequal Flow Rates in the Two‘Column Sectibns°

(o Foa3).

Equation (4.47) has been used to correlate all the column data
discussed so far. Equation (hoh7) ﬁas developed from a more complicated
form, Bq. (k.46), by setting ¢ =GT. Investization of Eq. (4.46)
reveals that the equality of the two flow rates is not critical, and
for 3 > CTé/O’é > 0.3 leads to no appreciable error. This fact is
illustrated by the dashed curve on Figure 32, In Figure 32, values
of A ecalculated from Eq, (thé) are plotted as a function of the

ratios G-e;/ G, and G / G, for a constant average flow rate of 0,90Lg/min.



=05

=1.0

-102-

@ Morin, Saylor, & Gross('57?
A Huse, Trevoy, 8 Drickamer(75)
' Chipmon(7) .
B ™is work
. S
[
A
A
] | A
25 30 _ 35
T-"c : _
" MU-7894

Fig. 31. Values of a for 0.1 N HCI.
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.06 GROUP Y N N

T 5;1 «0.904 gm/min

.05 T
.o“ U= ‘ ——___/
-]
03 -
Kol o n
Ol _
0 1 1 1 1 1 1 i 1
0 2 4 .6 8 Lo .8 .6 4 2 (o}
_g_ RATIO OF FLOW RATE IN Oy RATIO OF FLOW RATE IN
ENRICHER TO FLOW RATE @e  SCRUBBER_ TO FLOW RATE
IN SCRUBBER IN ENRICHER

-MU-7895

Fig. 32. Separation as a Function of the Ratio
of the Flow Rates in the Two Sections
of the Thermogravitational Column.
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Physical properties for the system were evaluated fér the averége
column concentration rather than for the feed concentration. - The
asymmetry of the curve is due te the fact that a for the systeh
investigated (ethyl alcohol-water) varies rapidly with concentration.
Oné‘group of experiments (Y) was carried out to check the validity
of Eq. (4.46), These data are represented on Figure 32 by dots and
show a marked deviation from the predicted values indicatéd by the
dashed line, It is possible to account for these discrepancies by
making use of the following reasoning: If the internal eonvective
circulation is large compared to the superimposed ﬁlow, the separation
should be independent of the exact feed location, a view substantiated
by A. L. Joness2> Under these conditions, it might be assumed that
the effective feed location adjusts itself in such a way that a
maximum sepafation is obtained, i.e., Cp = Ci; Equation (SOAG)
represents a materi;l balance around the column with Ci substituted

for CFe

G (Cu=Cy) =g (G5 =€) (5.40)
The.differences‘within thevparenthesis in qu_(5¢40) represent the
separation qccuring in each section of the column and can be considered
to be propdrtional to the effective length of the respective-sectionso
Eq. (5.41) results from this assumption. |

"G L =G L

e e S 8

(5.41)

Combining Egs. (5.41) and (4.46) and noting that L, + L, =1L, yields

E’O’.GJ
A =~% q (1 = exp. ==7§7-§ ;%) | (5.42)

Gs G



In Eq, (5.42) 0is the average flow rate, ( C‘e+ G‘S)/Z, as previously
defined, The solid curve drawn on Figure 32 represents wvalues of &
calculated from Eq, (5,42). It can be seen that no serious error is
introduced by using Eq. (4.47) rather than Eq. (5.42) for 2 >ac;/’aé > 0.5,
" Heat Load '

Part of the large expense involved in the separation of mixtures by
thermal diffusion is attributable to the cost of maintaining a temperature
gradient through the solution being separated, It is tberefore imperative
‘that the heat load be estimated accurately in any economic evaluation of
such a process., Throughout the theoreticél treatment of Chapter IV it
was assumed that the temperature gradient was linear, i.e,, that heat
transfer was due to conduction alone, This assumption is valid within
the accuracy of the experiments made during the course of the present
investigation, as illustrated in Figure 33, The experimental errors
involved in these measurements were very large because the temperature
change in the cooling and heating water was limited to less than 1°C,
and the heat losses were equal iﬁ magnitude to the heat transferred

through the fluid.

Approach to Steady State in Continuous~Flow Thermogrévitational Columns
No theoretical equations representing the rate of approach to steady
state in a continuocus-flow thermogravitational column were included in

L7

the review article of Jones and Furry  and no such equations have been
developed in connection with the present work, However, it was fourd
empirically that the data feported in Table V on the approach to

steady state in a continuous-flow thermogravitational column could be

well represented by
a(t) = a(0) + [Meo) = 4(0)] (1 - &%), (5.43)
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0.6 | T T T T l T T T j n» T T T ‘T
Thermal Conductivity of ’
40% EtOH-Water at 48.9°C
I, R, Value Reported by Bates,
'Hazzard & Palmer(€8)
® Calculated From Column
. 04 Heat Load 7
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Fi.g. 33. Values of k.., the Thermal Conductivity

Computed from the Measured Column
Heat Load.
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where A(o) and A(oo) are the differences in concentration of the
product streams at t = O (step change‘in flow rate) and t = e (steady
state).

The wvalues of tr which best represent the data are presented in
Table V, The nature of the agreement between the data and Eq. (5.43)

is indicated by Figure 34.

Summary
(1) The equations developed in Chapter IV properly account for

the effects of continuous flow through a thermogravitational column,
The relatively simple eguations previously presented by Jones and
Furryh7 to represent this case are excellent first appro#imationso
The corrections represented by Eq. (4.37b), (4.38b), (503) and (5.4)
reduce the deviations between experiment and theory at high flow.
rates.,
(2) Equations (4.37a) and (4.38b) can be used to predict the
~qualitative effect of changés in operational variables on H and K
terms evaluated empirically. Values of H and K can be determined
either from data obtained'with a continuous-flow thermogravitational
column or from data on the approaéh to steady state in a batch thermo-
gfavitational column,
(3) Theory and experiment are.generally not in quantitative
agreerﬁen’qo Excellent agreement between theory gnd experiment can
be attained under certain conditionS'by slightly modifying the théor’y°
It is believed that Eq. (5.39) provides such a correction to the

theory in the region of high laminar convective-flow rates when

Kp<d<g°) .
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—— Equation 543
. (t, =0.83hr) 1.
® Experiment 53-H

(Table X) :
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Fig. 34. Approach to Steady State in a
Continuous-Flow Thermo-
“gravitational Column.
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(L) Measurements made by the static method can be used_quanti_tatj_vély
to predict separations in themogravitational columns onl& for gas mixtures,

(5) Use of the average-flow-rate equation, Eq. (4.47), is permissible
in the range 2 > o‘-e/o-s > 0.5, 'Outside this range Eq. (5014,‘2)'. is preferable
t0 Ea. (4.46).

(6) Heat transfer through the liquid between the walls of a thermo—
gravitational column is conduction-controlled in the nonturbulent region.

(7) The rate of approach to equilibrium in a continuous-flow thermo-
gravitational column can be represented by an equation of the simple

exponential type given by Eq. (5.43).
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'VI. PROCESS DESIGN

If the thermal diffusion process is to be evaluated in comparison
witﬁ other separation procésses an accuféte”desigh'prcceduré must bé
established, From the discussion preéented in;Chapter”V, it would
appear that the equations of Furry, Jones and-OnségerBl_(uncofrected
Eq, (4047) for example)-are'sufficientlj accurate to form the basis of
a reasonable design teéhniqué,' KrasneyéErgeh165 has developed'equations
for.estimaﬂing cptimum dimensions in the design of thermal diffusion
processes based on the equations'of fUO,: Krasney-Ergen was principally
" interested in the concentration of relatiﬁely rare isotopes and tréated
the case in which the relative amount of the substance being cohcentrated,
éi, is very small throughout the apparatus (G§<kl)o The equations
"tested" in Chapter V, on the other hand, were based on the assumption
that the materials beiné separated are present in almost equal amoﬁnts
(C102 21/4). In the next section the method of KrésneyéErgen will be

applied to develop a design procedufe for the case C.C, = /L.
172

Development of‘Equatlons for Determlnlng,the Optimum Dlmen31ons

of a Thermal Diffusion Apparatus (C C l/ﬁ)

The optimum dimensions are considered'as those which yield minimum
costs. The costs are considered in two categoriesvonlyzv (1) fixed
rcharges, mainly depreciation of the ecapital investment, and (2) power
costs which are défined so as to include both the cost of fuel and
the cost of cooling water. The notation 78" is used to denote the
amount of fixed charges per unit area (om2) per unit time (day). The
amount of heat transferred is inversely proportlonal to the plate

spacing (see Figure 33) and therefore the power cost per em2 per day
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is designated by pc/2w . The total cost is given by . -

m g[s {_pe/.?.x_g] fdA = [s + p@/ZuJ Bl (6.1)

From Eq. (4.47),

Ly = ;25 1n (1 ,;%:A . (6.2)
. If the angle of the plates from the vertical (cos @) is set

- arbitrarily and the temperature difference (AT) and temperature level
(ﬂTc) are dictated by the available heating and _coql:‘i’._ng media, for any
particular system the terms H(o) and K(o) can be_cons:‘i.der’ed tq be
functions of the column width B and the plate spacing 2w . (The terms

h(w y) and k(w y) are ignored in this development):

ylo)-

‘ x(©)

aB(2w)>, SR (6.3)

a“B(za)_):'? + b'B(2w).. | - (6as)

fl

Eq. (6.5) is obtained by combining Egs. (6.1) through (6.4).

2 |, 7T, 6 ., N e o L _20°A
e P S(zg) + atp (2w)” + b1S(2w) + '§ pél%ln (2 =‘ aB(zv))B)‘J
(6.5)

In general, the required separation A and the average flow rate o~
are designated., The total cost, .#9 is then a function of 2w and B

only. From Eq. (6.5) it can be shown that the costs are inf‘inite in

both of the limits: B —> oo and 2&4 ——> 1.0, Clearly then
| | T aB(2w)’ o
at least one minimum must exist between the limits defined by
o> —2TA _ 53,00, (6.7)

aB(2w )°>



In order for the total cost to be minimized these conditions must be

satisfied:

o  (6.8)
0B d(2w) |

By differentiating Eq. (6.5) with respect to B and combining with

Eq,'(6,8); we obtain

-271n (1 = 2"7'A3\, = — 1‘3 ,
- aB%(2w) aB¥(2w )” _ 1
26~ A

(6.9)

é* refers to the optimum‘value,of'the column width for any plate.spacing°
The optimum plate spacing as a fu#ction of the various paramefers
is obtaihed by differentiatirig Eq. (6.5) with respect to 2w and
combining the‘reéulting eéﬁation with Egs. (6.8) and (6;9)&‘
_ ' , . S

()" - 5 37 (2hw) - 637 g2 =0, (6.10)

Eq. (6.10) is identical to the relation déveloped by KraéneyéErgen

for the case_Cl <1l, . _ ' B &
If I’ is defined by _ .
| L - ".2,9‘.9._3 o (6.11)
a(2w) ‘ a
Eq. (6;9) can be reduced to
w210 (1 -dVB) = —E—, (6,12)
o -~ Bp=-1 .. . .
The solution to Eq, (6.12) is . _
=13 (6.13)

which is cqnsidérably more siﬁp1e than the analogous'relation'devéloped

by Krasney-Ergen, (Krasney-Ergen's results are listed in the appendix.)
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Design Illustration

‘Both Krasney»ErgenléS.and Jones and Fﬁrny47

have included mumerical
examples of the design of processes for concentrating dilute mixtures of
iébtopic gésesa it is interesting to appiy the equations developed in
the preceding sectioh to the design of a éinglemstate apparatus for the
Separation of a concentrated liquid mixture.

For purposes of illustration a thermal diffusion plant to process
1,000 barrels per day of a 50 mol % n=heptane-benzene mixture will be
designedc This:particular‘design'woﬁld have no commercial significance,
as nmheptane%benéene is eéSily separated by distillation. Consider,
howéx}'er9 that - the prbceés is indicative of séparations of aromatics
and aliphaﬁies, a difficﬁlt separation when applied to iubricéting eils,

Equétion (4.47) used in the above development'waé'reStricted to the
range 0,7 > C, > 0.3 and to equal flow rates in each séction, With
these restrictions in mind the following product specifications were
arbiﬁrarily designated:

Top product = 500 bbl/day 70 mol %'nphepﬁane
Bot tom product = 500 bbl/day 30 mol % n-heptane
From these specifications it follows that A = 0.40, The problem is
' further defined by setting cos @ = 1,,00, AT = 100°C and T = 315K,
(Thié value of T was chosen so that the physical properties listed in
Table VIII could be used,) |

The power costs p, were approximated by considering the cost of
heating and cooling media to be twice the cost of fuel at $0.30 per
million BTU, A value of $7.32 x 1O=6/day= 2/cm was obtained for p_o
| The equipment costs were assumed to be independent’of 2¢Q and the
cost per square foot of area of one plate was estimated to be $60.00

per square foot, This is ten times the value obtained from Ghilton“sléé
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cost curves for heat exchange surface and is intended to include cost
of auxiliary equipment; design, ete. On this basis a value of $3°91
x 107 /day=cn® was obtained for S,

These cost data and values of the other éystem péramgters were
usved in Eqs. (6.2a), (6,10) and (6.132) through (6,15_) to obtain the
dimeﬁsions for the "optimum" desigh listed in Table XI. Estimates
of the total heat load, capital investment, and‘éperating costs are
included., | |

Even though a column 1.43 cm long and 82,7 miles wide with a
plate spacing of 0,182 mm may be Toptimum" it would hardly seenm
practical . An increase in the plate spacing would decrease the
column width and increase the column length. The cost would also
be incréaséd by any increase in ﬁlate spacing,‘ (Actually a decrease
in_fabrication cost with an increase_in 2a)woqld probably offset the
predicted increase‘in'costo) A plate spacing of 0,793 mm (1/32 inch)
was arbitrarily chosen as‘a minimum praétical plate spacing, and
values of B and,LT were calculated from Egs. (6.2a) and (6.13a)
through (6.,16)° Thé results of these calculations are listed under
"Practical Design in Table XI for comparison with the "Optimum"
design., The values of the column length (17 ft) for this arbitrary
plate spacing represent a practieal construction and thus no other
designs were considered,

The cost data used in the above estimates are certainly only
approximate, and yet the results should indicate the.order of
magnitude of the costs., As pointed out previously, thermai diffusion
is an expehsive pPocéssc However, with motor oil sélliﬁg for $0.60
per quart the process may become economically feasible inlthe’near

future,

#
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Table XI

Plant to process 1,000 bbl per day of SQ mol % n-heptane=benzene

2w ~ cm

(in)
B =cm

(ft)

(miles)

L ; cm

(£t)
Total Area
(B x L) em?

(£t%)
Heat Load = BTU/hr |
Capital Investméﬁf-

Operating Costs

" Fuel and Cooling‘Whter
Fixed Charges
Total

Cost per barrel of
feed processed

Cost per gallon of
feed processed

10ptimum®

. Desigg

0.0182

(0.0072)

1.33 x 10°7"

o (436 x 10*%)

(82,7)
1.43
(0,0468)

1,90 x 107
(2.05 x 10%)
5,97 x 10*8

#1, 230,000

$7,670.
143
%8,113

$8.41

$0.20

"Practical®
Design
0.0793
(1/32)

1.60 x 10%°
(5.25 x 10%2)
- (1.0)

514
(16.9)

8.23 x 10?7
(8,88 x 10%4)
5,27 x 10°°

5,320,000

g7,670

3,230
$10,900

510090

50,26
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Summary of Design Procedures

"Equations
Although there is some doubt as to the usefulness of the equations
developed above in their applicatioh to liquids they are summarized

here for convenient reference:

- Optimum Plate Spacing (2*w)
- p

(20)7 = 5 2 (2xa) - 6% & -0 (6.10)
D N -
;Eﬂ;; = 9 ° ( ' )2 (6olll—)
Bng cos @ AT
Optimum Column Width (B3*)
Bt = 1,390 = 2;,’@_;‘:3_4 ‘ | (6.13a)
a(2w)”
2
. aBp g cos & (AT)
a=' 218 — (6.15)
61 N T
i %
Column Length (LT)
(o). » (o)
% _ 2K 4 _ 207 _ 254K o
Ly o~ 1n(l:_;(u5ﬂ o o (6.2a)
K(o) =2w D B*,O %’;" (2a))6 « 1 (6.16)

betermination of Design Constants’

vThé eqﬁations listed abpve are most useful when -applied to the
séparation of binary mixtures for which all the requirea déﬁa on the
physical properties including the ordinary and thermaiwﬁiffusion
coefficient are knbwn° Under these conditions the application of the

equations is straightforward as was shown in the design illustration.
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In general, not many of the required physical data are available
even for binary systems, This is especially true of thermal diffusion
data, ';n this morevgeneral_éase the terﬁs a, al', b?! and K(Q) can be
-evaluated empirieélly from data taken with either'the cdntinuouSuflow)
or the batch-type thermogravitational column,

' . In treating continuous-flow thermogravitatiénal-column data, values
of H(Q) and K(o) would be obtainedbby using Egs. (4.48) and (5.2) as
. described in Chapter‘V;'.Valﬁes‘of H(Q) andrK(o)'for'batch’columns ére
,-cbtained from data on the approach to steady state in the column by
applying the transient-state equations summarized by JF°h7 (See
appendix for one example -~ see also Nieroléz) In either case, these
H(O) and K(g) values can be used to determine a, a' and b! by applying
‘Eqs. (6.3) and (6.4). Constants a! and b' can be determined frai
Ea. (6.4) by making several determinations at two different plate
spacings,

In light of the results presented in Chapter V it would appear
lthat.determination of_H(o)=andtK(°).valueS’to be used in any final
design shouldfbe made in an apparatus with the same plate spdcing
(2w) as that to be used in the plant. - Further, when these constants
are determined empirically, this design procedure can be applied

also to the treatment of multicomponent mixtures.
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Calculation of Empirical Values of

K(o) and H(O) for Batch Thermogravitational Columns

(Data of Trevoy and Drickamer71)

Empirical walues of K(o) and H(o) can be obtained from data on the
approach to steady state in batch thermogravitatipnal columns by utilizing

31

the equations of Furry, Jones and Onsager. For a batch column with
reservoirs of equal volume V at both ends in which liquid solutions of
approximately equal molal concentration (0102 = 1/L)* are being separated

the following equations apply:

Rate of approach to equilibrium

Ao(t’) = AO(OO) [} - egt/ts} (4.1)
Empirical walue of K(o)
Ké;gto - —1 (4.2)
2 [%r] Expt.
Empirical wvalue of H(o)
4o k0
Hé;;to = . b ] (AoB)

Ly .

Thus by determining a%value of [%J Expt from data on the approach
to steady state in a column, empirical K(O) and H(o)xvalues can be

obtained.

*¥See reference L7 for other cases,
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o

Trevoy and Drickamer - operated such a column and fourd lg;' Expt - 936

seconds, Using a theoretical value of K(o) calculated from Eq. (4.38a)
they obtained [‘tr cale. = 379 seconds from Eq, (A.2). From Eq. (5.5)

and Eq, (A.2)

¢ (o) = [_trj Calc,
K

IEtr-J Eipt;

| (A.k)

from which a value of ¢K(o) = 0,40 was calculated, This value is

represented by a solid black triangle in Figures 28 and 30.

-

-
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Calculation of @ Values

Used in the General Correlation

(Data of Drickamer, Mellow and Tunggg)

Data on the separation of gas mixtures in batch thermogravitational
columns published by Drickamer, Mellow and Tung99 have been used in ob-
taining the general correlation (Figure 30). As explained in Chapter V,
only data obtained at pressures greater than that required for makimnm
separation were eonsider’edo Data listed by Drickamer, Mellow and Tung
include values of ?, P;;AD, dy »AT, a! and o for each experiment,

Values of a! were calculated by the authorg-by using the relation

(o)
K inq
ol = Calc, (4.5)

(H(O)/G)Calco LT

obtained from Eq. (4:49) and o values were calculated by applying the
corrections suggested by Drickamer, Mellow and Tungo99 Values of @
that were used in the general correlation were calculated using Eq., (A.6)

that was obtained by combining Egs. (A.5) and (5.14):

a
actual
¢ = n:m:g%ﬂ::gnaum , N (Aoé)
The aactual values used- in the correlétion are listed in Table X

and in general correspond to values calculated from gas theory or

measured by the static method.,
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SUMMARY OF THE -STEADY. STATE SOLUTIONS OF THE TRANSPORT

EQUATION PREVIOUSLY PRESENTED BY R. C. JONES AND W. H. FURRYA7

' Continuous Flow Operation

Transport Equation

._ I a
og (€, = C)) = HC,C, =K 5 | (4.42)‘
Exact General Solution (One_sectiqn qh;y)*_vi
- o b1(C_ = C,) _—
1 e i7 '
tarnh = bleg =
: 2 Co® C - 208y = n(ce‘?'ci) L e (A.7)
where S o . » ST
2 1/2
bt = (1 +m)7 - h.nce} o (4.8)
HL : ' |
& =% and :
- &
n= %
Solution for C.C. = %__(One section only)*
Ce=C;i=(1-e"")/im | (4.9)
‘Solution for C;<<1 (One section only)*
i} e at mie(len) oS e N
c,/c, = (e / +1)/(1 + n) (4.10)
- Solution»for‘6£§;:60ne'section only)*
(i ;750) e S . S .
_—:J;— = (ee(l n) o= n)/(l,n) . (Aoll)
(1-¢)

#Insorder that these formula apply to the other section (the stripper or
scrubber) it is necessary only to substitute l—Ci for Ci, Cé for 1-=Ce
and (7 for 0,



The General Linear Apjgrom‘}ﬁation (One section only)#*

* (lar=s+n)=51+rsv{l==exp.,[=y(l-=r=s+nﬂ}
C = ;
n+ (lL=r~s)exp. [my(1=r==s+n)‘]

e (A.12)

r and s are values of Cl differing in value by no more than 0.2

and defining the range of Cl encountered in the column.,

The case of multistage apparatus has been extensively reviewed

47

by JF and the reader is referred to their excellent review article

for further details.

¥In order that these formula apply to the other section (the stripper
or scrubber) it is necessary only to substitute 1 - C:‘i. for Ci’ CS

for 1 - C_ and @7 ford™.
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~ OPTIMUM DESIGN EQUATIONS

- (Results of Krasny=Ergen165 )

Case of €, << 1 (One section only)

ak

Optimum Plate Spacing (2#w)

(2%0)7 = 5 2 (2xw) -6 2o |  (6.10)
where _ . '
| . bn _
'%=’92 ( —)? - (6.14)

BT g cos © AT

Optimum Column Width (g%*)

\ o
pi = 3 (A.13)
¢ a(2w) |
where o ( )2
a B g cos © (AT o
a= Tlo : and , (6.15)

6271“?'

n¥* is the root of the egquation

C. | C, | ¢,
( “6'; = 1)n®(1+i%) = (1+2n%) [(1+n*) ‘E‘:&’ - ﬁ 1n[(1+n*) 59: - n"] .
e e . e

Column Length SL 2

b”.

1. =& X! a A.14)
e = (1 ¢ ""“'m‘g‘ao(zw) ) | (

v;here Xt = {-=- 1in [(1+n*) i:_.: - nﬂ} / 2 (1+n®) (A.15)
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The terms n¥* and X! are listed below as functions of ngcis

]
c./Cs it X ce/ci n#* X! ce/ci i b
2 0,745 0,59 7 0.133 1.56 12 0,074, 1.92
3 0.381  0.91 8 0.115 1,67 13~ 0,068 1.97
L 0.259  1.14 9 0,101 1.7 1 0.063 2,06
5 0,197 1.37 | 10 0,090 1.80 15 0,060 2,16
6 0.159  1.46 | 11 0,081 1.86




TABIE I

SEPARATION AND FLOW RATE MEASUREMENTS FOR THE SYSTEM ETHYL ALCOHOL-WATER

Je s o, % G x  ar
Exp. Top Bottom - v ' L - |
No. Product Product __ - Top * Bottom o
and ‘Flow Flow ¢ %s Product Product: Cewcs “Temp,
G’T’po Ra‘te : Rate ' _ 2 ICOInpo ’ Cdmpo ) .’ ' ’ Diffo
n | Weight Weight - Weight
= Grams Grams  Grams "Frac, Frac. . Frace

min, ~ min, min, =~ EtOH  EtOH '~ EtOH  °C

3-B 0,159 0.123 0,141 4109 . 3873  .0236  32.6
L=B 09290  0.285 . 0,2875 4088 38,5 02,3  32.3

S“B O 097 l 037 1 el7 OLl—ll.]’l ’ 03903 - 00238 32 33 ‘
6‘=B 10_99 2055 2027 ‘ ' ol}llo - .' 03903 q02o7 320144
7‘”B 0‘099 . 0081 0090 oll-o71-l- . 03814.5 00229 32 o3 .
8B - 3.1 2.9k 3,02 4061 L3875 018 32,3
9"“0 O 093 1019 1o06 ! 0}-4-071 103872 00199 2002
lo-p 0,80 0,85 0,825 4033 03907 0126 8o45
11-E 1.10 1.00 1.05 21,000 23952 0048 . 4,03
14=-B 8,50 8695 8,725 <4034 #3907 »0127 32.3
15-B 27.80 29.50 28,65 03982 23961 -002L 32.3
16-D 2,38 2,80  2.59 3990 e394L - L0046 8,05

" 17-D 0,15 ., 042 0,285 oL, 046 23879 .0L67 8,05
18-E Q.4 Ooh5 ~ Oelh5 4005 | 3903 'w0L02  4.03

19='°D o 039 0 oli-o . 00395 01-!'037 63878 00159 8095
20-¢  O.n5 045 0.45 JLOTh 03849 - ,0225 20,
21-A  0.47 0,51 0,49 = oL087 3829 0258 .
22=A 3,05 2,99 3,02 4078 .3841 - 40237 o
ZB“K . 8 ° 9 8 ol 8 ¢ 5 024-0147 03877 00170 °
2h=A  3L.2 3hLe5 3435 03983 03957 20026 o
25-C 8,3 . 8,1 802 - 4008 03936 20072 .

a
W

26-E 0,11 0,061 0,0855 4051 = 3898 L0153
27=‘C O 0113 ) O .,12 001165 040814— 93833 ‘ 00251
28=A 0,113 0.123 0,118 - 64,080 ' 3804 60276
29-B 0,113 0,114 0.,1135 4091 03833 +0258

[

O

DM VT O 000 10 O L Lo W 10 O NI W W W R

30-B  2.76 2,55 2,65 o0l - 3865 00199

31=D 20614- 2062 . 2 a63 ) 03993 03946 0001;7 L 5 !

32-C 2,32 2653 2042 4,050 63897 <0153 o
33-A 2,23 1,98 2.10 -4090 »38L48 002142 o

314""‘B °

PREB o WRE S BEFEE

odlily 1,069 1.106 k16l «3717 OLLT
114

1 5
35“’(} lo 1 001414- l 0079 . OZI-G5O 03816 002314— o 5
36‘“’1 10128 00592 00 860 03914'3 03920 em23 70 5
37-G 2,941 2,66 2,801  .3954 03921 «0033 20,60
391 0,419 0341 0,380 3977 - 53900 0077  T.55
LO=G 0,419 0.341 0,380 ol125 . 03755 -0370 20,5
A<F . 0,410 0,340 0,375 04279 03592 - .0687 31,
L2=F 5,692 7.608 6,650 03940 03926 -0014 31.55

43-F  0,0467 0,0253 0,0360 4832 03322 L1510  31.50
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#See first page of Table I for defifiitions and units.

TABLE I
(==-)
Exp. No. _
and Grp. 0e 63 /I Ce Cs A AT #
Ll=G 0,0319 0.0241 0,028 4730 03348 L1382 20,55
45=1 0,180  0.0l45 0.0163 4334 o317 L0917 7.55
L6=I 0,1067 0,0637 0,0852 4022 23791 0231 7.5
L7-G 0,120 0,117 0,118 o435 »3517 L0837 20,96
LB=F 0,120 0,125 0.122 o4571 23363  ,1208 31.5
L9-F 0.363 0.333 0.348 ols2L3 03512 0731 31.35
50-G . 06343 0,354 0.349 4095 03686 0409 20,77
51-H . 0,321 0,325 3623 #1019 o3767 40252 1h4.7
52=H 0,086 0.111 0,0985 L4191 03623 L0568 1L.7
53=H 1,165 1,095 1.13 03957 03858 0099 14.65
5L,=G 0.95 0,893 0,922 3990 03791 L0199 20.7
55-F 0.835 0.875 0.855 4075 03719 L0356 31.0
56-H 0,86 0,96 0,91 23963 03836 L0127 14.8
57‘“’F 205[-]-6 2087 20 708 03928 o3867 00061 3008
58-F 0025 0,01 0.0195  ,5056 63227 L1829 31.2
61-J 2.9, 2,70 2082 AT 0391h L0227 36.8
62‘=‘K 00314-3 Oo 27 >003U7 'ol-i-136 03888 0021.5.8 17-05
63=J Q475 80,65 10,45 .4038 23920 L0118 35,85
. 8.45 24060 03934 L0126
bl 27.23 26,9 27,065 1,001, 03991  .0013 3L4.6
65-J 0,892 1,01 0,951 JALG L3860 ,0289 35.3
6b=J 0.375 0,385 0,38 4159 03854  ,0305 36,5
67=J 267k 2,70 2.72 04093 03862  ,0231 36,1
68-K 2,68 3.0 2,86 01,061, 63947 L0117 18.2
69""1’ 1067 1069 le 68 oz-lr108 03828 60280 36.0
70-M 0,363 0,355 0.359  .4208 s3758  LOL50 35.8
71-M 0.9L 0,935 © 0.9375 L4180 03796 - 0384 34.85
72=M 2,765 2.7 2,75 o131 03868 0263 34,85
- 73-M 10.066 0,077 9572  o40L1 3957 0084 35.L4
7l|,'=’M 180867 2098 19083 04009 03992 00017 3505 '
75-M 0,121 10,1175 0,1193 L4262  o37Th9 L0513 35,5
76-M 26525 2okb 20493 RINA 03858 . ,0286 35,6
77-N 0,116 0,1045 0,110 4356 03670 0686 35,8
78N 2.68 2,66 2.67 o115 03863 0252 35,8
79=’N 00963 10093 1093 014-20[} 03792 oOL]-lz 35 08
80-N 10,7 10.7 10.7 1,008 %3973 0035 35.8
81-N 0,038 0,043 0.0405  o4LL2 03654  .0788 35.0
82-L 0,0425 0.045 0.0435 4,208 0382, L0384 35,2
83-0 2,725 - 2435 2.5L  .4083 03892 L0191 35.4
81,-0 0.042 0,031 0,037 01,605 03542 L1063 35,5
85-0 0.306 0.30 = 0,303 .4380 03627 L0753 35.6
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TABLE I
. (=3-)
- BXDo NGo
and Grp. (% & & G Cs A ar *
86=0 0.020 0.020 0,020 oLL609 <3479 1130 354k
87-pP 0,0185 O0,0135 0,015 oLiy26 03536  ,0890 32,8
88-P 2.52 2.46 2,49 23986 23976  .0010 32.8
89-P 0,220 0,220 0,220 +,009 03922 L0087 32.7
90~P 0,0415 0,030 0.0358 L4110 03753 L0357 32,7
91-L - 0.415 0.390 0,402 oLAL3 03768 0375  35.4
92-L 10.0 9,40 9.7  JLOLL 03908 0106 3543
93=L 2 o7 239 2ho3 23976 .3958 0018 350
© 9L=Q 10,55 9.5 10,025 3982 03913 0069 3544
95-Q 0,79 0,773 0,782 o4 001 03892 0109 35.3
96-Q 0,125 0,0895 0,107 3992 03874 0118 35,1
97"‘Q 2 o 26 2612 2 019 040()9 03901-5- 00105 35 ;3
98-Q 0,2815 0.2175 2.495 4002 ,3886 L0116 35,2
99-Q 5eh4 Lo3 I 085 24,005 03916  ,0089 3408

100-Q  24.0 2L .85 2L oly2 03976 . 3948 0028 . 35.0
101-Q 1.28 1.90 1.59 J4O0L 03896 0105 35.0
102-R 9.95 9.9 9.9 4026 - 3910 L0116  36.h.
103-R 0,915 0.85 0,88 oL OTh «3870 0204 3666
104-R - 24.37 25.47 21692 23998 03959 0039 36.

105-R 0,280 052805 0,280 4100 - .3860  J02L0  37.5
106-R 2.85 - 2,795 = 2.82 JL07hL  .3882  .0192 37.3
107-R 16,6 " LT3 47.0 03977 o397hL - 0003 36.8
- 108-R 9.8 805 9.2 o4036 - .3917 L0119 37.3
109-R 0.8 0,83 0.835 014098 23859  ,0239 37.5
110-R 0,12 0,10 0.11 " 4109 03857  .0252 3745
1118 171 . 1.47 1.59 «4090 03851 L0239 . 35.7
112-S 16,63 15,27 15,95 .4019 03954 <0065 35.7
113“’5 . 33030 31}081 31-}006 0399]— 03982 Om 36.2
14=5 " 43.02 Lh5623 L Lho13 03990 0398, 0006 35.7
115-8 6.73 6.200 6oLs7 04053 03910  J0143 3567
116-T 0,027 0,038  0.032 03977 03948 0029 31.5
117-T 0,50 0.65 0.58 03991 53965 0026 31,2
118""U ) 2076 2085 . 20 80 . 93992 33980 50012 3102
119-U 00225 0,0255 0,02,0 4982 03260 1722 294
120-U 0,327 00255 0,291 4205 3668 0537 = 294
121-U 20930 3,033 2,98 03988 03982 0006 29.2
122-U 0.85 0.940 0,90 04,031 03912 L0119 2943
125-V 0,2205 0,258 0,239 01022 03960  .0062 3565
126-==V ‘ 9 07 702 801}5 ’ 014.013 93978 amBS o 35 08
127-v 0.814 0,964, 0,889 olyOLL 03969 0045 3505
128-V  16.6 15.9 16,25 4006 03983  ,0023 35.6

129-V 1-}208 L}L]—o?. 1}305 01+000' 03988 9001.2 a 35 06
130~V 223 25,9 - 24.1 4002 3988 00LL 0 35.6
131-V 0,219 0.2245 0,222 4011 3962 0049 35.8
132-V L8435 51.0 49,7 «LLO00 03982  ,0018 35k
133-V 14,68 539 5,04 4012 03973 . 0039 - 35,6
134-W 13,55 1403 13,9 03986 03982 0004 3602
135-W 669 6.6 6,75 oL011 03955 0056 36,0

#See first page of Table I for definitiens and units.
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TABIE I

(=)

Exp. No, ' v . : )
and Grp. 6 55 o . ce o Gg A AT #*

136-=W O ° 52 o 0'67 Oo 595 014«206 03798 0014.08 36 oO,
137-W 2,175 2,29 20233 oh121 03878 0243 36,0

138-W  0.,0275  0.,0L45 0,021 o 14221 03706  ,0515 3569
139-W 0,853 0.814 0,834 «4,087 03893 019 18.0
140-X 2,90 2063 2,76 04019 03973 0046 18,15
1/1-X 6,09 5055 5082 -4,000 03992 0008 18,03
142-X 0.042 0,035 0,038 «44203 03746 JOK5T 18.12

’ lLIJ{F'Y Oo 271 1 0514-5 00908 01&3914 0391&. 9014-80 : 35 09
ll.],S"‘W 3081}5 00935 0089 914-189 03828 00361 3690
146-Y 0,615 1,225 0,920 04250 23856 039 36.0
147-Y .0.040 145 0,75 o557 03981 0576 36,0
148-Y 1.475 0:294 0,885 o4075 o37hh 0331 35.7
149-W 9.75 8095 9,35 24,000 03981 L0019 = 35.8
150-W 3655 3.875 3.71 L4060 0391, L0146 3509

151-W 643 6.5 boly . 4012 03965 0047 3602
152-W 12,55 124 12.48 03988 03996 0008 3508
164-W 0.018 0,034 0,026 4210 03693 L0517 35,15
168-Z 0.890  0.747  0.823 o341L 03226 0188 3503
169-Z 2627 1.80 2.03 .3378 23272 L0106  35.4
170-Z2  0,0413 0.0133 0,027 23515 03194  .0321 35055
171-Z  0.2406 0,1183 0,179 3506 +3200 ,0306 35ek
172-2 0.234  0.257  0.245 03464 03190  027%4 35035
173-2 5.55 50375 5046 23346 03320 ,0026 35065
171.4,"2 1976 300 2035 03391 03306 a0085 35065
175-2 bo465 7,09 6,78 3339 #3330  ,0009 35.05

#See first page of Table I for definitions and units,
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TABLE IT

SEPARATION AND FLOW RATE MEASUREMENTS FOR THE SYSTEM n~HEPTANE-BENZENE

g C c . o
| ¢z GE g s aoaT
Expo Top Bottom - o
No, Product  Product "+ . Top’ Bottom o
and Flow Flow ge gs Product  Product C-C  Temp,
Grp. Rate Rate 2 Comp. Comp. €S  Dirff,
ol MoT ol
- Grams Grams  Grams Frac, Frac. Frac,
min, min, ‘min, - .nCy nCq nCy - og
L77-BA 2,03 1,90 1,96 0528 oli61 2067 38,9
178=BA 1,37 1.0k  1.20 2529 1156 0073 38,9
179-BA 5. 52 5e3 +516- oLi65¢ 050y 3849
180=BA  10.L 9,35 9,97 0511 77 0347 38.L
181=BA 0,46 0,51 ' 0.u85 o5lt3 58 2085 38,5
182-BA 2.6 206 206 «528 Ji63 065 38,2
183-BA 8,2 7.k (8 o511 oli72 2039 38,3
C18L=BA 18,2 22,8 D .5 v.v§5013 - oliB6g 016 38,3
186=BB 1,45 1,90 167 o531 . ohB2 S o0L9 L2,2
187-BB 8,7 9,2 8695 0522 . . ,L87 0035 L2,2
188=BB 0,37 00,52 - 0okl 0'533 : ; o)-l-785' o085z L2,2
189-BB 2,5 22,0 23.2 . W5llg . Li9%. . L0d6y Lo
190-BB 36,2 372 3607 506 o199z 0006c 12,2
" 191-BB  1li,7  1he9 108 e516 . ,h905 - $025% L2,2
192=BB 50,0 5005 = 502 503 © 501 20027 12,2
193=BC 9,5 9,9 9.7 . o511 o190 2021 L4307
19)_L=BC 1.9 198 1.85 05,-19 I oh52 2097 2—1302
195-BC  1h,7 12 ek »503g 093y 2010 L3,
L196=BC 0,21 0.4l 0,31 »58L D37 CedtT U362
197-BC 0,73 642 6675 e 522 oli76 06 42,9
198=BC 3,65 3,75 3.7 o53h W65 069  L2b
199-BC 20,1 197 1969 0501 oli56 0005 12,8

200=BC 0,86 0,90 0,88 0563 i35 128 Li2.2




TABLE IIT

MEASURED VALUES OF COLUMN PARAMETERS

Plate
Spaci
gromng ' Mean Angle®* Total
Direct "~ Temp, From Column Column Feed
Included Measure Diff. Vertical Height Width Conc,
GIrp. Runs 2w 8T e L B Co
cm eC ® cm cm
A 21'=°2L1.9 289 33 = ’ Llrl-l-oB "L‘"l oO- 237 08 15 030 03961;5—“03999
B 3“‘8914:9159299 ‘ . 4
309 34 - 32 0}4 i) 4] 1 14
C 9,20,25,27,32 = 20.2 " " " Rl
D 10,16,17,19,31 s . 8013 u u " %
E 11,18,26 - L0 " # % "
F L1=43,48,49;
55,57,58 0,1022~0,0617% 31,3 fi " i 03913
G 35537540, 4ks, h
Ll-7 9 509 5/-& 1 20, a8 ] 8 # 1]
H 51&53956 1 14,7 i " Lij "
T 3693991;5914.6 i 751 1] no ] ]
J 61,6367 0,1484-0,1283% 35,8 ~ " W «3960-,3989
K 629 68 . i 17.9 L] L4 4] R
L 69,82,91-93  0,1283-0,1140% 35,4 +1.0 " " u
M 70_76 1] 3503 4.}_1_5 0 1 1] 8
N 7781 n 3504  +60,0 # u #
0 83,=,86 7 3 5 o 3 .9.70 K¢) 1] '] "
P 87-90 # 32.7 =45.0 " o u
Q@ - 94-101 0.1356-0,13L4% 35,2 +1,0 115.8 15,32 .3933=,3962
R " 102-11¢ 0.1454=0,1378% 37,0 o 237,8 15,30 3977
S 111-115 0,134t 35,9 W i " ,3982
T 116-118 0.1320% 31e3 45,0 " "o ,3982
U 119=122 0,063,-0,0622% 29,3 +1,0. 115.8 15.16 ,3982
v 125-133 0,1928t 35.6 n " 15,24 3986
W 134-138,145,
149-152.164  0.090eT 36,0 Woon 15,17 ,3986
X 139=1,42 0.0908 18.1 +1,0 115.8 15.17 .3986
Y 144,,146-148  0.0908 - 35.9 u " 0 3986
y/ 168-175 0,0850T 350l m " "o ,3322
BA 177-18 0.0813 hl.1 # " " 2492
BB 186-192 0.1078F 52,1 . om mo 15,59 502
BC  193-200 0.0805% 43.0 15,66 .500

#Extremes of measured values
tAverage value (Data sélf-consistent)
#*Positive angles indicate hot plate on teps




TABLE IV

COLUMN HEAT LOAD

5 AT W @ QL "QWS %ﬁ% | kT (kT)ave

© Water Heat Heat

£

¥ Temp. - Trans. Trans., ‘
Expt. , Drop Water From Thra Column Measured
Nos., . 9 Thru  Flow (to) Heat Work'g Dimen- B . Thermal
Incld, 8 Column Rate Water Losses Space sions - . = Conductivity

oC # BTU BTU BTU 1 BTU BTU

 sec sec  sec sec ft°F hr ft °F hr ft °F

119-122 H 0.89 3.32 5.32 1.8  3.48 2.02510™° 0.253

| | 0.280

C 0.91 3.35 5.49 1.27  L4.22 2.02x107° 0.307

125-133 H 0.42 3.32 2,51 1.8,  0.67 5.,05x10°° 0,122
, o5

C 0,39 3.32 2,33 1.27  1.06 5.05x07> 0,193

134,-138 H 0,79 3.36_ L78 1.8, 2,94 2.39x107° 0.253
' | , 0y 254

C 0.71 3.32 ke 1.27 2,97 2.396070 0.256

139-142 H 0,39 3.36 2,36 1.8  0.52 L4107 0.089
| | . 0.120

C 0.36 3.32 2.15 1,27 .0.88 L.74x10° 0,150

143-151 H 0.86 3.36 5.20 1.8,  3.36 2,39x107° 0,289
0.280

C 0.78 3.32 L2 1.27 3,15 2.39x107 0.271




TABLE V

APPROACH TO STEADY STATE IN THE COLUMNS »
t C_ -~ C A : t

. e g i r
Exp o . o
No. Top Bottom
and Product, Product C =C Relaxation
Group Time Composition Compesition e s Time
Hours (Weight Fraction Ethyl Alcohol) Hours
L9-F 0 4615 3420 .1195 0,28
0.43 11525 «3400 1125
- 0.62 w4555 03420 01135
0.90 AL96 3440 .1056
1.15 oL, 96 » 34,60 .1036
1.37 L6 .34.80 .1016
1.67 o L1166 3480 .0986
holb 014320 «3520 .0800
12.33 4295 3560 0735
12.49 4277 o 3543 0734
23,5 4295 » 3540 0755
23.8 4258 23516 0742
2L.5 14228 »3510 0718
25.3 1265 03560 -OT05
fes) 0715
50-G o 0715 3.15
0,66 4212 036145 .0567
1.42 «44238 +3603 .0635
1.8, 04212 3625 0587
2,55 4185 03645 -0540
3,10 LO75 03561 051
3,53 o4157 3657 -0500
L4612 4157 o »3690 0467
L.85 4130 03712 -0418
11.11 04185 03755 00430
11.50 4185 03755 -0430
12,0 4100 .3685 0415
12.6 o4155 03755 »0L00
21.6 04155 03735 .0420
21.8 <4107 .3681 .01426
22,6 408 23692 .,0388
fu:s) 0400
A Sl"H OQ OOZ;.OO 1 oL!‘
0,167 04157 03755 002
0,667 4100 3755 20345
1,167 4075 03755 00320
- 1,667 o 4050 03755 0295
2,16 4050 03755 0295
3.16 .3995 03755 0240
3,70 04025 03755 .0270
4430 «3995 03755 .0240

L4 .80 04025 3755 0270
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TABIE V
(2)
Exp. No.
and '
Group t Ce CS & tr ¥*
51=H 742 4075 3800 0275 1.4
7.75 4027 3767 0260 '
8.8 1,018 o3TTh L0204,
9.3 4012 03767 0245
@ .0250
53=H 0 4267 3667 0600 - 0.83
- .28 4210 3712 .04,98
$52 4130 03755. 0375
1.07 1,050 .3825 .0225
1.49 1025 »3850 OL75
2,02 .4,025 +3900 -0125
2,48 5025 03945 .0080
3.28 .1,025 2395 .0071
3.5 »3964 .3863 . -0101
4.0 .3955 3858 -0097
L3 03962 .3863 .0101
Q0 o - 00080
58-F o 03927 .3867 - 0060 10,05
3.0 o1,266 0373k 20532
6.0 L4322 - 3604 .0718
18.75 4878 03342 «1536
20,0. 4910 03342 ~1568
21.4. K970 03342 .1628
22.6 - 5000 +3302 .1698
30,8 . 5030 03283 1747
31,00 5083 s3265 ,1818
31.16 .5056 »3265 1791
51,33 .5056 03227 .1829
51.35 . 5056 23227 .1829
@ .5056 03227 .1829
78-N ) 1361 »3670 0691 0.90
1 14190 3781, -0L,06
1.78 4139 . 3837 .0302
2.4,8 <4120 .3850 .0270
- 3.52 o114, 3863 .0251
® 4115 »3863 .0252
85-0 o 4615 23536 .1079 2.3
1.05 o548 +3555 .0993
2.00 11,68 3577 ,0891
2.97 oL ,01 3601 ,0800
3.85 ol OL 3607 0794
L.8L .4,388 .3622 .0766
7.30 "~ .4380 »3627 .0753
co 4380 03627 .0753

*See first page of Table V for definitions and units.,
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#See first page of Table V for definitions and units,

TABLE V
(3)
EXP 0 N_Oo .
and .

Group v Ge] Cs 4 tr
88-p 0 byl +3535 -0907 0,47
+59 4016 »3713 .0303
l o 59 03997 ) 03960 ¢'70037
2,68 03991 23971 - 0020
3.73 3986 03977 »0009
oo 3986 23976 . 0009
119-U 0 03981 »3981 O 7.8
1.1 -4185 0397 ,0215
3.2 4275 23775 -0500
5.8 04585 3605 .0980
11.5 1765 03425 01340
21.0 oll95 «3340 01155
22,2 ol+1+95 ' aBBLI-O 01155
26,2 4875 03340 01535
29.2 4795 3340 1455
30.3 4910 +3325 .1585
30,5 <4990 03254 01736
35.3 4970 03340 +1630
35.4 4975 03267 »1708

60 4982 »3260 1722
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TABIE V
(4)

APPROACH TO STEADY STATE IN THE COLUMNS

_ t C C A t
. e s r
Exp. '
No, Top Bottom
and Product Product C ~C Relaxation
Group Time Composition Composition e s Time
Hours - (Mol Fraction n-Heptane) Hours -
181-BA O 511 LT7 034 .07
' 0.2 o554 o473 .0810
0.5 «553 o471 .0820
0.8 55, Wh6T .0830
1.4 o543 L6l -0790
2.6 o545 4615 .0835
2.9 o543 463 0800
3.2 o543 <4585 .0845
3.7 o545 458 0870
oo o543 1158 .085
196-BC 0O +5035 «4935 010 026
002 0532 °h—5'7 - 00750
- 0.3 «5525 o448 «1045
0.6 °57h . «L365 01375
0.8 -5825 2436 o 1465
1.1 - 58l 4365 o475
1.57 +583 4365 L1465
0o 0584 o437 «1470
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- TABLE VI

Measurements Made with 0.1 E HC1 in the Glass Diaphragm Cell

&

T, T Time ¢ c «
c . h c
Hour , Normality - '
315.1 305.1 71 0983 .1007 “oTLT
315.5 305.6 67 .0990 ,1013 o727
315.2 306.1 70 .0988 .1005 o587

. 1n ('ch/c o)
o = el

) 1n (Th/Tc)




~ TABIE VII

Measurements Made with 40 wt % Ethyl Alcohol -~ Water

in the Glass Diaphragm Cell

T, T, Time Interferometer  C,=C, a¥*
‘ Reading Weight
Howr Fraction
326.7 317.2 23 50 ~,00035 JOL7

3271 3174 96 7o L0000 079

S

* a = 4T AC/AT
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TABLE VIII

Values of Physical Properties Used in the Calculations .

, Aver. 3P Diff. Coef, of

System Fraction Temp., Density =5F Coef, Viscosity.

A B A T s Bxlo* Dxl0® M K Cp

- - - K em m em? centi-  BTU BTU
cm3 cm3°C sec pclse'hrofto°F 1b, °F

EtOH H,0 .3986% 322.1 .9133° 8,11 1.04° 1.1,9 "0.229" 0.953°
EtOH H0 .3913 d

EtOH H,0 33222 3221 .9273°  w.g0  1.262°  1.09%  0.252" o0.988

& 3201 .9150° 8.08 1.06° 1.12

d

N= Benzene b 7

Heptane 5000 315. 73630 9un 3.21F 0.3518 o0.086 o0.48"

Weight Fraction

Mole Fraction

References 154 and 155
Reference 154
References 156, 157 and 158
Reference 160 :
Reference 159

Reference 168

‘Reference 153

He 5’09 Hy @ 2.0 T ®
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TABLE IX

Values of'K(OZ H(oz ¢K(o) ‘and ¢H(o)'
¢

gﬁfs) Kéfcgt o Kéi’ic ¢Kg°). Hé;);t | Hé:]).c Bylo)
me  mam - o@m m. -
sec - - .. se¢ _ sec . sec
A;E. 1.08 x 10"2 (AT)2_ - - k72 x 10“"6(13'1')‘2 . -
FI 3.3 x 1074 (a1)® - - 1.072 x 10702 - -
JK  7.82 x 1072 (aT)? - - LIz x107 (am)? - -
10 6.70 cos® @ . h20x107 cos ©
P - - - - - -
Q o749 18.10 0.413 3,16_210“3' 6.70 x  0.472
=3
R 9.90 24,50 0,404 4.27 x 107 7.,9l+1?c 1072 0.538
s 8.12 19.1  0.425 3.82 x 107 ° 7,14 x 107 0.535
T - . " - | o -
U 6,66 x 1072 5.66 x 1072 1,18 5,07 x 10“5- 4,53 x 107 1.12
v 21.0 | 2285 0.092 2,91 x 107 19.78 x 106 0,147
W 1.04 1.17 0.890 1.88 x 1073  2.10 x 1073 0,895
T - 117 - = 2,10x107 0,89
2 0.606 0,606 1.00 6,9, x 107% 6,94 x 10°% 1.00
BB 8,16 18,2  O.448 1.55 x 1072 3,08 x 107 0,504

=D

BC 1.736 277 0.627 0,955 x 107 1.42 x 102 0.673
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SUPPLEMENTARY THERMAL DIFFUSION BIBLIOGRAPHY
The following bibliography was compiled in conjunction with the
thesis, "Separation of Liquids by Thermal Diffusion", All phases of
nonmisotherﬁal 301ﬁt§9n behavior in gases, liquids and solids are
included. References ébtained from Chemical Abstracts were suppli-
mented by checking the bibliographies of articles read in the course
of the work. In order to avoid repetition of material alfeady pube=

lished, references are included in this bibliography only if they are

not included in either LI'Effet Soret by Se R. de Groot, Thermal

Diffusion in Gases by K. E., Grew and T. L. Ibbs or Thermal Diffusion:
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NOTATION

a,a',a'’ = general constants,

A

]

B

area of the working spacé:-

2

in a thermogravitational column (BXLT)o

column width when Be=Bs 0

B¥# = optimum value of the column Width, obtained from Eg. (6.13).

Be’Bs = column width in the énriching section, stripping seetion.-

-b,b! = general constants., | |

C,,C; = fraction of component, 1,2 in a binary solution.

.Ei,ﬁé = mean values of ihe fraction of coﬁponent 152 that are
independent of x,

Ce,Cg = fréction of componént 1 in the product‘stream exiting from

the enriching section, stripping section.

CF = fraction of component 1 in the feed stream.

C.= mean value of fraction of component 1 in column at the feed
point. '

.CP = heat capacity at constant pressure.

Calc, = subscript used to indieate a value calculated from equations

‘D

]

B

1]

developed from theory.

ordinary diffusion coefficient,

parameter defined by Eq. (4.27) (E = =p~).

Expt. = subscript used to indicate a wvalve obtained from experimental

e

]

F

data., ) ‘

subscript used to identify variables in enriching section (y > 0).

subscript used to identify feed properties°

FJO = Reference 31.

f= general functional notation.

G(x) = relation defined by Eq. (holl)o

G*(x)

relation defined by Eq. (4olk).

Gr# = Grasshoff number defined by Eq. (5.12).'

g = acceleration due to gravity.

»
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H = parameter defined by Eq. (4.24) and evaluated by Eq. (4.37).
Hs = value of H that applies to the stripping section,

H(O) = H for a column with no net flow of material through the worklng
Space °

h(w v) = series appearing in Eq. (h037)o
hl( wYy) = use of the first term in the series defined by Eq. (4.37b).
11912913 = constants of integration.

i = subscript used to identify wvariables at the feed point (y=0),

JX?TD =flux of gomponent 1 in the x direction due to thermil diffusion,
J d = flux of component 1 in the X, ¥ dlrectlon due to ordinary
x-0D, “¥FOD dlff’us:Lono

JF = .Reference 47.

d ‘
K, = parameter defined by Eq, (4.25) and evaluated by Eq. (4.38).

‘VI‘«E=K©~«7K + Kpo

K(o) K_for a column with no net flow of material through the working
space, /

=
i

= parameter defined and evaluated by Eq, (4.26) or Eq. (5.39).

KP = a term appended to the mathematicalibréatment toc account for the
‘effects of para31tlc r’emlx:r.ng° ' . , :

K = value of K that applies to the strlpplng section,

-

k(uuv§ = series appearing in Eq, (4038)0

kS(u)Y) = use of the first five terms in the series deflned by Eq,
(4.380).

ky = thermal conductivity.
Le’Ls = length of the enfiching, stripping section,

in

total column length.,

f

natural logarithm,
(30/867) oy

n = index number used in equation (4.38b).

i

m
[e]
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P = pressure,

Pef = (/.
p = a constant empirical term used in Egs, (2.1) and (2.2) to accourt
for the effects of parasitic remixing.

p. = power costs per unit area (cm ) .per unit time (day) for an
apparatus with transfer plates at unit distance (cm).

q= eq?111b§1um separation factor for a thermograv1tatlona1 column,
C (1~C_
e 5

C‘(1=C ;°

 Re#t = Reynold“s number defined by Eq. (5.8).

S = amount of fixed charges per unit area (@m )} per unit time (day).
Sof = {7 //OD)

5 = subscrlpt used to identify variables in the stripping section

(y < 0),
T = absolute temperature.
T = arithmetic average of the hot and cold plate temperatures,‘
t = time |
t, = relaxationvtiﬁe in a thermogravitational column,

V = volume of one reservoir in a batch thermograv1tational column
having reservoirs of equal volumes.,

v(x) = general velocity distribution funetion.

T a

X = axis normal to the plates.
y = axis parallel to the plates in the direction of normal -convective
flow, :
= thermal diffusion "constant!,

aH(o).= value of a calculated from Eq. (4.37a).

a, = value of a calculated from Eq. (4.48),

° 2
B*_=--9-§

BT="‘3=£T°° 1
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y = parameter defined by Eq. (4.13) and evaluated by Eq. (L.41).
Y, = parameter defined by Eq, (L4.14) and evaluated by Eqe (Lek5).

A = difference of concentrations at the ends of a thermogravitational
~ column at steady state,

A = difference of concentrations at the ends of a thenmogrévitationai
column at steady state with no net flow of material through the.
working space,

M%) = difference of concentrations at the ends of a thénmogravitational
colunn as a function of time. '

AT = difference in temperature of the hot and cold plate.

€ = undefined length dimension,

N = coefficient of viscosity,

@ = angle of the plates of a thermogravitational_column from the vertiecal,
A = index number used in Eqso (h937b) and (4.38b),

1 = total cost of operating a thermal diffusion plant per unit time (day).
/?i= density.

o 0 xR

2

O'fe ,6‘; = mass flow rate out the enriching, stripping section.

o

= mass flow rate of the feed stream. _
§ = correction utilized by Drickamer et al (See Eqp'(50113=c)o

@' = correction utilized by Brickamer et al (See Egs. (5,10awc)o

Pylo) = H(gzqoto/ﬁggco °

'¢Ké°) = [cho ) g,/ [KgO)JCalcf

Y = dimensionless group defined by Eq. (ﬁ51,13)‘o
#y: relation defined by Eq. (4.13).

w

one-half of the distance between the plates of a thermo-
gravitational column.

2¥y= optimum value of the plate spacing obtained from Eq. (6.10),
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