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OPERATION OF CONTINUOUS THERMAL
DIFFUSION COLUMNS FOR LIQUIDS

by Thomas Samuel Helnes, Jr.

The purpose of this investigation was to study the
operation of continuous thermal diffusion columns for the
separation cf liquids. Each of the four columns used was
constructed of two concentric aluminum tubes, one heated and
the other cooled, which enclosed the system separated, The
columns were ocperated 1n continuous fashion, with a feed
stream introduced in the center and products removed from
the top and bottom of the column, Information on the total
reflux case was provided by extrapolation of the experimental
data to zero feed rate. The n-heptane - benzene system was
used to perform the experimental work, analysis of the feed
and products having been accomplished by means of refractive
index measurements. The variables studied and the range over
which they were varied were as follows:

Feed rate to the column (0.005 to 0,15 gm/sec)

Temperature difference between the heated and cooled
tubes (10 to 55C)

Column height (150 to 300 cm) .

Spacin be?ween the heated and cooled tubes (0.1 to
0.25 em

Column diameter (constant at 4.5 cm)

Feed composition (0,10, 0,26, 0.45, 0.59, and 0.82
weight fractions n-heptane)

Ratio of top to bottom product rates (0.2 to 14)

Average temperature in the column (20 to LOC)

Separation, or difference in composition between
top and bottom products (0.01 to 0.15 weight
fractions n-heptane)

OO~ OUl &Fw e

The results of thls investigation show that the separa-
tion for both contlnuous operation and total reflux was corre-
lated by simple empirical modifications of the Furry, Jones,
and Onsager theory of the thermal diffusion column. For
continuous operation, a dimensionless group from the theory
was related to the separation with an empirical equation,

For total reflux, the theoretical relation was modified by
inclusion of an empirical function of spacing,

It was concluded from this investigation that the most
important variables affecting the separation attainable in a
glven thermal diffusion column were the feed rate and tempera-
ture difference. The important column dimensions were found
to be the height and spacing of the column. It was found that
the average temperature and the ratio of top to bottom product
rates did not affect the separation to any great extent, The
total reflux separation was found to be independent of tempera-
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ture difference and inversely proportional to the square of
the spacing rather than the fourth power predicted by the
theory. In addition, it was found that the n-heptane was
more concentrated in the top products from the columns.
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INTRODUCTION AND SCOPE OF THE WORK

Thermal diffusion is a type of mass transfer by whigh
the components of an initially uniform mixture tend to =sep-
arate when the mixture is subjected to a temperature grad-
ient. This separation, which 1s of rather small magnitude
in itself, is the basis for a relatively new process for
producing muchllarger separations. The apparatus used to
take advantage of the basic thermal diffusion effect and
produce the larger separations.is called a thermal diffusion
column, The column consists of two vertical surfaces, one
heated and the other cooled, with the system to be separated
between the two surfaées. The horizontal temperature grad-
ient thus produced causes some kinds of molecules to migrate
toward the heated surface by thermal diffusion while other
kinds migrate toward the cooled surface. The horizontal temp-
érature gradient also causes a horizontal density gradient.
This density gradient produces thermal convection which sub-
Jects the molecules migrating toward the heated surface to
a rising action and the molecules migrating toward the cooled
surface to a falling action. Thus, the rising molecules con-
centrate at the top of the column and the failing molecules
at the bottom., The concentrated products can either be col-
lected in reservoirs or be removed continuously. - . |

This work is a study of continuous operation of thermal
diffusion columns for liquids. The emphaéisxin.this study
is on the variation in sepafation produced in thermal diffu-

sion columns by different operating conditions and column

1.
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designs using a single liquild system, The system used to
perform‘the experimental work was the-binary n-heptane -
benzene system. The columns used for this study were of con-
centric tube construction. This type of column encloses the
system to be separated between two concentric tubes, one
heated and the other cooled. A feed stream is introduced
between the two tubes at some point along the column and pro-
- ducts are removed from the top and bottom. There are no
reservoirs in this type of column when it is operated con-
tinuously, since there is no need to accumulate any material

in the c¢olumn.

A number of variables are important in describing the

. operation of thermal diffusion columns. The difference in

weight fraction between top and bottom products is called
the separation, which 1s considered the dependent variable
in this study.’ The height of th~ column is one of the signi-
ficant variables affecting the separation, higher columns
producing larger separations., The distance between the heated
and cooled surfaces is called the spacing, which 1is important
because it is the length of the path over which thermal diffu-
siog occurs, The cifcumfergnce, or width,of the column is a
significant dimension because it determines fhe area dnd'con-
sequently.thé capaclty of a column.

‘Among the operating variables, the temperature difference
between the hot and cold walls is important in determining the
rates of thermal diffusion and thermal convectlion, the latter -

of which may glso be called the reflux rate, The feed rate to




the column 1s significant because it limits the time during
which material can be retained in the column. The maximum
separation for a given column design is obtained when the feed
rate 1s zero, this situation being termed the total reflux
case. The ratlo between the top and bottom product rates in
conjunction with the feed locatlion determlnes the percentages
of the total separation which are performed in the sections
above and below the point where the feed stream is introduced.
The composition of the feed stream 1s important because it
determines the difficulty of the separation as well as the
physical properties which control column performance, The
average temperature in the column helps to determine such
physlcal properties as viscosity and diffusivity, which affect
the rates of thermal convection and thermal diffusion.

In this study, the following quantities were given signi-

ficant variation:

l. Separation

2. Column height

3. Spacing

i, Feed rate _

5. Top to bottom product ratio

6. Temperature difference

7. Feed composition
Circumference was not varied in this study, but comparison of
the results of this study with the results of another investi-
gator provided information on the effect of circumference.

The feed location was kept constant at a point midway up each
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columm. There was some variation of the average temperature
in the column, but not enough to provide significant informa-

tion on the effect of this variable.




LITERATURE SURVEY

The exlstence of thermal diffusion was first demonstrated
by Ludwlig (28) in 1856, He showed that the components of an
initially uniform salt solution would separate in the presence
of a temperature gradient. Thls separating effect has come
to be known as thermal diffusion. In addition, Soret (32,33,3}4)
did further pioneering work on thermal diffusion in liquids
so that thermal diffusion in liquids is also termed the Soret
effect. The theoretical basis for thermal diffusion was dev-
eéloped by Chapman (3) and by Enskog (11), using kinetic theory
considerations, The theoretical work was developed for gases,
for which it was shown that the laws governing the exchange
of momentum and energy of translation required that the lighter
molecules should migrate to the hotter part of the system and
the heavier molecules to the cooler part. Chapman and Dootson
(4) then demonstrated thermal diffusion in gases experimentally,

It was not until Clusius and Dickel (6) conceived of the
1dea of a thermal diffusion column that the process became
capable of practical application. The column made use of the
fact that the temperature gradient necessary for thermal dif-
fusion also caused a density variation in the system. Clusius
and Dickel constructed a ecolumn consisting of a vertical
-éooled tube with an electrically heated wire located axlally
inside. The density variation set up a vertical convection
pattern which ecombined with thé horizontal thermal diffusion
to produce much greater separétions. They also discovered

that the concentrated products could be removed continuously

5.
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from the top and bottom of the column if a feed were intro-
duced in the middle.

Another important development in the study of thermal
diffusion was the theoretical work of Furry, Jones, and
Onsager (16,17,18,2L). They integrated the heat, mass, and
momentum transfer differential eqﬁations which described the
performance of thermal diffusion colurmms., These equations
correlated the separation attainable with the column dimen-
sions, operating conditions, and physical properties of the
system, The derivation of these equations 1s presented in
a separate chapter of this volume.

An important development in describing the behavior of
thermal diffusion columns for liquids was the understanding
of the so-called "forgotten effect". This was the name
given to the effect on column performance of density varia-
tions caused by composition variations in the system separa-
ted. These density variations with composition were neg-
lected by Furry, Jones, and Onsager when they derived the
equations which were used to describe column behavior, The
forgotten effect received its name because these equations
were used without modification for cases in which the density
varlations with composition were significant, The forgotten
effect has been studied and analyzed by de Groot -(11,12,13)

The forgotten effect can conveniently be studied by
describing the variation with time of the separation at total
reflux for a column initially charged with a uniform binary
mixture, It should be recalled that the convection pattern

in the column depends on the density gradient. For the case
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in which the forgotten effect 1s absent or can be neglected,
the density gradient is determined solely by the temperature
gradient, The total reflux separation begins at zero and
increases uniformly to the steady state value., The compo-
nent diffuéing toward the hot wall concentrates at the top
of the column in a normal manner. When the forgotten effect
i1s present, two cases are possible, First, if the component
diffusing toward the hot wall is the less dense, the convec-
tion pattern 1s stable, since the less dense materlial concen-
trates at the top of the column. The variation of separation
with time would be similar to that for the normal case.
Second, if the component diffusing toward the hot wall is
the more dense, an unstable situation arises, Initially, the
separation would start to increase from zero, with the denser
component beginning to concentrate at the top of the column.
Eventually, the denser material becomes concentrated enough
at the top that 1t begins to proceed toward the bottom of the
column, At that point, the separation has reached a maximum
and 1s beginning to decrease. The separation decreases to
zero and reverses direction so that the hot wall product con-
centrates at the bottom of the columm. Finally, the separa-
tion reaches ; steady state value which is of opposite direc-
tion from the initial separation., It should be noted that
such cases would probably show instability in operation and
rather small separations.

Debye (8) has developed an interesting modification of

the thermal diffusion column. Acting on the assumption that
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a total reflux column would perform better separations if the
convection veloclties were decreased, he constructed a columm
in which the separating space was packed with a fibrous or
porous materlial, such as glass wool. It developed that the
packing did not materially diminish the lateral thermal dif-
fusion so that greater separations were possible for a given
set of column dimensions. Debye used his column to fraction-
ate solutions of high molecular weight polymers in suitable
low molecular weight solvents. It is interesting to note
that the polymer was always more concentrated than the solvent
at the bottom of the column. This points out that, when the
ratio of molecular weights 1s very great (100 or more), the
molecular weight controls the direction of separation. In
addition, a fractionation occurred between the various mole-
cular ﬁeights of polymer, with the higher molecular weight
polymer being more concentrated than the lower molecular
weight polymer at the bottom of the column, This points out
that, for molecules of similar shape, the molecular weight
controls the direction of separation. Debye and Beuche (9)
have also discussed the theory of the operation of thermal
diffusion columns, with some modifications of the theory
applicable to the separation of polymers,

Trevoy and Drickamer (35) have studied thermal diffusion
in binary mixtures of paraffin hydrocarbons with each other
and with benzene. They used a total reflux column with g
feed composition of 50 mol percent, In addition, they used

small temperature differences so they could study the effect
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of temperature on the thermal diffusion coefficlent, The
results of their Investigation showed that the molecular |
weight was important in determining the magnitude of separa-
tion by thermal diffusion of the members of a homologous
series from some other compound or some member of the series,
In addition, they found that the thermal diffusion coeffi-
cient was oniy’slightly affected by temperature, ,

Jones and Milbergerg(23).h;ve reported the results of
their study of a great many systems composed of organic 1li-
quids; Thelr results were obtained for blnary and a few ter-
nary systems at total reflux with the column deslign and oper-
ating conditions being held constant so they could study the
separation obtained from different systems, The materials
used were such that the ratio of moleculér welights of the
components was less than three. They found that the shape
of the molecules was the corttrolling factor in determining
the direction of separation. In general, structurally more
compact molecules diffused toward the cold wall of the column
and thus concentrated at the bottom, regardless of molecular
weight, However, if the molecules had similap shapes, the
higher molecular weight molecules diffused toward the cold
wall and concentrated at the bottom. They also found that
Some systems failed to separate despite differences in mole-
cular welght ‘and shape. As a gulde to determining which com-
ponent diffuses toward the hot wall, Jones and Milberger
state that the component having the greater specific heat
per unit volume 1s the hot wall product., This relationship




B 10.

was found to hold truéiin_nearly all the cases they studiled.
They also suggest that some of the cases for which the speci-
fic heat relationship falls may be situations in which the
forgottenuéffect plajs an lmportant role. In addition, they
determined that the maximum separation normally occurred when
thé compositién of the feed was 50 percent by volume. It 1is
significant that the volume composition deﬁermines the maxi-
mum separation rather than the molecular composition.

Jones and Hughes (22) have patented a variety of thermal
diffusion columns for liquids as well as methods for using
thermal diffusion on a continuous basis, They also point out
the possibility of using thermal diffusion for such processes
as improvement of the viscosity index of lubricating oil,
purification of castor oil, purification of oleic acid, and
purification of fish oil. Jones and Foreman (21) have demon-
strated that the fatty acids and rosin acids in a tall oil
can be separated easily by thermal diffusion.

A number of other investigators have studied thermal
diffusion in liquids. These investigations were made in
columns operating at total reflux for the purpose of estab-
lishing that thermal diffusion would occur in thé sjstems
studied and of determining the direction of the separation,
In some cases, the magnitude of the thermal diffusion effect
was also determined. Among these investigators are Carr (2),
Clusius and Dickel (7), Fournier (15), Korsching (26,27),
Prigogine et al (31), van Dranen and Bergsma (36), van Velden

et al (37), and Wirtz (39). .
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An excellent summary on thermal diffusion as well as
ordinary diffusion may be found in a book (25) by Jost, who
includes a comprehensive list of references complete through
1950. Jones and Furry (24) alsd include A‘long list of anno-
tated references in theilr article on isotope separation by

thermal diffusion.




THEORY OF THE THERMAL DIFFUSION COLUMN

It is important to know the theoretical work of Furry,
Jones, and Onsager (16,17,18,244) to be able to understand the
operatioh of the thermal diffusion column, The essence of the
procedure involved is to combine the basic mass transfer equa-
tion for thermal and ordinary diffusion with the hydrodynamic
equations describing the velocity profile and with the heat
transfer equation describing the temperature profile in a
thermal diffusion column. In the following pages, the total
reflux case will first be considered, and then the total reflux

results will be adapted to the case of continuous operation.

Total Reflux

Before proceding with the derivation of the equations, it
is necessary to have an 1dea of the physical situation to be
described, Figure I, page 13, 1s a diagram of the essential
features of a thermal diffusion column, showing the dimensions
and operating varliables involved. It may be seen that the
column treated in the theory consists of two flat parallel
plates, one heated and the other cooled. The material com-
prising the system 1s between the two plates. Since the con-
centric tube columns used for this study have rather large cir- 7
cumferences, 1t 1s believed that their behavior can be described
by the parallel plate theory.

A number of assumptions are necessary in the derivation
of the equations, Some of the more important of these assump-
tions are stated below, and a few others will be given at

appropriate poilnts in the solution.

12,
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l. The steady state has been attained.

2. The column 1s operating at total reflux. (This
assumption is removed at a later stage.)

3. The system consists of two components.

4. Heat transfer 1s by conduction only, and takes place
in the x direction alone. ‘

S. The convection velocity 1s in the z direction only,
and 13 a function of x alone.

6. The physical properties of the system are independent
of concentration and are therefore independent of z,.

7. End and edge effects are neglected. (The finite
column is assumed to behave like a portion of an
infinite column in the y and z directions.)

8. Nothing varies in the y direction.

9.. Diffusion 1s neglected in the z direction.

Heat Transfer

With the above assumptions in mind, it is possible to set
up the heat transfer equation. Since heat is transferred by
conduction in the x direction, the following equation relates

the temperature gradient dT/dx to the heat flux Q and the ther-
mal conductivity k:

aT _ _ Q (1)
dx = k

Thus, assuming k to be a constant:
ar AT (2)
dx a

Hydrodynamlcs

The hydrodynamic problem is next to be considered . The
basic equation 1s the Navier-Stokes vector equation, which
relates the density s, velocity V, time t, pressure P, and

viscosity m for a system which is in laminar flow,
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s [3_2 + (V-grad)\T] = g8 - g, grad P - %_ grad m div V
<4 (div m grad)V 4 div m_g"_g T
4+ divmdV T + divmdV k (3)
IV | 9z
Utilizing assumption 5, the velocity vector reduces to:
V = wix)k (4)
Thus:
div V - w = O (5)
92
and,
divmd& = divmdV = divmdV = O (6)
ox Iy 9z
and,
(Vegrad)¥ = 0O (7)
Because of assumption 1l: |
W = 0 (8)
13
Thus, equation 3 reduces to:
%x_m%%= gc%_;:—ss . (9)

Also, since ds/dz is a constant, it is permissible to use the

value of dP/dz when AT = 0, namely:

dP _ _ gse (10)
dz -~ -3 ‘

where s, is the average density in the column., Thus:
d mdw = g(s —sg) ' (11)
dx dx '

The boundary conditions on w are as follows:
w(0) = w(a) = O (12)

No boundary conditions are needed for the y and z direc-
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tions because of assumption 7 regarding end and edge effects,
The following equation i1s assumed to represent the variation

of density with temperature T, and expansion coefficient p :

8 = 89 — B(T—T,) (13)
Combining equations 11 and 13:
%m%;:_[ = — 8 P (T — Tp) (1k4)
Define X = x/a, assume the viscosity can be represeﬁted by
an average value, and substitute T — T, = AT(X — %), derived
from equation 2 with the definition of X, Thus:
d2w _ _gaagéT (x— %) (15)
daxXz = m
With the boundary conditions:
w(0) = w(l) = O (16)
The solutlion to equations 15 and 16 is then:
1
w o= _ g:lzﬁAT X(X — 3)(X— 1) (17)

Equation 17 1s the desired solution to the hydrodynamic problem.

Mass Transfer

The contlnuity equation is ‘the basic equation for the mass
transfer,

%%_ = — div 5 ¥, (18)

where s, 1s defined from the density s and mass fraction C by,

8, = Cs

. (19)
The diffusion flux vector J, is defined as follows:
T = 8, (Y, — ) (20)
where,
V- =c.Y

: 21
= (21)
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Combining equations 18 and 20:

JC Vegrad €C|= — div 7 (22)
8 [R -+ :, '

The diffusion flux vector J, , neglecting diffusion in the 2z

direction, i1s given by de Groot(10) as:

J, = — Dgs E_c_:_ __ oc(1—oc) aﬂ (23)
K33 To 99X

where Dy, is the ordinary diffusivity and o is the thermal

diffusion coefficlent. According to assumption 1'regard1ng
the steady state:

aC = 0] (2,4)
Jt
Combining equations L, 22, 23, and 24:
ws JC _ 9 [:DLS 3C _aDysC(l — C) dT (25)
P} A = ax 94X To dx

Substituting X = x/a, 2= z/L, and dT/dx= 4 T/a:

ws JC _ Dy,s JC — aD;sC(l —C) aT (26)
L™ 9Z ~ '2—1 - T,

Rearranging and assuming that the physical properties are con-

stant:
wa? a i} d |9C o aT Cc(1l-— c] (27)
DL 92 X | 9X T T,
In order to simplify equation 27, a function G 1s defined as
follows:
%% G(z,x) = %% _ 91%2 c(1—cC) (28)
If it 1s assumed that:
y"zf-% = 0 (29)
combination of equations 27, 28, and 29 results in:
IG wa?2

®- (30)
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However, waZ/DLL is a function of X alone. Therefore, JG/JX
must also be a function of X alone. Thus:

G(Z,X) = G, (X) -+ G, (2Z) (31)
Since there can be no diffusive transport through the boundary,

the boundary conditions on C are as follows:

I _ <&xaT C(1— ¢C) at X = 0,1 (32)
X - T
Combination of equations 28 and 32 results in:
¢(z,0) = G(2,1) = O (33)
Substitution of equation 33 in equation 31’produces:
G, (0)+G,(2) = G(1)+G(Z) = O (34)
Rearranging:
-G (1) = g, (z) = — G, (0) = a constant (35)

There 1s no loss of generality in including this constant in
G, (X). Therefore,

G(Z,X) = G(X) (36)
a function of X alone. Combining the result of equation 36
with equation 30 gives:

aG 2
2 - wg (37)
Substituting for w from equation 17:
aG  _ Lpar x(x—23)(1— x 8
4 _ ga 5 (x — 3)( ) (38)
Integrating: .
G(X) = altB aT x x3 x?» c (39)
- &anrT Er—r‘hr +
However:
G(O) = e =0 (40)

Thus, rearranging equation 39:
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G(X) = gah'BAT x2(x — 1)2 (41)

Now, define W, , the transport of component 1 up the column:
1

W, = BaswC dX (42)
0
Substituting for w from equation 37:
(1
W, = EsLDj, C dG dX , (43)
a aX
70
Integrating by parts, and using G(0) = G(1) = O:
. (1
W, = EsLDy G JC dX (4hy)
a X
J 0

Substituting for JC/JX from equation 28:
1
. : 2
W, = Es G= JC a AT C(1 — C)G dax (45)
] _EEQL I | jﬁ'+'_T;_
0]

Assuming that C(1 — C) does not vary appreciably with X, and
that the variation of C with X is negligible with respect to
its varliation with Z:

1 ' 1
W, = E:& % I G2 dax + ELsox AEC(I — C)Dy. G dx
0 ° 0 (46)

Substituting for G from equation 41 and integrating:

W, = agpsBad(aT)?2 c(1—c) _ sgzg2Ea7( AT)2 4c (47)
m oM L HE

Defining transport coefficients H and K as follows:

H = asgpEa3(aT)2 (48)
oM
and,
K = 8g282Ea’(aT)2

5Tm Dr (49)

results in the basic transport equation for a thermal diffu-

sion column operating at total reflux:
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= 1—C) — K d4ac (50)
W, HC ( ) K d4c

In equation 50, 1t should be remembered that the values of C
are averaged with respect to the variable X. Since the system

1s in the steady state and the column is operating at total

reflux, W, = 0, Defining q:
. Cn/1 — C
9 = p/ > (51)
CB/]. — Cp
Thus, equation 50 may be integrated to yleld:
Inq = HL (52)
). 9

which gives the desired result for the separation attainable
in a thermal diffusion column operating at total reflux.

Continuous Operation

It 1s possible to adapt the transport equation (50) to
the case of continuous operation, in which products are removed
from the top and bottom of the column and a feed 1s introduced
in the middle. A flow sheet showing the streams and their
nomenclature 1s presented in Figure II, Page 21, If 1t 1is
assumed that the transport coefficiqnts H and K do not change

from the total reflux case, the transport équation can be modi-

fied as follows:

1
W, = JO Easw"C ax (53)

where 1t 1s assumed that:

W' Wy 4w (54)
The w, 1s the average velocity of removal of material from
the column, aﬁd W 1s taken from the previous section for total

reflux., Thus:
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1 1
W, = I Easwo,C dX +J EaswC dX (55)
0 0

W, 1s the amount of material removed from the column, so that
a material balance for the top sectlion of the column requires
that:

W, =  DCp ~(56)
The first integral in equation 55 reduces to:

Easw,C dX = DC (57)
0

where C is averaged wlth respect to X. The second integral in

equation 55 is the same as in the total reflux case:

1
Jr EaswC dX = HC(l1 —C) — K 4cC (58)
0 dz
Thus, equation 55 reduces to:
D(Cp— C) = HC(1—C) — K dC (59)
dz
A similar procedure for the bottom section of the column leads
to:
B(C —-CB) = HC(1L —C) — K 4&C (60)
§ dz

Although equations 59 and 60 may be integrated exactly,
the result is too complex to be of much value, However, if
it is assumed that C(1 — C) 1is constant with respect to varia-
tions in z, a simple result is obtained. Rearranging equation
59 and integrating:

c
D dz = D _ K ac (61)
HC(1 —C) — D(Ccp — ¢C)
0 Cp

With the restriction that C(1 — C) is constant:
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Lp = K 1n HC(1 — C) (62)
D = C) — D(Cp — Cg)

Correspondingly, for the bottom section of the columm, lnte-
gration of equation 60 results in:

Lg = K 1n ~HC(1 — C) (63)
B — = F —CB

Combining equations, 62 and 63 and utilizing material balance
relationships results in:

(64)
, D™ “B
It should also be noted that for the case in which C(1— C) is

L = Lp+Lg = 1%_._% 1n _Hcf_l—’c)

constant, the total reflux separation S' (= Cp— Cg For total

reflu) 18 given by:
S' = I{L C(l — C) ' 6 )
( 5

In addition, division of equation 62 by equation 63 results in:
DL, = BLg (66)

Since Lp = Ly for the columns used in this study, D = B = F/2

should be substituted 1n equation 64, Combination of equations

6L, and 65 gives the following relation for separation S

(= Cp — Cp):

S 1 — (— FL/LLK)
g, - ggm{ YA™ (67)

which describes the variation of the separation between top and
bottom products from a thermal diffusion column as a function
of the feed and product rates, as well as the variables con-
tained in the transport coefficients H and K.

In summary, the theory predicts that the total reflux
separation 1s determined by:

ln q = HL/K
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The ratio of the separation to the total reflux separation

1s determined by the following relation:

S _ 1 - exp( -FL )
3. - ____théf__Jﬁﬂi_




EXPERIMENTAL WORK

The experimental work for this study consisted of a
series of runs made at different values of the variables
considered, The following sections describe the equipment
used to perform these runs, the experimental procedure, the
calibration of instruments used, the system used, and the
measurement and correlation of the physical properties of

the n-heptane - benzene system,

Description of the Equipment

Concentric-tube thermal diffusion columns were used for
this study. The construction of the columms end the assem-~
bly of the columns with the auxiliary equipment are described

below.

Column Construction

The basiec apparatus for this work consisted of four
thermal diffusion columns. A schematic diagram of the col-
ums 1s presented in Figure III, page 26. Each column was
constructed of three pleces of aluminum tubing arranged con-
centrically, with suitaﬁle end pleces and piping connections
welded 1n place. The space inside the inner tube contained
circulating hot water; the space between the intermediate
and inner tubes contained the system to be separated; and
the space between the outer and intermediate tubes contained
circulating cold water. The inside wall of the intermediate
tube was termed the cold wall, and the outside wall of the

inner tube was termed the hot wall of the column, A feed

25.
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port was located exactly half way up each column, and pro-
duct removal ports were 1ocatéd at the top and bottom. The
height of each column was considered to be the length of the
outer tube, whlle the spacing was defined as the dilstance
between the hot and cold walls., The circumference was the
average of the hot and cold wall circumferences, The dimen-
sions of each column are given in Table I, page 28. Also
included are the diﬁensions of a column used by Trevoy and
Drickamer (35) with the n-heptane - benzene system.

The chilef reason for selection of the concentric tube
design, in preference to a design 1n which the hot and cold
walls were parallel flat plates, was to achieve a more uni-
form temperature distrlibution. It 1s acknowledged that the
parallel plate construction could give somewhat better con-
trol over the spacing, but it would be rather difficult to
achleve a uniform temperature distribution across the prlate.
Any lack of uniformity in the temperature distribution across
the plate would cause additional convection currents perpen-
dicular to the main con%ection pattern. These additional
convection currents would tend to destroy the effectiveness
of the separation by remixing the concentrated materiasls from
the top and bottom of the column.

In the concentric tube columns used in this study, the
spacing was maintained constant in the following manner.
When the columns were being built, a number of wooden blocks
about one eighth of an inch square and of the proper thick-

ness to maintaliln the spacing correctly in each column were
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TABLE I

Column Dimensions

Column Length Spacing Circumference
L a BE
cm cm cm
1 306 0,1052 ‘ 14.3
2 206 0.,1648 14.5
3 153 0.1082 14,3
L 153 0.2621 13.8
Trevoy and 10,2 0.1016 2.01

Drickamer
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impregnated with phenolic resin and dried. These materials
were used to provide a hard nonconducting spacer which would
resist the heptane and benzene. A small sharp projection
was raised with a cold chisel on the hot wall where each
spacer was to be located, A spacer was forced onto each of
these projections so that, when the inner tube was inserted
into the column, the spacer was held in placoc between the
inner and intermediate tubes, Three spacers were installed
circumferentially 120 degrees apart about every two feet

along the length of the column.

Assembly of Columms with Auxiliary Equipment

A flow sheet demonstrating how each column was assembled
with the auxiliary equipment is presented in Figure 1V, page
30, and a photograph of the assembled equipment is presented
in Figure V, page 31. A gear pump was used to circulate the
hot water, which contained a pint of radiator compound to
prevent rust, The water was heated with low pressure steam
in a small steam jacket located downstream from the pump.
Cold water was taken from the clty water lines and drained
to the sewer after one pass through the column., The flow
rates of the hot and cold water streams, méasured by Fisher
and Porter size 8 rotameters, were maintained at about rif-
teen gallons per minute., The hot water was introduced at
the top of the column and the cold water at the bottom., By
thls arrangement, the hotter material in the separating space
was at the top of the column. Therefore, the less dense

material at the top of the column rendered the convection
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FIGURE V
EXPERIMENTAL EQUIPMENT
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pattern stable,

The feed was supplied by gravity to the center of the
column from a one gallon can located above the columm, and
the products were collected in half-gallon contalners on the
floor. The flow rates of the feed and product streams were
measured with Fisher and Porter size 07 or 08 rotameters.
These flow rates were controlled with one-eighth inch needle
valves,

Copper-constantan thermocouples were placed at the inlets
and outlets of the hot and cold water streams, both in the
streams and on the hot or cold walls. The thermocouples on
the walls were made of 30 gage wire and were welded to the
surface with a small flash welder. The thermocouples in the
streams were made of 2l gage wire and were held in the centers
of the streams with heavy copper wires, The EMF!s developed
by the thermocouples were measured with a Leeds and Northrup
Portable Precision Potentiometer, The cold junctlion for the
thermocouples was at room temperature, the cold junction

correction being made by the compensator on the potentiometer.

Experimental Procedure

-

The following sections describe the operation of the
equipment, the criterion used to determine the end of a run,
the variation of operating conditions, the data taken, and

the analysis of the feed and products.

Operation of Equipment

'The equipment was started up in the following way.
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First, the hot and cold water streams were turned on and
adjusted to flow rates of approximately 15 gallons per min-
ute. Then the steam was turned on so that the hot water
would heat up to any desired temperature. It was found that
the hot water temperature would reach a steady state 1n two
or three hours. At the same time the water streams were
started, the feed and product streams were also turned on
and set at any desired flow rate, Control of these flow
r?tes was accompllished by adjusting the valves on the two
product streams, the valve on the feed being left open. By
this procedure, the product flow rates were kept constant,
and fluctuations in flow were assimilated in the feed stream.
These fluctuations, which were believed to have been caused
by small variations in the average temperature of the column,
generally amounted to less than 20 percent of the feed rate.
The rotameters In the feed stream were read by averaging the
fluctuations,

At the beginning of this study, it was found that the
apparatus required a long enough time to reach a steady state
that the column would have to be operated without shutting
down between runs, A run was consldered to be the period of
time beginning when the operating conditions were adjusted.
to new values and ending when the column had run in a steady
state for at least four hours, thus including the translient
period., No noticeable decrease in the length of a run was
detected by running at total reflux during part of the tran-
slent perliod. However, the length of the transienf‘period
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was reduced by changing operating conditions between runs
without shutting down the apparatus. Thus, only a small

change in separation had to be made during any run as com-

pared with the previous run.

Criterion for the End of a Run

It was necessary to develop a criterion to determine
when the end of a run had been reached. For the operating
conditions used, it was found that, if the separation changed
less than 0.1 weight percent in four hours, the column had
reached as nearly a steady state as possible. In addition,

a secondary condition was developed which was somewhat easler
to use. It was found that the primary criterion was always
satisfied when a total of two column volumes of liquid had
been fed to the column., In order to be on the safe side, a
total of four column volumes were fed to the column before a
run was ended., With colums 1, 2, and>h, a run took approxi-

mately one day, and with colunm 3 approximately half a day.

Variation of Operating Conditions

The run conditions were varied according to the follow-
ing kind of schedule. For each column and feed composition,
a set of runs was made for some particular temperature d4dif-
ference at different feed rates. After that set had been
completed, the temperature was changed and another similar
set of runs was made. This procedure was repeated for at
least one more temperature difference, and then the whole

series was begun again for other feed compositions., After
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enough feed compositions had been tested, another column was
put in place and the preceding process was repeated. The
range of operating conditions covered in each column is

listed in Table I1I, page 36.

Data Taken

The data taken at the end of each run consisted of the
following:

l. Room temperature

2. Rotameter readings from the hot and cold watér streams

3. Rotameter readings from the feed and product streams

L. EMPF!'s of the thermocouples in the hot and cold water
streams and on the hot and cold walls

In addition, samples were taken for analyslis of the feed and
products. The experimental data for this study may be found
in Table IV, pages 86 to 94 . The numbers assigned to each
run are the number of the columm and a serial number, Thus,

run 1-60 1s the sixtieth run made in columm 1.

Analzsis

The feed and products were analyzed by measurement of
their refractive indices, For ﬁhe samples from columms 1,
2, and 3, the analysis was accomplished at 25C in a Zeiss-
Abbe refractometer capable of measuring refractive indices
to plus or minus one part in the fourth decimal place. The
Samples from coiumn i, along with samples of pure n-heptane
and benzene, were analyzed at room temperature in a Zelss
precision refractometer, which measured refractive indices

to plus or minus three parts in the fifth decimal place.
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TABLE II

Variation in Operating Condlitlons

Column

Feed
Composition
Weight .
Fraction
n-heptane

Temperature
Difference
oc

Feed
Rate

gm/sec

Separation
Weight
Fraction v
m-heptane
Average
Temperature
o¢

Top to
Bottom
Ratio

0.100
00260
0.452
0.572
0.818

7.1

to
42.3
0.,0048
0.153
0.046
0,150
20.6
to .
h2.0
0.33
12.5

0.594

21.5
to
16.6

0.0045
to
0.039
0.02L
0.036
31.8
to
W2.7
0.96

to
1.75

0.261
o.h62
0.598

8.9
to
47.8

'»o.oou9

0.128
0,011
0.077
21.0
to
h2.6
0.17

to
b

0.489

30 8
57 2
0.0048
0.071
0.0091
0.0131
29,0

to
41.8

0 58
l. 76
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Calibration

The equipment calibrated consisted of the rotameters in
the hot and cold water streams, the rotameters in the feed
and product streams, and the thermocouples, In addition, the

pertinent dimensions of the columns were measured.

Rotametera in the Water Streams

The rotameters in the hot and cold water streams were
calibrated by passing water through them and weighing the
amount of water collected during a measured time., It was
found that the two meters had the same calibration, and that
this callbration agreed closely enough with the scale read-
ings put on by theé manufacturer,

Rotameters in the Feed and Product Streams

The rotameters in the feed and product streams were
calibrated in a similar manner. However, since the flow
rates were so slow, these rotameters were affected markedly
by the viscosity of the material passing through them,
Calibration of these meters wa; accomplished by passing
liquids of various viscosities through them and measuring
.the volume qf liquid collected during a measured time. The
liquids used for*calibration were ethanol, benzene, ethyl
acetate, and aceténe. Correlation of these measurements was
accomplished by the method proposed by Martin (30) to account
for the effect of thevviscosity. These calibrations are pre-
sented in Figures XVIIg and XVIIh, pages 102 and*.103 e In
these curves, the group s (sg - s)/m? is plotted against W/m:
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for various rotameter readings, where s is the density of

the fluid, sy 1s the density of the float, m is the viscosity
of the fluld, and W is the flow rate. The float density for
these meters is 2.28. Examination of these curves shows that
for a given rotameter reading the flow rate 1s roughly pro-
portional to the viscosity, as might be expected if there were
laminar flow in the meters. These callbrations were spot
checked from time to time, and the check calibrations agreed
with the original calibration within the accuracy of the
latter., It was estimated that this calibration gave flow

rates accurate to about plus or minus 15 percent.

Thermocouples

The thermocouples were calibrated by running cold water
through the apparatus and circulating the hot water stream
without tufning on the steam, so that both streams would be
at very close to the same temperature. The stream tempera-
tures were measured with a calibrated thermometer. The EMF's
developed by the thermocouples were converted to temperatures
with the standard calibration (19) for copper-constantan
thermocouples. If the latter temperatures did not agree with
the measured temperature to within 0,1C, the readings from
the thermocouple giving poor agreement were discarded., This
calibration was made after each column was set up and just

prior to taking it down.

Column Dimensions

The following dimensions were measured for each column
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used in this study:

1. The diameter of the hot wall

2. The diameter of the cold wall

3. The height of the column
The diameter of the hot wall for each column was measured
with a micrometer before the column was assembled. Twenty
measurements were made at various points along the column
and the results were averaged. Care was taken to measure
the diameters at different points around the column so that
the effect of any eccentricity would be accounted for. The
diameter of the cold wall was measured i1n a simllar manner,
except that a telescope gage was used to determine the dia-
meter, The diameter settings on this gage were measured with
the same micrometer that was used to measure the hot wall
diameters. It is believed that the average diameters mea-
sured by this method are accurate to within plus or minus
0.2 percent. The average dlameter was calculated as the
average of the hot and cold wall diameters, and the spacing
was calculated as the difference between the hot and cold
wall diameters. The spacings derived by this method are
believed to be accurate to plus or minus 0,002 ecm. This
accuracy gives the spacing for columns 1 and 3 to 2 percent,
for column 2 to 11 percent, and for column L to 3/ percent.
The height of each column was measured wlth an ordinary steel
tape., The heights are believed to be accurate to 0.2 percent.

The dimensions of each column were given previously 1n Table

I,
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System Used

The system used for this study was chosen primarily to
give a separation large enough that the feed and products
from the column could be analyzed easily., A bilnary system
was considered most sultable for ease of analysis. In addil-
tion, since determination of compositlions by refractive index
would provide a very convenient method of analysis, 1t was
desirable that the two pure components have a large differ-

ence in refractive index,

Ethanol - Benzene System

An attempt was made to use the ethanol - benzene system.
It was apparent after several runs in column 1 that this sys-
tem would not separate very well. To eliminate the possl-
bility that the poor separation was caused by some feature
of the columm, an effort was made to remove possible errors
in the colum. The assembly was checked to insure that the
column was vertical and was not vibrating appreciably. The
column was also run with the direction of the hot and cold
water streams reversed. Thils procedure made little if any
difference in the separation obtalned. In addition, runs
wore made at several different feed compositions., These
runs showed that #t different relative concentrations in the
feed the direction of separation changed, At a feed compo-
sition of 13 weight percent ethanol, the benzene qoncentrated
at the top of the column, When the feed composition was

50 weight percent ethanol, the columm would not separate
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ethanol and benzene, With feed compositions of 69 and 94
welght percent ethanol, the ethanol concentrated at the top
of the column, The differences in composition between top
and bottom products were always less than 4 weight percent.
The reversal in separation could have been caused either by
the forgotten effect or by a reversal in the direction of
thermal diffusion. In any case, it was decided that the
ethanol - benzene system would not be sultable to study the

performance of the columms.,

n-Heptane - Benzene System

The next system tried was the n-heptane - benzene system,
It was discovered that this system separated to a much greater
extent and that the direction of separation did not depend on
the feed compositlon., It was decided that this system would
be sultable for studying the behavioi of the columns,

Physical Properties of the System Used

The physical properties of the n-heptane and benzene used
are given below as an indication of their purity. A number
of physical properties of n-heptane - benzene mixtures were
needed for correlation of the experimental data., The required

properties were:
l. Refractive index
2, Density and coefficient of expansion
3. Viscosity
L., Diffusivity

These properties had to be known as functions of temperature
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and composition, with the exception of refractive 1index,
which had to be determined as a function of composition at a

single temperature,

Pure Components

The heptane used in this study was Pure Grade n-heptane
purchased from the Phillips Petroleum Company. It had a
minimum purity listed as 99 mol percent n-heptane. This
material was used without further purification. A comparil-
son of the physical properties of this n-heptane with the
properties listed in the literature 1s given in Table III,
page L3.

The benzene used was reagent-grade thiophéne-free ben-
zene supplied by the Universlity of Michigan Chémistry Stores,
This material was used without further purification. A com-
parison of the properties of this benzene with the propertles

listed in the literature may be found in Table III, page U3.

Refractive Index

The refractive indices in the n-heptane - benzene system
were needed for a;alysis of the feed and products, The re-
fractive indices were measured at 25.,00C plus or minus 0,03C,
Standard samples were prepared by mixing welghed amounts of
n-heptane and benzene. The refractive indices of these sam-
rles were measured in a Zeiss-Abbe refractometer capable of
determining refractive index to within plus or minus one part
in the fourth decimal place., Since the difference in refrac-

tive Index between n-heptane and benzene amounted to 0,1120,
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TABLE III

Physical Properties of Pure Materials

at 25C
Density
gm/cm
Heptane: Measured 0.6794
Literatures 0.6794
Benzene: Measured 0.8725
Literature 0.8735

Refractive
Index

1.3852
1.3854

1.4972
1.4974

Viscosity
cp

0.394
0.386

0.607
0.606

# Literature values are from the "International Critical

Tables."
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compositions determined from the refractive indices were
accurate to approximately 0.1l welght percent.

To facilitate correlation of the refractive index data,
the following procedure was used., FPFirst, an ldeal refrac-
tive index n4 was calculated for each standard sample on the
basis of a linear relation between refractive index and
welght fraction n-heptane. Then the difference between the
ideal refractive index and the experimental index was calcu-
lated for each standard sample. This difference, termed the
refractive index deviation, was plotted agalinst refractive
index as in Figure XVIII, page 104 . The composition of any
unknown mixture could be calculated by the following relé-
tion:

C = np-n=-(ng -n) (68)
np - nDh

where C is weight fraction n-heptane, n; is the refractive
index of pure benzene, m, is the refractive index of pure

heptane, and n is the refractive index of the unknown mix-

ture,

Density and Coefficlent of Expansion

The densities of n-heptane - benzene mixtures were also
measured at 25.,00C plus or minus 0,03C, using the same stan-
dard samples that were used for the refractive index measure-
ments, The density of each sample was determined 1in a‘cali—
brated density pipette, which was found to be accurate by
measuring the density of distilled water, The densitles
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determined by this method are believed to be accurate to
better than 0.1 percent,

In addition, the densities of pure n-heptane and benzene
as functions of temperature were taken from the International
Critical Tables (19). These densitles were differentiated
with respect to temperature to determine the coefficilents of
expansion for pure n-heptane and benzene. It was assumed
that the coefficient of expansion for a mixture was a linear
function of the composition in weight fraction units. The
densities of mixtures were determined using the measured den-
sities of mixtures at 25C, the densities of the pure compounds
as functions of temperature, and the assumed values for the
coefficients of expansion of mixtures. The densities of
n-heptane - benzene mixtures as a function of temperature
and composition are presented in Figure XIX, page 105, and

the coefficients of expansion are shown in Flgure XX , page
106 .

Viscosity

The vlscosities of n-heptane - benzene mlixtures were
determined at 25.,00C plus or minus 0,03C, using the same stan-
dard samples described above. The.kinematic viscosity of
each sample was measured in a modified Ostwald viscosimeter,
which had a Bureau of Standards calibration, The klinematiec
viscoslities determined by this instrument are beliéved to be
accurate to 0,2 percent, The absolute viscosltlies of the

standard samples were computed by dividing the kinematilic vis-
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cosities by the corresponding densities. The absolute vis-
cosities of the two pure components as functions of tempera-
ture were taken from the International Critlcal Tables. To
determine the viscoslitieg of mixtures as a function of tem-
perature, the viscosities of the pure components were plotted
as log m versus 1/T, so that a linear graph would be obtalned.
In addition, the point which corresponded to the viscosity of
each standafd mixture at 25C was plotted on the same graph.
The viscosity of each mixture as a function of temperature
was interpolated by drawing a straight line on the log m
versus 1/T plot through the experimental point and with a
slope intermediate to the slopes of the lines for the pure
components., The results of this 1nterpolatioh are presented
in Pigure XXI , page 107, which 1s a graph of viscosity

against composition with temperature as a parameter,

Diffusivitx

The only experimental values of diffusivity in the n-
heptane - benzene system were those of Trevoy and Drickamer
(35) for a 50 mol percent mixture. It was necessary to ex-
tend these data throughout the entire range of composition.
Wilke (38) recommended that the group Dm/T should be inde-
pendent of temperature, It was found that the data of Trevoy
and Drickamer corroborated this relation within the accuracy
of theirlexperimental measurements, Wilke also recommended
that the group (Dm/T)/(d 1n a'/d ln N) should be a linear

function of the composition in mol fraction units., The func-
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tion (d 1n a'/d 1ln N) was evaluated by calculating activity
coefflicients at the normal boilling polnts from the wvapor-
1iquid equllibrium data of Clark (5). These activity coef-
ficients are presented in Figure XXII, page 108. VanLaar
equations were fitted to these activity coefficients. Dif-
ferentiation of the VanLaar equations provided the function
(d 1n a'/d 1n N), which was assumed to be independent of
temperature. Wilke and Arnold (1) have both presented methods
for predicting the limiting values of (Dm/T) for dilute solu-
tions., Using the values of (Dm/T) from wilke in conjunction
with the function (4 1ln a'/d ln N) gave rather poor agree-
ment with the experimental values of Trevoy and Drickamer,

On the other hand, the equation of Arnold:

D, = 0.01(1{}1. + 14M1)% (69)
, A,V V7
with A, = 1,05 for heptane and 1.05 for benzene,and A, = 0,66
for hepténe and 1,00 for benzene gave good agreement with

the data of Trevoy and Drickamer. The values of (Dm/T) thus
determlined are presented in Figure XXIII, page 109,




RESOLUTION OF OBSERVED DATA

The following sections describe the resolution of the
observed data into values of the basic variables describing
the operation of thermal diffusion columns., The observed
refractive indices, rotameter readings, and thermocouple
EMF's were converted into compositions, flow rates, and tem-
peratures. From this information for each run, values could
~ be computed for separation, feed composition, feed rate, top
wto bottom product ratio, temperature difference, and average
temperature in the column. In addition, the spacing was cor-
rected for thermal expansion of the column in each run. The
transport coefficients and dimensionless groups from the
theory were also computed. A sample calculation demonstrating

resolution of the observed data for one run may be found in

the Appendix, page 82.

Compositions

The conversion of refractive 1ndices of the feed and
product streams to weight fractions of n-heptane was accom-
plished with the previously described calibration, using the
following relation:

C = ng-n- (ng - n) (68)

n, - ny,

where the values of (ni - n) were taken from Figure XVIII,

Page 104. The separation was then calculated as the difference
in weight fraction between the top and bottom products., In

addition, the ratio of top to bottom product flow rates could

L|.8.
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pe calculated from the weight fractions by the following

material balance relation:

p _ S - CB (70)
B Cp - Cw

Flow Rates

The flow rates of the feed and product streams were cal-
culated from the rotameter readings with the calibration
curves presented in Figures XVIIa and XVIIb, pages 102 and
103. It was found that the material in these streams was
essentially at room temperature. Thus, the required visco-
sities and densities for these streams were evaluated at room
temperature and at the composiﬁions calculated as above.

Then the sum of the product rates was compared with the feed
rate to check the material balance. In case the two figures
did not agree, the sum of the product rates was considered

to be the feed rate to the column. This choice was made be-
cause the rotameters 1n the feed stream were noted to be fluc-
tuating, whereas the product rates seemed to be steady. The
fluctuations in the feed stream were belleved to have been
caused by density variations, probably the result of fluc-
tuations of the average temperature in the column. The ratio
of top to bottom product rates was computed directly and com-
pared with the ratio computed from the compositions to serve
as another check on the material balance. The ratio of top

to bottom product rates usually agreed to within plus or

minus 20 percent.
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Temperatures

Conversion of the thermocouple EMFP's to temperatures
was done with the standard calibration (19) for copper-
constantan thermocoﬁples. It was found that some of the
thermocouples on the walls became detached or gave inaccurate
readings due to other causes, Héwever, it was discovered
that the readings of the good thermocouples on the walls .
could have been'calculated accurately enough from the stream
temperatures, using the heat transfer coefflicients from
MacAdams (29, chapter VII, equations 9¢ and 25). These cal-
culations also tended to confirm the assumption used in the
theoretical treatment that heat was transferred 6y conduction
alone through the n-heptane - benzene mixture in the column.,
Wherever possible, the temperature differences between the
streams and the walls were computed by ratio from experimen-
tal tempér#ture differences. In any case, the temperature
differences through the water filmsa were less than 10 percent
of the overall temperatufe differences, so that relativelj
large errors in the water film temperature differences could‘
cause only relatively small errors in the calculated wall
temperatures. The average temperature in the columm was
computed as the average of the hot "and coldigaﬁé}‘faﬁ§gfiﬁqpeé;
and the temperature difference as the difference betweon,thev

hot and co0ld wall temperatures.

Correction of Spacing for Thermal Expansion
It was necessary to correct the spacing of each column

for the thermal expansion or contraction of the hot and cold ;
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walls during a run. It was assumed that the tubes compri-
sing these walls behaved 1like thin cylindrical shells so

that the dimensions would change linearly with temperature.
Thus, the following relation was derived for correction of

the spacing:

a = 1 - BAT Ern Tp - Tc:) (71)
a + AT
ap an

where a 1s the spacing corresponding to the temperature 4dif-

ference AT, ap, 1s the spaclng measured at temperature T,
RpH is the radius of the hot wall at T,, and B 1s the expan-
sion coefficlient for aluminum, The correction involved
amounted to less than 2 percent of the total spacing. How-
ever, this resulted in corrections of as much as 15 percent
in the spacling to the seventh power, which was used to com-

pute the transport coefficlent K.

Calculation of Transport Coefficients and Dimensionless Groups

The transport coefficient X was calculated for each run

by the relation:

K = ss?;a?[gaE(AT)a | (49)
e Uy , :

The dimenslionless group FL/hK'derived from the theory was
also-computed for each run, The transport coefflclient H,

'

given by the relation:

H = asga3§E(AT)2 | (48)
could not be calculated for each run because the wvalue of

the thermal diffusion coefflcient X was not known, However,

it was discovered-that the physical properties contalned 1n
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the dimensionless group HL/K were very nearly independent of
temperature. Thus, the group HL/«xK could be determined for

each set of runs at a given feed composition,

Summary of Data Resolution

The following information was available for each run:
1. Separation
2. Feed Composition
3. Feed Rate
i. Top to Bottom Product Ratio
5. Temperature Difference
6., Average Temperature
7. Spacing
8. Height
9., Circumference
10, Transport Coeffliclent K
11. Dimensionless Group FL/LK
In addition, the group HL/xK was known for each set of runs
made at a glven feed composition. A summary of the calcu-
lations for each run may be found in Table V, page 95, and
a surmary of the total reflux calculations for each set of
runs made at a given feed composition may bg found in

Table VI, page 101,




RESULTS

The results of this study are presented in the following
sections, first for the case of continuous operation and then
for the total reflux case; The results are compared with the
theoretical equations developed by Furry, Jones, and Onsager.
Since this comparison shows the theory to be inadequats for
both cases, empirical correlations are developed to fit the

data,.

Continuous Operation

The results from continuous operation of the columms are
presented below in terms of the effect on the separation of
the group PL/4K and of the top to bottom product ratio D/B.
An empirical correlation of the data 1s also derilved.

Effect of FL/LK

The group FL/L4K, given by the relation:

FL _ 91 FLmeD, : (72)
LX sgzalsz(A T)=

may be seen to include the variables; feed rate, spacing,
height, circumference, and temperature difference. The
variables, feed composition and average temperature, are also
included through their effect on the physical properties in
FL/LX.

The effect of FL/LK on the separation can be seen 1n
Pigures VIa to VIe , pages 54 to 58 , which are graphs
of the logarithm of the separation versus FL/4K. The semi-
logarithmic plot is used because the théoretical relation,
given by:

S3.
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s 1 - e - FL ) (67)
s, = e‘xE( /UK

can be approximated by a straight 1line on this type of graph
for values of FL/4K less than 1.5.

The data from coluims 1 and 3 are seen to be rather well
correlated by the group FL/iK. However, the theoretical
curve (dashed line) lies above the curve drawn through the
data in every case but one (Figure VIa ). It 1s belleved
that this set of data 1s inaccurate because, as will be seen
later, the thermal diffusion coefficient calculated from
this set of data also shows deviations from the rest of the
thermal diffusion coefficients, It is belleved that the
deviations in this set of data are caused either by fallure
to allow the column to reach a steady state or by gross
errors in the temperature differences or feed rates used for
some of the runs in the set. However, neglecting this one
set of data, the separations are less than those predicted
by theory.

The data from colurms 2 and l show that the values of
FL/4K are so small that the separation is practically inde-
pendent of FL/4K, indicating that these columns are opera-
ting at essentially total reflux. The scattering of these
data 1is believed‘toAhave been caused by experimental errors
in the measurements, because no definite trend can be noted

in the variation of separation with temperature difference

for a given value of FL/LK.
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Effect of D/B

The effect of the top to bottom product ratio D/B may
be seen in Figure VII , page 61 , in which separation 1is
plotted ﬁgainst D/B for a single temperature differenece and
for two different feed rates. These data indicate that the
separation is independent of D/B. This fact is corroborated
by Jones (20)., With the remainder of the data, D/B was kept
at values near 1.0, although there was some varliation from
0.5 to 1.5. The independence of separatlon and D/B implies

that these variations can be neglected in correlation of the

data.

Empirical Correlation

The data for continuous operation were seen to be corre-
lated by the group FL/LK, but the theoretical function was
not adequate to relate the separation to FL/jK. Examination
of the shape of the curves in Figures Vlia to VIA , pages
sly to 57 , suggests that the data might be correlated by a
function of the form:

log S/s' = - A(FL/L4K)P (73)
where A is a function of feed composition and p is some num-
ber less than 1. To test this assumptlon, some of the data
were plotted as log log\SZS‘;;"against log FL/4K, as in Figure
VIII , page 62.. The.slopgiof,this graph gives the wvalue of
P. The data shoﬁ that p should be equal to approximately
0.75. Siﬁce the scattering of the data 1s magnified on this

type of graph, the value of p cannot be determined more pre-
cisely. '
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Graphs of the logarithm of the separation against

(FL/hK)O°75 for colums 1 and 3 are presented in Flgures

IXa to IXec , pages 6§ to 66 . The data give rather good
straight lines on these graphs. The values of A were deter-
mined as the slopes of these lines, A was found to be a
function of composition, as in Figure X , page 67 . The
data from columns 1 and 3 were combined by plotting log S/S?
against A(FL/4K) 0.75, This graph 1s presented in Figure

X1 , page 68, This method of correlation reproduces the
values of S/S' with an average error of 6,5 percent, not

including the one set of data which gave poor agreement with

the rest.

Total Reflux

The results for the total reflux case are presented in
terms of the effect on separation of the group HL/K and of
temperature difference, An empirical functlion is derived to

correlate the data.

Effect of HL/K

The total reflux separations for colunmns 1 and 3 were
obtalned from t@e curves of the logarithm of the separation
versus FL/LK by extrapolation to FL/4K equals zero. The
total reflux separations_fof columns 2 and I} were obtained
by averaging all the values of separation obtained experi-
mentélly, since these cblumns were operating at essentially
total reflux., The separations were converted to separation

factors q by the equation:
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FIGURE X
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FIGURE X
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FIGURE XI
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UB/I - CB
using the materlal balance relations:
C, = Cp+ S8/2 3 G = Cp - 8/2 (74)

valid for the case in which top and bottom product rates are
equal. It should be noted that the values of q are the same
whether weight, mol, or volume fractions are used to express
the compositions. Therefore, the results obtailned do not
depend on the units chosen for composition.

Thermal diffusion coefficients were calculated by the

theoretical equatlon:

X = 1n§ ' (75)

The values of X thus determined are presented as a function
of composition in Figure XII , page 70, Also plotted on
the same graph is the average of the values of A determined
by Trevoy and Drickamer (35) in a column operating only at
total reflux, Examlnation of this graph reveals that, al-
though the values of X from colums 1 and 3 and from Trevoy
and Drickamer agree quite well with each other, the wvalues
of & from the other two columms are quite different. This
indicates that the theory does not predict the correct func-
tion to describe the total reflux case. | | -
The exact reasons for the deviation of the experimental
data from the theory are not known. It is probable, however,
that the assumptions made in the derlivation of the theore-

tical equations do not really represent a true pilcture of an
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actual column, Hdwever, relaxation of any of the assumptlons
made in the derivation of the equations results in extremely

complicated equations, if a solution can be obtained at all.

Effect of Temperature Difference

The theoretical relation for the total reflux case pre-
dicts that the separations for thlis case are independent of
temperature difference. Some data demonstrating this point
may be seen in Figures XIIIa and XIIIb, pages 72 and 73 ,
which are graphs of separation versus feed rate with tempera-
ture difference as a parameter, Extrapolation of these curves
to zero feed rate tends to corroborate the theory. It is
acknowledged that the data on thils point are not completely
conclusive, but the effect of temperature difference on the

total reflux separation should be relatively slight.

Empirical Correlation

The values of X determined from the total réflux separa-
tions show conslderable varliation, The variation does not
seem to be a function of the height or circﬁmference because of
the agreement between the thermal diffusion coefficient from
Trevoy and Drickamer with those from columns 1 and 3, all
these columms having approximately the same spacing but dif-
ferent heights and circumferences., Comparison of the coeffi-
cilents from Trevoy and Drickamer and from columms 1 and 3
with the coefficients from columms 2 and I indicates that
the thermal diffusion coefficient seems to increase with

larger spacings., Thls shows that the wrong function has been
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used to calculate the thermal diffusion coefficlents, which
should be a property of ﬁhe fluld alone,

Since no one of the thermal diffusion coefflclients deter-
mined is more reliable than any other, it is not possible to
find absolute values for the thermal diffusion coefficients.
Relative values can be found as properties of the flu}d alone,
if the following functions are defined:

o= ofp (76)
where x’ 1g a property of the fluid, and £ is a functlion of
the spacing. It should be noted that there i1s an inflnity
of choices for &' and £. In addition, it should be empha-
sized that the values of o‘thus determined can only be used
in conjunction with the function f to correlate the separa-
tion in thermal diffusion columms and not in any application
requiring absolute values of thermal diffusion coefficlents.
A set of values for % and f can be found 1in Figures X1V
and XV , pages 75 and 76. These wvalues of o' and £ were
determined so that the columm having the smallest spacing
also had f equal to 1.

The graph of f versus spacing is on logarithmic coordi-
nates to demonstrate an additional point., It may be seen
that a 1ine of slope equal to 2 drawn on this graph would
approximate the function f, so that f is nearly proportional
to the spacing squared. Recalling that the group of physi-
cal properties involved in HL/K is nearly independent of
temperature, the function (1ln q)/(L/aa) should correlate the
data and be a function of composition only., Figure XVI ,
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page 78, 1is a graph of (1n q)/(L/aa) versus composition.
This function correlates the data quite well although not

as well as f,

It should be noted in Figure XIV that the value of X
determined from column 1 at 57.2 weight percent n-heptane
lies qulte far below the rest of the data. This 1s the value
taken from the set of data mentloned previously which showed
poor agreement in other respects. Excluding this one value
of CK: the correlation based on the function f reproduces

the data with an average error of 3.5 percent.
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CONCLUSIONS AND RECOMMENDATIONS

The separation of n-heptane and benzene in thermal d4if-
fusion columms 1is not well correlated by the equations of
Furry, Jones, and Onsager, For the total reflux case, the
theory produces thermal diffusion coefficients that are a
functionh of the column dimensions. This demonstrates that
the theory does not give the correct function to aceount for
variations in columm dimensions, For the case of continuous
operation, the theory predicts separations that are too high,
In addition, the theoretical function does not have the pro-
prer shape to correlate the experimental data,

The total reflux separation factor in the n-heptane -

benzene system can be correlated by the relation:

iIn q = 50%&0('&1‘
ga'ply -

where <Xiis a relative thermal diffusion coeffliclent which
is a function of composition and £ 1s a correction factor
which 1s a function of the spaclng. Thls correlation includes
the results of this study and of Trevoy and Drickamer (35).
The values of <X'and f must be used together, In particular,
the values of X must not be used for any applicatian requir-
ing absolute values of the thermal diffusion coefficient,
Graphs of O(and f are presented in Figures XIV and xv ,
pages 75 and 76 ., It should be pointed out that the total
reflux separatlion factor is independent of temperature d4dif-
ference, a result predicted by theory. However, the nature

of the correction factor £ 1s such that 1n q 1s approximately

79.
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inversely proportional to the square of the spacing rather
than the fourth power predicted by theory.

The separation for continuous operation can be corre-
lated by the relatlon:

log S/S' = - A(FL/hK)O'7S

where A 1s a function of composition presented in Figure
X , page 67. In this relation, the dimensionless group
PL/LK correlates the data quite well, as.predicted Sy theory.
However, the theoretical function does not correlate the
separation [satisfactorily with PL/LK. |

There is a great deal of additional work that could be
done on thermal diffusion. The empirical relations developed
in this study should be tested with other systems to see 1if
they are more generally applicable. Moreover, it would be
desirable to develop a method for determining absolute values
for thermal diffusion coefficlents from the behavior of ther-
mal diffusion columms, Further studies on thermal diffusion
should be made to extend knowledge of the relationship of
the thermal diffusion coefficient to the other physlcal prop-
erties of the system or to molecular conflguration. In addi-
tion, 1t would be interesting to determine the effect of
thermal diffusion on mass transfer rates for the case of

similtaneous heat and mass transfer,
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SAMPLE CALCULATION

The followlng samplé calculation 1s presented for run
1-60., The experimental data used 1n this calculation may be
found in Table IV, and the results of the calculation may be
found in Table V. The experimental data for run 1-60 are as

follows:

1. Refractive indices of feed and products; hF:= 1.4386,
np = 1.4285, ng = 1.4451

2. Thermocouple EMF's; hot water outlet 2.369 mv, hot

wall outlet 2.305 mv, cold water inlet O 4117 mv,
cold water outlet 0.&77 mv

3. Rotameter readings; hot water 83.0, cold water 74.5,

top product (5) 5.20, bottom product (6) 7.05,
feed (1) 2.20

4. Room temperature; 26.1C

The refractive indices are converted to compositions

using equation 68 and the values of ny - n from Figure XVIII,

Cp = 1.%972 - 1.%383 - 0,0101 = 0.433

Cp = 1.4972 - 1.4285 - 0,0101 = 0.523
Cp = 1: 972 - 1: %% - 0.0099 = 0.376

The separation is calculated as:

S = 0,523 - 0.376 = 0.147
The top to bottom product ratio is given by:
% = oo 33 - oo 76 - 0063

The thermocouple EMF's were converted to temperatures
by using the standard calibration (19) for copper-constantan

thermocouples., The temperatures thus found are:; hot water

82.
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outlet T} 57.8C, hot wall outlet T{y 56.3C, cold water inlet
T4 11.5C, cold water outlet T} 12.3C. The hot water inlet
temperature T can be calculated, using the ratio of the
flow rates (rotameter readings) of the hot and cold water
streams:

TL = 57.8 + (12.3 - 11.5)(74.5/83.0) = 58.6C
The temperature drop through the hot water film 1s:

Tq - Tyy = 57.8 -56.3 = 1.5
The temperature drop through the cold water film is calcu-
lated, using heat transfer coefficlients from MacAdams (29).
For the hot water, using MacAdams' nomenclature:

h = 150(1 + 0.011t)(v')0.8/(p1)0.2
and for the cold waterx:

(n/CpG) (Cpu /i )2/3 = 0.020(Dp/Dq )0+53(DeG/y )02

The thermal conductivity of aluminum is large enough that
the temperature drop through the wall of the columm can be‘
neglected. The ratio of the temperature drops through the
cold and hot water flilms calculated from the above heat
transfer coefficients is 1.83. Thus:

Twc - '1‘c = 1.83(1.5) = 2.7C
The average hqt_wgter'tempgrgturé 1si§8.gc and the average
cold water £émperature ié 11.9C., The average hot wall temp-
erature is 56,9C and the average cold wall temperature 1s
14.6C. Thus, the average temperature in the columm 1is:

T, = (58.2 +11.9)/2 = 36.1C
and the temperature;difference is: ‘

AT = 56,9 - 14.6 = L2.3C




8L .

The rotameter readings were converted to flow rates
using the callbration curves of Figure XVII. The den-
sities and viscosities used to calculate these flow rates
were evaluated at 26.1C, room temperature, and were taken
from Figures XIX and XXI , The values of s(sg - s)/m2
are: feed 6.20, top product 6.60, and bottom product 5.95
(gm/cm3cp)2. The values of viscosity are: feed 0.433 cp,
top product 0,417 ep, and bottom product 0,445 cp. The flow
rates are calculated as: feed 0,010 gm/sec, top product
0,0040 gm/sec, and bottom product 0.0058 gm/sec. The sum
of top and bottom product rates is 0,0098, which compares
to 0.010 from the rotameter in the feed. The former value
is considered to be the feed rate to the column. The rgtio
of top to bottom product rates 1is: £

p/B = 0,0040/0.0058 = 0,68

This compares with the value of D/B equal éaipzéa‘

from the compositions.

The spacing 1s corrected for thermal expansion of the

colum by equation 71, Thus:

a/ap = 1 - (23.6x107%)(42.3)(21.2 + 20.1/42.3)
= 0,978 | ,
where 23.6::10'6 1/°C is the expansién coefficiént>bf\éiumi—
num, 21.2 is the ratio R.y/a,, and 20.1 is the difference
between the reference‘temperature Bé.OC and the cold water

temperature 11.9C.

'

The transport coefficient K can be calculated as: o
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B

= 1,6 gm cm/sec
where the physical properties are evaluated at the feed com-

position and at the average temperature 1in the colum,.
Finally, the dimensionless group FL/L4K can be calculated:
FL/4WK = (0.0098)(306)/(4)(14.6) = 0.050
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TABLE 1V
Experimental Data
Cold
Water

Hot

(N¥umbers in parentheses denote rotameter used in the run.)
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TABLE IV - cont.

Experimental Data

Thermocouple EMF's - mv

Hot - Hot Hot Cold Cold
Water Water Wall Water Water
Outlet Inlet Outlet Inlet Outlet
2.297 2.242 2.2L48 0476 o 508
2.099 2.026 2.046 o.uu% .uee
2.010 1.932 1.962 o.h4L o473
2.003 1.895 1.955 0.549 0.572
2.328 2.165 2.282 0.607 0.635
2.49, 2.343 2.443 0.615 0,639
2.258 2.198 2.197 0.628 0,656
2.131 2.062 2,072 0.624 0.645
2.150 2.083 2.096 0.652 0.679
1.815 1.750 1,768 0.660 0.680
1.849 1.790 1,805 0.63 0.650
1.877 1.812 1.832 0.65 0.67
2.262 2.156 2.212 0.675 0.69
2.368 2,272 2.309 0.682 0.707
2.453 2.340 2.393 0.708 0.732
2.374 2. 2.318 0,708 0.736
2.431 2.283 2.375 0,710 0.739
0.880 0.880 0.875 0.733 0.738
1,067 1.064 1.051 0.733 0 737
2.15 2,053 2.110 0.720 0.742
2.42 2.310 2.373 0.713 0.738
2,677 2.540 2.617 0.735 0.762
1.570 1.535 1.540 0.732 0.745
1.518 1.473 1.483 0.751 0.758
1.559 1.512 1.531 0.769 0.786
2.273 2.210 2.208 0.768 0.792
2.200 2.132 2.138 0.818 0.838
2.218 2.050 2.052 0.772 0,808
2.398 2.240 2.348 0.702 0.732
.363 2.250 2.310 0.699 0.730
.358 2.279 2.300 0.741 0.768
2.288 2.212 2.233 0.742 0,758
1.&56 1.428 1.436 0. 742 .753
1.456 1.428 1.436 0.742 o 753
1.027 1.028 1.018 0.717 0.722
2.004 1. 952 1.965 0.724 0.742
1.962 1.882 1.923 0,883 0.804
1.857 1.776 1.830 0.7L46 O. 762
1.768 1.692 1.732 0.787
2,290 2.195 2.239 0.752
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TABLE IV - cont,
Experimental Data

Run Refractive Indices Room Temp.
Deg. C
Top Bottom Feed
Product Product

1-60 1.4285 1.4451 1.4386 26.1
1-61 1.4298 1.4466 1.4380 26.1
1-62 1.4300 1.4452 1.4377 25.0
1-63 1.4285 l.4432 1.4375 25.5
1-65 1.4275 1.4420 1.4342 25.0
1-66 1.4262 1.4420 1.4339 26,1
1-68 1.4512 1.4676 1.4608 26.7
1-71 1.4532 1.4678 1.4600 26.7
1-72 1.4550 1.4687 1.4600 25.6
1-73 1.4563 - 1.4695 1.4596 27.2
1-75 1.41495 1.4651 1.4597 28.9
1-76 14479 1.4649 1.4599 29.4
1-77 1.4493 1.4660 1.4597 29.4
1-78 1.4510 1.4660 1.4592 30.0
1-79 1.4580 1.4598 1.4590 26.7
1-80 1.4552 1.464h2 1.4589 27.8
1-81 1.4506 1.4653 1.4578 28.9
1-82 1.u494 1.4660 1.4578 30.0
1-84 1.4522 1.4633 1.4575 30,
1-85 1.4778 1.48,8 1.4818 30.6
1-86 1.4783 1.4852 1.4818 31.1
1-88 1.4783 1.4880 1.4815 33.3
1-89 1.4799 1.4886 1.4812 32,2
1-90 1.4762 1.4858 1.4816 30.
1-92 1.4880 1.4885 1.4815 32.2
1-93 1.4772 1.4879 1.4810 31.7
1-94 1.4756 1.4867 1.4810 32.8
1-95 1.3995 1.4025 1.4014 28.9
1-96 1.3997 1.4030 1.4013 27.2
1-98 1.3982 1.4028 1.4005 31.1
1-99 1.3982 1.4022 1.4003 30.0
1-100 1.3984 1.4018 1.4000 28.0
1-101 1.3975 1.401L 1.3996 28.0
1-102 1.3973 1.4020 1.3997 26.7
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TABLE IV - cont.
Experimental Data

Cold
Water

Hot
Water

1-103
1-10L
1-105
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TABLE 1V - cont.

Experimental Data

Thermocouple EMF's - mv

Hot Hot
Water Water
Outlet Inlet
2.147 2.058
2.175 2,098
2,205 2.125
1,758 1.698
1.745 1.683
1.710 1.648
1.798 1,758
1.708 1.658
1.776 1.730
1.815 1,765
1.928 1.963
1.857 1.888
1.718 1.750
1.868 1.908
2.173 2.238
1.765 1.840
2.715 2.785
2.708 2.765
2.015 2.082
2.033 2,093
2.042 2.097
2.127 2.141
2.060 2.074
2.029 2.040
2.008 2.020
1,809 1.818
1.830 1.840
1,908 1.918
1.952 1.962
1.898 1.906
2.834 2.85L
2.842 2.862
2.817 2.835
2.734 2.755
2.802 2.822
2.578 2.597
1.039 1,02
1,086 1.090
1.116 1.118

Hot
Wall

Outlet

2.092

2,124
2.143

1.715
1.704L
1.797
1.668
1.757
1.668
1.733
1.772
Inlet
1.959
1.878
1.738
1.898
2.212
1.792
2.740
2.715
2.762
2.058
2.070
2.068

Cold
Water
Inlet

0.724
0.695
0.698

0,688
0.682
0.685
0.712
0.712
0.711
0.740
0.711

0.765
0.773
0.810
0.82s
0.818
0.745
00718
0.689
0.721
0,708
0.692
0.668

Colad
water
Outlet

0,745
0.719
0.720

0.703
0,702
0,702
0.728
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TABLE 1V - cont.

Experimental Data

Refractive Indices Room Temp.

W
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Deg. C
Top Bottom Feed
Product Product
1.3984 1.4006 1.3995 27.8
1.3970 1.4018 1.3996 28.9
1.3967 1.4012 1.3993 25.6
1.4190 1.&282 1.4237 23.9
1.4191 1.4280 1.4236 25.6
1.4202 1.4269 1.4232 29,2
.u186 1.4275 1.4234 25,8
1.4193 1.4269 1.4233 31.1
1.4188 1.4277 1.4233 26,1
1.4209 1.4250 1.4231 30,3
.u208 1.4252 l.4232 30,
1.4200 1.4230 1.4219 34.2
1.4187 1.4212 1.4199 35,0
1.,188 1.4212 1.h199 33.1
.u188 1.4212 1.4199 30.9
1.4182 1.4209 1.4197 31.7
1.4214 1.4245 1.4228 24 .7
1.4210 1.4242 1.4227 28,6
1.4206 1.4240 1.4217 2h
1.4199 .u228 1.4217 26.4
1.4202 1.4229 1.4213 26.1
1.4200 1.4228 1.4211 27.5
1.42085 1.4275 1.4242 26,8
1.4202 1.4270 1.424L0 25.2
1.4200 1.4273 1.4240 27.8
1.4201 1.4268 1.42L2 25,2
1.4206 1.4254 1.4233 28.6
1.4198 1.4260 1.4230 26.7
1.4198 1.4253 1.4230 28.8
1.4198 1.4258 1.4222 25.0
1.4178 14241 1.4212 30.1
1.4180 1.4240 l.4215 28.3
14174 1.4238 1.4205 32,8
1.4172 1.4238 1.42085 29.4
1.4161 .u23o 1.4196 25.6
1.4158 1.4218 1.4187 29.4
1.4160 1.4200 1.4181 20.7
1.4172 1.4182 1.4177 23,0
1.4160 1.4198 1.4179 21.7
1.4157 1.4192 14177 2h.
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TABLE IV - cont,

Experimental Data

Rotameter Readings

Run

Feed

Bottom
Product

Cold Top
Product

Water
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Hot
Water
Outlet

1.466
1.523
1.599

1,088
1.552
1.797
1.707
1.810
2.290
2.397
2.447

1.304
1,056
1.392
1.047
2.560
2.468
2.605
2.551
2,052
1.918
1.888
1.898
1.823
1.918
1.775
1.801
1.769

1.819
1.901
2.864
2.974
2.764L
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TABLE IV - cont,

Hot
Water
Inlet

1.473
1.533
1.607

1.092
1.562
1.810
1.718
1.822
2.308
2.411
2.463

1.313
1.063
1.402
1.048
2.578
2.489
2.625
2.567
2,069
1.928
1.900
1.909
1.833
1.922
1.781
1.808
1,778

1.828
1.911
2.879
2.995
2,784

Experimental Data

Thermocouple EMF's - mv

Cold
Water
Inlet

0.669
0.638
0.648

0.639
0.618
0.622
0.628
0.637
0.651
0.630
0.640

0.654
0.643
0,635
0.6L4l}
0,622
0.619
0.619
0.626
0.654
0.602
0.619
0.629
0,601
0.631
0.573
0.591
0.57h4

0.495

0.502 .

0.498
0.460
0.478
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TABLE IV - cont.

Experimental Data

Run

Refractive Indices

Room Temp.

Deg. C
Top Bottom FPeeod

Product Product

1.4151 1.4200 1.4175 22.8
1.4148 1.4192 1.4175 25.6
1.41h2 1.4200 1.4169 27.0
1.4552 l.4622 1.4597 25.3
1.45L5 1.4630 1.4593 25.0
1.4555 1.4622 1.4592 30.0
1.4545 1.4629 1.4592 26.4
1.4553 1.4620 1.4591 29.4
1.4535 1.4626 1.4590 23.9
1.45 1.4619 1.4589 28.3
1.h542 1.4632 1.4589 26.7
1.4340 1.4390 1.4370 31.7
1.4339 1.4398 1.4365 28.6
1.4329 1.4406 1.4370 31.%
1.4340 1.4390 1.4368 27,
1.4320 1.4398 1.4362 30.8
1.4320 1.44400 1.4364 " 26.1
1.4319 1.4400 1.4360 29 .l
1.4330 1.4393 1.4349 26.7
1.4319 1.4395 1.4342 2l .7
1.4309 1.4372 1.4341 25.6
1.4300 1.4378 1.4342 2
1.4333 1.4398 1.4341 23.1
1.4308 1.4385 1.43L40 25.6
1.4290 1.4348 1.4340 2Lh.7
1.4300 1.4371 1.4340 2h.1
1.4292 1.4365 1.4335 25.3
1.43065 1.43190 1.43121 26,0
1.43075 1.43177 1.43132 27.2
1.4h3041 1.43160 1.43055 28.3
1.43007 1.43126 1.4304) 25.8




Run

1-60
1-61
1-62
1-63
1-65
1-66
1-67

1-68
1-69
1-70
1-71
1-72
i
1-75
1-76
1-77
1-78
1-79
1-80
1-81
1-82
1-83
1-8l

1-85
1-86
1-87
.1-88
1-89
1-90
1-91
1-92
1-93
1-94

1-95
1-96
1-97
1-98
1-99
1-100
1-101
1-102
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TABLE V

Summary of Calculations

F
en

sec

0.0098
0,0062
0.0128
0,0083
00,0062
0,0069

‘0,0053

0.0072
0.,0049
0,0655
0,0093
00,0097
0.,0158
0.0052
0.0083
0,0120
0.0139
0.0334
0.,0067
0.0048
0.0115
0.0109
0.0096
0.0106

00,0068
00,0113
0.0058
0.0083
0.0128
0.0491
0.0137
0.0360
0,007L

0,0052 -

0.0133
0.0061
0.,0063
0,0067
0.0116
0.0225
0.0107
0.0173

D/B from
rota- compo-
meters sition
0.68 0.63
1.00 1.03
1.08 0.97
0.60 0.6L4
1.18 l.12
0.97 1.01
1.03 0.63
0.95 0.68
l1.10 0.87
0.29 0.35
1.33 1.09
2.22 1.69
2.96 2.50
0.95 1.03
0.56 0.50
0.33 0.38
0.57 0.57
0.61 0.79
1.00 " 0,06
0.81 1.33
1.16 0.98
1.38 0.93
1.68 1.23
1.40 1,07
0.97 0.70
1.19 0.92
l.26 1.31
2.34 1.91
L.66 5.33
0.90 0.73
h.l2 3.00

12.50 I} .50
1.97 1.84
1.07 1.06
0.58 0.55
0.95 1.00
0.9 0.63
1.0 0.96
1.06 0.88
0,97 1.18
0.96 0.83
0.99 0.93

S
wt

frac

0.1k

T
0.134
0.131
0.129
0.141
0.150

0.128
0.125
0.096
0.113
0.105
0.101
0.128
0,123
0.135
0.132
0.118
0.10l
0,070
0.115
0.131
0.136
0.087

0,046
0.0L6
0,067
0.064
0,057
0.06l;
0.060
0,055
0,071
0.07h4

0.03
0.03

0.026
0,051
0.045
0.037
0,04l
0.052

N

50

VNN NIVN
v
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TABLE V - cont,

Summary of Calculations
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]
L

a
apn

0.978
0,979
0.982
0.982
0.983
0.980
0.979

0.982
00983
0.983
0.987
0.986
0.986
0.982
0.981
0.980

0.989

0.989
0.998
0.996
0.984
0.981

- 0.979

0.990

0.991
0.991
0.984
0.985
0.984
0.981
0.981
0.982
0.982
0.983

0.993
0.993
0.996
0.985
0.987
0.987
0.989
0.983

cm
secC

14.6

13.5

11.0
9.86
9.26

14.5

10.8
9.59
9.43
5.57
6.31
6.27

10.7

12,2

13.2

11.9

12.8
0.067
0.467
9.00

12.8

16.1
3.4l

2.35
5

P
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o
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TABLE V - cont,.

Summary of Calculations

Run F D/B from S
rota- compo- wt
sec meters sition frac
1-103 0.1045 0.79 1.18 0.024
1-104 0.0062 0.96 0.86 0.054
1-105 0.1237 0.74 0.73 0.052
1-106 0.0082 1.10 0.92 0,092
1-107 0.0209 0.99 0.94 0.089
1-108 0.0697 1.02 1.20 0.066
1-109 0.0093 0.65 0.78 0.089
1-110 0.0547 0.99 0.86 0,076
1-111 0.0109 1.07 0.92 0.090
1-112 0.151 0.83 0.91 0.042
1-113 0.153 0.84 0.83 0.0ul
2-1 0.0103 0.96 0.55 0.031
2-2 0,0059 1.13 1.15 0.028
2-3 0.0106 1.13 1.25 0.027
2-% 0.0092 1.27 1.25 0.027
2- 0.0102 1.06 1.18 0.024
2-6 0.0096 1.01 1,70 0.027
2-7 0.0151 -——— 0.94 0,033
2-8 0.0390 1.32 1.13 0,032
2-9 0.0045 1.06 2,00 0.036
2-10 0.,0053 1.03 0.58 0.030
2-11 0.0150 0.99 1.45 0.027
2-12 0.0358 1.75 1.64 0,029
3-1 0.0099 0.90 0.63 0.065
3-1la 0,0097 0.98 0.80 0.070
3-2 0.0049 0.95 0.70 0.068
3-3 O. ooua 0.98 0.5 0.068
3-5 0.0097 0,98 0.91 0.063
3-6 0.0266 0.86 0.6l 0.059
3=-7 0.0133 0.9l 1.4l 0.061
3-8 0.0600 0.80 0.91 0,065
3-10 0.,0289 0.85 1.06 0.066
3-11 0.011 0.96 1.00 0.068
3-12 0.0051 1.03 0,97 0.071
3-13 0.009L 1.03 0.95 0.0y
3"1,4' 000757 007 0083 00011
3-15 0.0100 0.9 1.05 0,039
3=16 0.0518 0.73 0.68 0.037
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TABLE V - cont,

Summary of Calculatlons

To a K FL
ar cm X

oC sec

35.8 0.984 5.72 1.40

35.8 0.983 6.25 0.077

36.1 0.984 6.27 0.151

30.7 0.988 L.25 0.149

30.6 0.988 .25 0.378

31.6 0.987 L .92 1.08

3004 0.989 3.7 0.191

31.h4 0.988 4.39 0.954

30.4 0.989 3.74 0.223

31.6 0.988 3.97 2.90

31.6 0.987 L.62 2.53

33.9 0.991 1l 0.0037

33.2 0.992 116 0.0026

31.8 0.993 83.5 0.0066

33.6 0.992 106 0.0045

37.5 0.990 186

31.8 0.989 194

h2.5 0.985 1,05

42.0 0.985 L02

LW2.7 0.985 Loy

34.3 0,990 179

34.3 0.990 182

34.0 0.989 189

35.0 0.983 9.26

33.6 0.983 8.86

33.5 0.984 8.23

33.2 0.984 8.67

31.0 0.987 5.82

30.8 0.986 6.19

32.0 0.985 6.95

32.6 0.985 7.29

31.9 0.985 6.75

ha.2 0.97h4 20.3

L42.8 0.975 20.3

L2.6 0.975 19.4

Lhi.s 0.976 18.2

L2 0.975 19.1

ua.% 0,978 15.5

39. 0.995 0.78

21.8 0.994 0.874

22.6 0.994 0.897

25.5 0.991 2.62




99.

TABLE V - cont,

Summary of Calculations

F
sec

0,0087

0.02L2
0.0058

0,0089
0.0073
0.0743
0.0127
0,126

0.0078
0,148

0,0060

0.0652
0.0083
0.,0089
0,0136
0.,0907
00,0132
0.0266
0.0050
0.128

0.0095
0.120

0.008s

0 0068
0.128
0.0068
0.0376

0.0121
0.07085
0.0123
0.0L86
0.00L8

D/B from
rota- compo-
meters sition
0.98 1.08
0.73 0.64
1,02 l.11 -
-—— 0053
0.93 O.Th
0.83 0.79
0.71 0.76
0.85 0.77
- 0.61
.77 0.61
- 0.87
0.56 0.69
- e 1o36
- - 0089
- 0.83
0.87 0.87
0,79 0.84
0.99 0.97
1.02 0.93
3.20 2.23
2e 2.19
O',é'i: 0090
0.85 0,82

1L .4 7.15
———— 1.35
0,17 0.16
m——— 0075
0.79 0.71
0.87 1.31
0058 0.79
— - 1.’-‘-9
1.76 7.50
0.87 2.22

wt
frac

0,050
0,046
0.061

0,055
0.066
0,052
0.065
0,053
0.071
0,061
0.071

0.0l
0,052
0.068

0.069
0,070
0.071
0,077
0,055
0.067
0.055
0.069
0.057
0,068
0,052
0.063
0.065

0.,0112
0,0091
0.0131
0.0106
0.0106
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TABLE V - cont,

Summary of Calculations

Run AT To a_ K E%
a cm

oc oc r Bee .
3-17 17.6 27.0 0,990 2.71 0.123
3-18 19.7 27.3 0.989 3.36 0.276
3-19 21.0 28.3 0.989 3,83 0,058
3-20 10,0 22,0 0.994 1.04 0.326
3-21 20,6 27 .4 0.989 L.46 0.063
3=-22 25.7 30.h4 0.986 6.92 0.410
3-2 25.6 30.6 0.986 6.87 0.69
3-25 35.8 36.5 0.981 13.3 0.023
3-28 1L .4 2,.8 0.993 2.11 1.18
3-30 16.6 25.6 0.992 2,81 0.120
3-31 8.9 21.0 0.996 0.791 0.657
3-32 41.8 39.2 0.980 17.7 0.197
3-33 1,0.2 38.2 0.980 16.5 0,031
3-35 h4i.5 39.1 0.980 17.5 0.011
3-36 30.5 33.7 0.985 9.30 - 0.527
3-40 26.4 30. 0.987 6.95 0.627
3-41 28.0 31. 0.986 7.80 0.033
3=-}2 26.2 29.4L4 0.987 6.76 0.736
34l 26.1 29.4 0.987 6.66 0.216
-2 32.7 30.0 0.994 5290 0.,000509
L-3 sii.O L1.1 0.990 15100 0.0000312
L~ 57.2 41.8 0.989 16900 0.000110
L-5 52.3 39.8 0.990 14,000 0.0000132
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TABLE VI
Total Reflux Calculations

Column Feed Separ- Separ-

HL (e
Comp ation ation ak
wt frac wt frac Factor
q
1 0.100 0.074 2.36 0.480 1.79
1 0.260 0.133 2,02 0.452 1.56
1 o.452 0.150 1.841 0.490 1.245
1 0.572 0.097 1.489 0.512 0.778
1 0.818 0.060 1,501 0.625 0.650
2 0.594 0.029 1.128 0.0577 2.08
3 0.261 0,072 1.455 0.202 1.85
3 0.462 0.072 1.337 0.215 . 1.35
3 0.598 0.070 1.338 0.235 1.2
L 0.489 0.011 1.045 0.00612  T7.19
Trevoy &
Drickamer 0.562 0.00525 1.0216 0.0184L 1.16
Column ; 1n ' [ g Vo &
Tr7EgT _
cm _ -
1 3.11x10-> 1.03 1.74
1 2.54 1.03 1.51
1 2.21 1.03 1.21
1 1.4 1.03 0.755
1 1.47 1.03 0.63
2 1.59 2.00 1.04
3 2,88 1.075 - 1.72
3 2,22 1,075 1.255
3 2.23 1,075 1.15
ly 1.965 6,00 1.20
Trevoy &

Drickamer 2.17 1.00 1.16
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FIGURE XVII a
ROTAMETER CALIBRATIONS
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FIGURE XVII »
ROTAMETER CALIBRATIONS
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FIGURE XVl
REFRACTIVE INDEX DEVIATION OF
N-HEPTANE-BENZENE MIXTURES

AT 25 C
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0.012

N
i 3
o [ \
L

1.38 140 142 144 1.46 1.48 1.50
REFRACTIVE INDEX : hn




105.

FIGURE XIX

DENSITY OF N-HEPTANE
AND BENZENE MIXTURES
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FIGURE XX
EXPANSION COEFFICIENT OF

N-HEPTANE-BENZENE MIXTURES
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FIGURE XXI .-
VISCOSITY OF N-HEPTANE
AND BENZENE MIXTURES
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FIGURE XXII
ACTIVITY COEFFICIENTS FOR
N-HEPTANE—BENZENE MIXTURES
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FIGURE XXIl
DvT FOR N-HEPTANE

AND BENZENE MIXTURES
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NOMENCLATURE

v U Q w &

H o O w2 2R 4 e "R S

a:<z<[_>a

)

110,

— L ~

Coefficient of (FL/L;.K)()'75

Bottom product rate - gm/sec

Top product rate - gm/sec
Diffusivity - cmZ/sec
Circumference or width of colummn - cm
Feed rate - gm/sec

Function defined by equation 28
Transport coefficient - gm/sec
Diffusion flux vector - gm/sec cm?
Transport coefficient - gm em/sec
Height of column - cm

Molecular weight

Mol fraction

Pressure - dyne/cm2

Heat flux - cal/sec cm?
Separation - weight fraction
Temperature - %K or 9C
Temperature difference - °K or ©C
Velocity vector - cm/sec

Molal volume - cm3/gm mol
Transport up column - gm/sec
Spacing - cm

Activity

Coefficlient of <x?

e - bSBiéhshéyifem)i




17,k
ke

e v B

¢ QO

u,v,w

X,¥52
K

ot

B

111.

Acceleration of gravity - cm/sec?

Unlt carteslan vectors

Thermal conductivity - cal/sec cm ©°C
Viscosity - gm/cm éec

Refractive index

Exponent of PL/LK

Density - gm/cm>

Sébaration fagtor

Time - sec

Velocity components of V - cm/sec
Carteslan coordinates - cm

Thermal diffusion coeffilcient
Relative thermal diffusion coefficilent

Coefficlent of expansion

*

Subscripts refer to the following:

> P g W W O Q W

Bottom product
Cold wall

Top product
Feed

Hot wall
Benzene

Float

Heptane'

Ideal value




Average value

Reference wvalue

- Total reflux

Component 1,k

112.
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