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ABSTRACT

An equilibrium still incorporating a wetted-wall ocolumn has been
constructed in which the reflux ratio, V/L may be varied from zero to high
values, Rectification runs were made with the system carbon tetrachloride-
toluene in which V/L varied from 04331 to 2.97. Vapor velocities were re-
stricted to the transition region between streamline and turbulent flow,
with values of ReG ranging from 1600 to 2700,

It was found that the data from these runs could be correlated by
using the methed of Lewis for evaluating m, the slope of the equilibrium

curve, in the theoretical transfer unit equation
mV.
HUpg = HIUg+ =mrU,

Extending Lewis's evaluation of m, there are two distinct values available;

one, m', for the HT'Upg equation, the other, m", for the equatien
HTU,, = HIUp + Lo mry
oL L™ mmy &6

These averages make possible an indirect method of determining HTU; and HTUg.

Further work will be needed to substantiate the use of m' and m".



AN INVESTIGATION INTO THE EFFECT

OF REFLUX RATIO ON HEIGHT OF A TRANSFER UNIT

INTRODUCTION

"The unit operation which consists of bringing a stream of liquid end
a stream of gas countercurrently into direct contasct to allow sponteneocus
interphase transfer of their constituents and of enthalpy is called 'recti-
ficetion' if the incoming liquid is supplied by condensing part of the gas
leaving, or if the incoming gas is produced by reboiling part of the liguid
leaving," (5).

The equipment used to bring about countercurrent gas-liquid contact
is fairly well standardized, (1, 17, 22). The actual contact takes place in
a2 colum or tower. The gas is usually provided by vaporizing in a "boiler"
part of the downflow or liquid passing down the column. That part of the
downflow which is not vaporized in the boiler is drawn off as "bottoms."

The vapor from the boiler passes up the column where it makes intimate con-
tact with liquid passing down the column. After having been thoroughly
"scrubbed™ with liquid, the vapor leaves the column and is condensed in a
condenser., The condensate is then divided, part returning to the top of the
column as "wash" liquid or reflux, the remainder drawn off as a product,
This product is usually the primary purpose of the rectification. The feed
which may be a liquid, a vapor, or a mixture of vapor and liquid, is
generally fed to the columm at some point between the top and bottom. There

are various types of rectification, the type described above being one of

the simplest,



This work is concerned primerily with the column used for bringing
the gas and liquid inte contact. There are two general types of columns -
the plate column and the packed columm. The principal type of plate column
is often referred to as a bubble-cap tower. A simple bubble-cap consists of

e short nipple on which a eircular eup-

Sownspout
shaped cap rests. The vapor passes up /
through the nipple, reverses -direction / /(//"“5*”"5' cop
ﬁ welr g
and flows down through the annular / /f?u."a’_rr level _\ §
7
space between the outside of the mnip- f v@ﬁ 1 N
1
ple and the inside of the cap, thence / vapor up E
5 Y
through slits in the sides of the eap VA A N
a’owns,cwm"‘_/

and into the liquid as a stream of fine

bubbles. The tray, or plate, supporting the bubble-cap, may support many
bubble-caps, depending on the tower design. The tower may have as many as
fifty trays, depending on the difficulty of the separation involved. The
liquid, fed to each tray from the tray above by means of a dowmspout, flows
across the tray, over and around the bubble-caps, to a weir at the top of
the downspout feeding the next tray below. The weir height determines the
depth of liquid on that tray. A column made up of one or more such trays
is generally referred to as a plate column,

The other principal type of columm, and the type this work is con-
cerned with, is referred to as a packed column. The interaction between vapor
and liquid can be efficiently secured by filling a plain tower with suitable
packing material, Much work has been done on the selection of the most
economical packing material for many liquid systems, Depending upon the
system, packing materials have been recommended ranging from coke lumps

and broken beer bottles dumped into the tower, to a large assortment of



specialty packing materials such as Berl saddles, Lessing rings, Stedman
packing, and McMahon packing. The choice of packing material is dependent
on the economics of the particular case, the corrosiveness of the system,

as well as the amount of the gas-liquid interface required. Some means is
provided in packed columns for evenly distributing the liguid reflux over the
top of the packing to prevent channeling.

In recent years, tests have been made which show that the packed
colum is very efficient at high reflux ratios. Other potential advantages
of the packed column over the plate column are (a) lower pressure drop,

(b) lighter weight, (c) shorter colum height, and (d) cheaper and simpler
construction. Consequently, the industrial use of the packed columm has
shown some increase in the last few years, and research and development on
this type of equipment has increased many times.

The performance of wetted-wall columns is of interest for several
reasons - primarily because the data throw light on the mechanism of mass
transfer for the systems studieds The interfacial area is fixed and definite
and the conditions of turbulence in the gas stream are standard and reproduc-
ible. Such data, when available, may be used in the solution of many prob-
lems in engineering design.

The addition of packing to a wetted-wall colum and the addition of
a liquid distributor and a vapor distributor at the top and bottom of the
colum, respectively, convert the column to a simple packed colum. This
greatly increases the interfacial area, as well as decreasing the film thick-
nesses at the interface, but the mechanism of mass transfer remains the
same.

Packed columns have been used for countercurrent contacting devices



for many years. Probably the first publication directly describing a packed
column, for laboratory use, was that by Hempel (9) in 188l. However, the
development of methods of calculation and consequently the use of packed
columns for distillati on was retarded by a lack of understanding of rectifi-
cation. These were first expressed in useful mathematical form by Sorel (21)
in 1899.

Peters (19) is generally credited with being the first to formulate
a mathematical concept for the comparison of the fractionating abilities of
different heights of packed columns and the different sizes and types of
packings. In the case of packed column distillation, his "Height equivalent
to a theoretical plate" (or H.E.T.P.) is the height of packing that will
give the same separation as one theoretical plate; that is, a section of
packing of a height such that the vapor rising from the top of the section
will have the same composition as the vapor in equilibrium with the liquid
flowing down from the bottom of that section. In order to calculate the
height of column required for any desired separation, if experimental values
of H.E.T.P are known, it is only necessary to "step-off" the required number
of theoretical plates on a McCabe-Thiele (15) diagram, and multiply this
number by the appropriate H.E.T.P.

Peters's concept has been very useful in the design of packed columns.
However, it is based on the concept of plates or steps as would occur in a
plate colum. The enrichment in a packed column actually takes place in an
infinite number of differential changes.

The recent introduction of the transfer unit concept by Chilton and
Colburn (2, 3) treats the packed column from a fundamental standpoint.

Peters's H,E.T.P. varies sharply with mass velocity, as does the mass



trensfer coefficient, K. H.E.T.P, has only one dimension, length, unlike the
transfer coefficients The height of a trensfer unit (or HIU) also has only
one dimansioﬁ, length. But, unlike the HeE.T.P., HTU, in many ceses, varies
only slightly with mass velocity. Hence, approximate values may be easily
kept in mind.

The apperent utility of the transfer unit concept is appealing. How~
ever, universal adoption has been retarded by the lack of a thorough experi-
mentel evaluation. It was the purpose of this work to comstruet an equilibe
rium still incorporating a wetted-wall column with which an experimental

study of this concept could be instigated.



PREVIQUS WORK

Following Chilton and Colburan's introduction of the trensfer unit
concept in 1935, the data of Gilliland and Sherwood (8) on the vaporization
of pure liquids were recalculated showing the dependence of HIU on the
Reynolds number, the Schmidt number, and the column diameter in a wetted-wall
colum. This equation,

HTUpq [+ % B 0,56
= 10,9 (Reg) (8ce)

agreed with the equation of Chilton and Colburn,

—-— 0.2 04,67
06 = 10.9 (Reg)  (Seg) .

'd‘t

The latter equation is not restricted to the vaporization of pure liquids,
However, both equations require the Reynolds number of the gas phase to exceed
2100, In both of these eguations, Reg and Sc@ refer to the gas phase and u,
the vapor velocity, is taeken reletive to the column wall,

Johnstone and Pigford (10) published an equation based on data similar
to the two above equations but differing in that the Re was calculated with
the vapor velocity relative to the moving liquid surface. Johnstone and
Pigford also obtained data for the rectification, at total reflux, of three
binery mixtures, toluene-ethylene dichloride, ethyl aleohol-weter, and

acetone-chloroform. Their equation is

HUpe - 0423 0.67
= 7.63 (Reg) (8cg)

dg



Their values of the Re; were in excess of 13,200,
Cohen (4) states that the value of HIU,, is proportional to the column
diameter and approximately proportional to Reg X Sci except at low values of

the product where HTUpg approaches a minimum value of 048 at Reg X Scg = 4.19
dy

due to the incressing influence of diffusion parallel to the axis of the column.
He concludes methematically that in cases of laminar flow of both phases, the
liquid phese resistance is less than 10% of the vapor phase resistance pro-

vided the liquid layer thickmess is less than 0.015d.

Cohen's equation is

2
HUpq (1+ (Reg Seg) )
—= 0.224 5
t - RBGsBG

Peck and Wagner (16) presented a relationship which provides a means
of estimating the fraction of the total resistance provided by the gas phase,
The derivation is limited to total reflux dperation, and, for lack of data
on ky, essumes kj, and k; constant throughout the tower. Teir own data taken
with Reg = 4100 on the three systems, methyl alcohol-water, acetone-water,
and isoproponal-water, indicated the gas phase resistance to be 94% to 100%
of the total resistance to mass transfer in a wetted-wall tower. Data from
the literature on wetted-wall towers substituted in their relationship showed
90% to 100% of the total resistance to mass transfer to be in the gas phase.

Suroweic and Furnas (22) conducted tests in a wetted-wall column with
an alcohol-water mixture from which they concluded that HTU is a complex
function of the properties of the system and hence could be represented only

by very complex equations. These equations ares



0,17 0456
du
HIUg = 387 (—2)g e

U, 38 %Z ((}4/:';4 Ll/:s) 2/3

- M DL Zs5.,-2/3
HIUy; = 0.033Z = (ﬁ"ﬁf)

d
+ 587 (5L Q1T(E)258 ()

dg@ 0y 0,17, _« 10,56

D, Z
L %%, o

0,033z M_ Ly - 2/3 mV

¥ Wr, G By, 7) T

3,&,,,1/3

. where By, = G;;%EJ
L

Furnes and Tayler (7) suggested averaging the slope of the equilibrium
curve over the column in a mapner similar to that used in averaging the values

of heat capacities of gases. Thus, they defined

oo L] L]

Y T 0N

This velue of m has been used in the fundamental HTU equation of Chilton
and Colburn with the same success. However, m,, has little in the way of
theoretical support for this usege.

Suroweic and Furnas used a value of m, designated as m, which was



defined

As will be shown later, this will be truwe if, and only if, the liquid-vapor
egquilibrium curve is known or may be assum;d to be a straight line.

Ducan, Koffolt and Withrow (6) conducted tests in a packed column
five inches in diameter and packed with % inch Rasehig rings to a height
of nine feet. The tests were conducted over a period of five years and used
five systems to study thoroughly the effect of m, the slope of the equilibrium
curves, The binery systems studied were:

l¢ Carbon Tetrachloride-Benzene

2. Trichloroethylene-Toluene

3« Methanol-Water

4, Acetone-Water

5., Bthanol-Water
Their investigation brought out the following points;

"1, The performance of a packed column was found to be affected
by the vapor-liquid ratio, G/L, the average slope of the vapor-liquid
equilibrium diagrem, myy, and the rate of throughput,

"2. Plotting HIUyy versus m,, with G/L as a parameter gave a
satisfaoctory, practical and simplified correlation of the results.”

Ducan, EKoffolt and Withrow used the seme method of averaging m, the

slope of the equilibrium curve, as that used by Furnas and Taylor (7).
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THEORY

Considering only binary mixtures, it is assumed that owing to the
diffusion of the more volatile component in the vapor, the concentration
of this component in the fapor increases continuously as the vapor passes
upward, rather than in steps as in a plate column.

Consider a section of a packed column of height Z. Over a differential

height, dZ, the partial pressure of the low boiling

component in the vapor is increased by a differen- ;
tial amount, dp, and since in distillation, the
total moles of vapor passing a given point remains dZ
essentially constant, the differential rate of
increase of moles of low boiling component in the 4
vapor is given by
Ml = % 5 5 5 5 s 50 e e (1)

This rate must be equal to the rate of transfer by diffusion which

may be expressed:
df = KAp dA = KaapSdZ = = = = = = = = = = (2)

For this case, when diffusion occurs eqﬁally in both directions, the
mass transfer coefficient K, is theoretically independent of the partial
pressure of the component considered (13).

Combining Equations 1 and 2,

#A1l definitions of symbols used in this and subsequent equations
will be found in the table of nomenclature, page 5Sle



L

S =BINE. s n oo se s s emns =i

To obtain the height of columm required for any given separation,

integrate Equation 3,

Py
/ G TIE owows e we s e e (@)
Ap G

Py

and solve for Z,
L)

Z= __ G _EE. @ w8 e =5
ap

P1

Thus, if the wvalue of Ka could be predicted, the height of a columm
to produce any desired separation mey be determined.

Consider, however, the quantitys

P2

ap
Ap°

This quantity may be thouzht of as a measure of the dirficulty of any desired
separttion ~ in a manner similar to considering the required number of
theoretical plates as a measure of the difficulty of a separation to be carried
out in a plate tower, This similarity led Chilton and Colburn (2) to refer

to the above integral as, "The number of transfer units,” Thusg the number

of transfer units is
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P2 Y2
Yo = & = & s (6)
Ap ay
P1 Y1

if the driving forces are expressed in terms of mole fractions instead of
partial pressures.

Thus, without considering the total moles being transferred, amy problem
may be expressed as the required number of trensfer units. Hence, if experi-
mental data are available as to the value of the height per tramsfer umit (HTU),

the determination of packed column height merely involves the multiplication
Nog X (HIU)gg = Z.= = = = = = = = = = = - = (7)

As a matter of interest, the relationship between HTU and K is seen

from Equations 5 and 6 to bes

HTUOG=Z =

Y9 = G
T w Gk

ceeeee = (8)

and az <Fgg= dy~=-=~==-~-- --=-=== (9)
HTUoG Y’

The HTU concept is similar in some respects to Peters's (19) H,E.T.P.

Determination of the Number of Transfer Units

In rectification, a relationship can be derived between the vapor
composition y and the liquid ecomposition x leaving any cross-section above

the liquor feed level as:
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and below the feed level:

Yol =fslpyssanme s nass s o)

These equations, known as the equations of the operating lines, are
determined solely from the conditions of operation. The reflux ratio, (%),
can be taken as constant on the assumption that the components of the mixture
have approximately equal latent heats, negligible heat of mixing and that
the temperatures change through the column and the heat losses from the
column can be meglected.

These equations with the liquid-vapor equilibrium curve permit the
solution of Equation 6 for the general case, This involves choosing a number
of values of x between x; and xp, calculating the corresponding value of y
from Equation 10 or 11 and at the same value of y, obtaining values of y*
from the equilibrium curve,

A plot is then made of L v y and graphically integrated between

ye -y
Y1 (composition of vapor entering the colum - in equilibrium with xy) and

Y2 (composition of vapor leaving the columm - product composition) to obtain
N = number of transfer unitse

Relation to Overall HTU to Single Film Values of HTU (3)

Consider a point in the column where x = mole fraction of solute in
liguid, and y = mole fraction of solute in vapor.

Just as the HTUpg may be defined as in Bquation 9,
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dz‘[]’ . = dx - - - - L s 2 "‘(9)

oG y*~y’

the other values of HIU may be defined in a similar manner:

0.
B3
n
.F"

]

I

]

i

1
1

I

]

]

]

]

]

1

[]

1 ]
-
(v}
—

o,
™
1

4z - dx
HTUY, X - Xj-

........... u o o P

Solution may be made for HTUpg in terms of the single film values of HTU in
the following manner i

Eliminate %7: from Equations 9 and 13,

HTUgg = HTUg ="")-------------(15)

Yy =~ y)’°
Now Y* =¥y = ¥* ~yi ¥i~ %
il iy
or Y2 oY 214+ XX e - - o - - - == = (26)

Yi =¥ Yi =¥

If we consider the equilibrium curve a straight line of slope m

over the small range y* - y;, then:

y*¥ =y = (X = Xj) === == === - (17)

By substituting Eqdation 17 in Equation 16,
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Hadick AEPR TN W ¢ BT [y (18)
3 T ¥ YL~y

and Equation 18 in Equation 15,

g = HUo + MU Mlrom) ... (19)

Solving for x - xj from Equation 13 and Equation 14,
i~

X - X HTUde
Y. ~ 5y HTUGdy‘

Vdy = Ldx
A =V oo - O -
or &I (21)

Substituting Equation 21 in Equation 20,

X‘31=HTULV

1tz L e eeeeaa---a- (22)
and then Equation 22 in Equation 19,
HTU mpV

og = HIUg+ = Bllp:s £ 2 2E 3% s =R e = (23)

In & similar manner, HTUy may be derived as

HIUny = HTU, + L - == .= -m = =(24



17

The significance of the term.%z mey be seen more clearly when

m g 8lope of equilibrium curve
i /v slcpe of operating line

It may be seen that if mg does not differ greastly from my, solving
Equation 23 and Equation 24 simultanecusly will produce an average figure for
the two, m; and my. Hence, by substituting the value of HIUg from Equation 23
in BEquation 24, and assuming mg = my,

HUog ~ §v

or m =

If the equilibrium curve is known, o; may be sssumed to be a straight line,
m may be calculated as m.

However, it should be noted that while

mL - 1 "R (17)

]
¥
*
]
g1
|
]
1
]
]

PET sasn abHebadmims ks (28)

m
G a -
Xj o X%

Hence, my 1s the slepe of the chord cerrespending te the resisteance of the
vaper phase to diffusion, and mg is the slape of the chord corresponding to
the resistance of the liquid phase. The two slopes are generally quite
different, Thus, for the usual case, the result of the substitution indicated

in Equation 25 would be:
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Similarly, HTUgg

HUg (1 - ZL) | mV
mg

T_HIUOL'- Ll e s (28)

It will be seen from Equation 8 that HIUpg has a definite relation-
ship to Kgae Since K.a varies directly as uO.B, HTUgg should be substentially
independent of gas velocity. Similarly, HTUz = V'/kgye, and since kg varies
as uo'a, HTUg may be considered relatively constent with respect to ges
velocity. In a like manner, HTUp = L'/kza. Now kp = ¢ LP, where ¥ and n are
dependent upon the system considered, and n frequently approaches the walue
of one. Hence, HIU; may be considered relatively independent of the liquid
flow rate,

Now if HTUz and HTUj, may be considered comstant, according to Equatien
23 a plet of HIUgyg versus mV/L would produce a straight line. The intereept
of this straight line with the HIU exis would be equal to the value of HIU,
while the slope should produce the value of HIU;.

It should be noted, however, that a plot of Equation 23 will not pro-
duce a perfectly straight line. B0 = V'/kga which, since kga is proportional

to u0*8, means that HIUg is a fumction of (V')°*2

o HIU; is also known to be
affected by the gas viscosity. Similarly HIUp is slightly affected by the

flow rate as well as the viscosity.
Another method for obteining an average value of m (see pages 8, 9)

has been suggested by lLewis (12). Multiplying Equation 23 by Equation 9,

v my dy
= HIT '+ AU/ 2 -
G/y" Iﬁ’l-y'
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m' may be def'ined by the relation

dy m'V d
Z=IEU%‘_y+L HTULﬁ%_;-}-.

Solving for m'

why 7Y  camaaw R ——— )
/EY_
- A
Consideration of m' will show it weighs m most heavily in the regien where
the operating line is closest to the equilibrium curve, hence the region whieh
accounts for the greater part of the height of the tower,

It should be noted that m' corresponds to my in the previous equations.

A similar derivation developes & corresponding evaluation for the average mg -
pi -
n _ X - X%

‘/".E"_‘“"'
m{x - x*)

If further work substantiates the use of m' and m" in averaging m, Equations
27 and 28 should provide a means of evaluating the individual HTU's. And
the use of the individual film values of HIU should prove more satisfactory

in correlating column perfermance data then the use of the overall HIU's.
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APPARATUS

The primary requirement for the column wes the wetted-wall. A liquid
distributor hed to be used that would evenly distribute the reflux over the
circumference of the colummn. The column should be adiabatiec and some means
had to be devised in order to mppreach adiabatiec operation. In order to
study the variables under stripping as well as exhsusting conditions, some
meens had to be devised to vary the reflux ratio, L/V, from zero to very high
velues - well in excess of the total reflux value of L/? = 1 (Figure 2). The
column meterial had to be of such a nature that a wide variety of systems
could be used without danger of having corrosion effects enter inte the prob~
lem,

Column

The eolurm proper was fabricated by Ace Glass Company.

The reflux inlet to the reservoir is located at the base of the reser-
voir and 1/2 inch to 3/4 inch below the overflow lip (Figure 3). This sub-
merged inlet, at the flow rates involved, produces an even overflow of reflux
over the lip. So long as the reflux flow rate exceeds a certain critical
flow, the column wall will be evenly wetted over its entire length.

The reflux outlet is located at the base of a collector well in the
base of the column (Figure 4)., The vapor inlet extends up through this well
above the reflux outlet and hence prevents apy of the liquid flowing dewn
inte the boiler through the vaper inlet.

Four holes, approximately 3/32 inch in diameter, were blown approxi-
mately 13-1/2 inches apart along one side of the column for thermocouple
entrances. These couples, with couples at the top and bottom were designed

to measure conditions in the columm.
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All tubing connections were provided with spherical joints of the
appropriate size to facilitate installation and maintenance.

The thermocouples extending into the columm were inserted and then
held in place with Saureisen - a liquid porcelain cement. The column was
then wrapped with 1/8 inch asbestes sheet. Thermocouples in the lagging were
installed - held in place by cotton strings - and a second layer of 1/8 inch
asbestos sheet placed on the column. The heating wire was then wrapped
around the column - comsisting of three 600-watt nichrome heating elements,
each stretched to about 17 feet, and connected in series. This heating ele-
ment extended only over the wetted-wall portiom of the column.

The colum was then wrapped with 3/16 inch asbestos rope and finished
with a 1/2 inch layer of magnesia (Figures 26 and 27).

The boiler was alse fabricated on order by Ace Glass Company. It con=-
sists of a one liter, three-necked flask fitted with three 35/25 mm female
gpherical joints and two 18/7 mm female spherical joints as shown in Figure
5.

A GlasCol, hemisphere type, heating mantle which produces up to 600
watts provides the heat. A similar mantle was molded, using magnesia insul-
ation, to fit over the top of the flask to reduce heat losses from this
section (Figure 28). The GlasCol mantle support was hooked to the steel frame-
work, with springs which kept the joints betwsen the column and flask under
a slight pressure.

Flowmeters
The flowmeters are of the orifice head type ~ also fabricated by Ace

Glass Company. The orifice type meter was selected to provide the lsast
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change of calibration with change in density and viscosity. The construction
of these meters is shown in Figure 6.
Vapor Line
The vapor line provides the extra reflux for the values of L/V greater

than one. The vapor line is made up of 1 inch glass tubing, and is provided
with several 35/25 mm spherical joints to facilitate assembly and disassembly.
The tubing was first wrapped with 1/8 inch asbestos sheet. Then two éOO-watt
nichrome heating elements, each stretched to about 17 feet in length, were
wrapped around the asbestos sheet, one over the top half and the other on the
bottom half of the vapor lines Then ons layer of 5/16 inch asbestos rope was
placed on the vapor lines,
Feed

~ The feed solution may be fed to the pot through a separatory fumnel
fitted with an 18/7 mm male spherical joint on the draw-off leg.

Superheat Section

The line feeding the vapor from the top of the column to the condenser
is 1 inch glass tubing, fitted with a 15 mm stopcock to control relative flow
through the colummn and the vapor line. This section was superheated to pre-
vent any condemsation on the wall of the tubing with the resultant fraction-
ation.

This section was fabricated in several sections to provide sase of
assembly and disassembly. The superheat line was wrapped with 1/8 inch
asbestos sheet and then a GOOdwatf nichrome heating element was cut in sections
proportional to the length of each section of tubing and wrapped around the
asbestos covered tubing. The sections were then wrapped with 3/16 inch

asbestes rope.
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Reflux Preheater

The line feeding the overheads from both the vapor line as well as
the column to the top of the column was wound with a nichrome wire heating
element to provide the column with hot as well as cold reflux.

The heated section of the tubing was fabricated from a conventional
laboratory reflux condenser of the type used in organic laboratories. The
condenser was inverted with the prongs pointed upward to provide mixing of
the reflux and was fitted at the bottom with an 18/9 mm female spherical
joint. (8ee Figure 7). The top, in addition to having the feed leg to the
top of the column had a small condenser mounted vertiscally above the pre-
heater. This condenser was necessary, since in many of the runs, the reflux
was run in at the boiling point and any loss would necessarily changs the
operation of the column from the conditions of equilibrium. If the top of
the preheater had been sealed off ~ that is without a condenser, the feed,
entering at the boiling point might be a mixture of gas and liquid producing
surges through the 7 mm tubing entrace to the column and thus disturbing the
smoothness of the wetted-wall surface. The feed leg from the preheater was
tilted down at an angle of ebout 20 degrees from the horizemtal to permit
any gas bubbles to return to the higher liquid surface under the condenser,
Framework

The support for the column was made up of steel 1-1/2 inch equal angle
sections, A box-type frame was constructed te hold the column with leveling
screws near the top of the column. The column was supported at the base of
the frame on a wooden block carved out to match the curvature of the lower
part of the asbestos and magnesia covered columm.

This framework, bolted both to the floor and to the ceiling, gave the
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support needed for the angle~iron and strap~iron cross pieces which supported
the 1/4 inch steel-rod uprights which in turn supported the auxiliary glass
tubing, flowmeters, etec., in the setup.

Auxiliary Equipment

The thermocouples, twenty-two in number, made up of #24 copper and
constanten wires, were connected through switches to a leeds and Northrup
type K potentiometer and thence to 2 cold junction set in cracked ice in a
Dewar flask. Copper leads were used in this hookupe.

During the latter phases of the work, a Gemerzl Electric automatie
potentiometer and milliammeter were used to make the thermocouple readings.
The use of this potentiometer in place of the type K potentiometer cut the
time required for a set of readings from twenty minutes to approximately five
minutes,

The heating coils as well as the GlasCol heating mantle were controlled
with seven Variacs mounted on a common switchboards (See Figure 29)., Each
Veriac was connected through a suitable switching arrangement to a common
ammeter and a common voltmeter. Thus the current drain of each heating coil
could be ad justed and held constant during the run. A constant voltage trens-
former of the saturable-core type controlled the power input to the switchboard.
(See Appendix III).

A Bausch and Lomb precision type refractometer No. BK-574 using a
sodium vapor lamp was used in making the analysis. The temperature of the
samples was mainteined constant during the readings by utilizatiom of a cen-

gtant temperature water bath,
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PRELIMINARY WORK

The preliminary experimental work may be divided into four parts;:
(1) the selection of a system to use in the tests; (2) calibration of the
instruments needed; (3) performing preliminary runs to check operation of the
equipment to obtain satisfactory performance; (4) condueting further pre-
liminary runs to establish the proper experimental procedure for the colum
operation,

Selection of a System

The benzene-toluene system was preferred because of the abundance of
data on the system, both physical data as well as operating data. However,
probably the only accurate method of obtaining en analysis on the system is
by use of the boliling point method using an appropriate boiling-point
apparatus. The absence of any departmental equipment of this type eliminated
this method, and hence this system.

The toluene~-carbon tetrachloride system was promising because of the
ease of analysis - either by specific gravity or by refrgctive index. Also
physical data were obtainable in the literature.

The system had a negligible heat of mixing, and though the latent
heats showed some variation, this was not deemed serious, These chemicals
were readily available, and consequently, this system was chosen.

Calibration of Instruments Needed

2. Flow Rates. The flowmeters were calibrated under actual operating
conditions. The boiler was filled with a 50-~50 (by volume) mixture of toluene
and carbon tetrachloride. Vapors from this solution passed up the column,
were condensed in the condenser and were then run through one of the flowmeters.

The flow not collected was returned to the boilere For an interval timed by
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a stop-watch, the efflux from the flowmeter was collected in a graduated
cylinder., The condensate temperature was checked before and after each col-
lection as read by the thermocouple in the liquid line,

BEach flowmeter was calibrated in turn. The ocondensate temperatures
were varied over a twenty degree range and found to cause little variance in
the volumetric rate of flow. Of necessity, the composition of the condensate
changed somewhat during these runs and provided a check on the variation of
flow rate with composition.

These flowmeter calibrations were checked twice during the series of
runs.

b. Temperatures. The copper-constantan thermocouples were checked

before installation with the beiling points of benzene, water, and toluene,
and the melting point of ice. Any couple not producing constant electro-
motive force of the correct magnitude was replaced at this time., Extra
thermocouples were made up and calibrated above the number required in the
apparatus. Any couple failing to give constant readings at any time after
installation was replaced with another calibrated thermocouple. This pre-
caution paid off many times, since, although it was not forseen, a definite
corrosion of the thermocouples was evidenced, and many corroded apart,

The cold junction was meintained at 32F by placing it in a Dewar flask
filled with cracked ice. The electromotive force produced by the thermocouple
was read by use of a Leeds and Northrup type K potentiometer. The zero
setting of the potentiometer was checked prior to each set of readings - both
in the calibration of the couples as well as during each run - against a
standard cell,

Ce Analysis. A Bausch and lomb precision type refractometer was
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used for analyzing the samples taken from the column. The instrument was
calibrated by setting the scale at the proper reading, when the correct
diffraction pattern had been obtained, for the standard glass specimen
supplied with the instrument,

A series of semples were made up gravimetrically ranging from pure
toluene to pure carbon tetrachloride., The reading of the instrument was read
for each of these samples. A curve was drawn plotting the scale reading of
the refractometer versus the mole fraction carbon tetrachloride. Seven points
were taken initially. These points were checked with three additional pointa
taken between the seven initial points.

Preliminary Runs

The first run, by its excessively high value of HIU, indicated the
possibility 'of channelings When the column alignment was checked with a
plumb, the column was considerably out of line with the vertical. After align-
ing, the HTU dropped considerably.

It was decided that in order to check for channeling during the runm,
three square blocks should be cut out of the insulation at the base of the
colum. By cateching the reflection of a movable seurce of light from the re-
flux film on the column wall, the relestive evenness of the film flew could
be determined. It subsequently was discovered that the floor, om which the
frame was mounted was settling, apparently, since the cclumm had to be
aligned practically every day.

The first runs also indicated clearly that with the preheater as
originally installed, which consisted of an L-shaped piece of 7 mm glass
tubing, heated with a nichrome wire heating element and wrapped with

asbestos rope, the reflux temperature had to be maintained considerably
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below the boiling point of the reflux. When approaching the boiling point,
vapors formed in the preheeter which, in passing through the 7 mm entrance
to the column reservoir, produced surges, disturbirg the evenness of the
film. In some instances, channeling was detected.

Thus, the preheater was redesigned as shown in Figure 7. This change
permitted & much cleser approach to the boiling point of the reflux,.

At this time, a means of sampling the liquid film out from the bottom
of the column was installeds This enabled heat and material balances to be
made on the tower to check each run.

Runs Establishing Procedure of Operation

It was found that the use of stopcocks to adjust flowrates is a rather
crude method. Consequently, the L/V desired was roughly adjusted and then
the run made to equilibrium with further adjustment. Continual manipulation
of the stopcocks resulted in a run which would take eight hours or more to
obtain equilibrium, By only roughly adjusting the L/V, equilibrium was
approached in four to five hours.

Consequently, the reflux ratio was set approximately at the beginning
of the run. The voltage was adjusted on the base heater and approximately
adjusted on the column heaters, the preheater and the vapor line, if used.

If the readings of the thermocouples indiceted that any one of the heaters
was drewing too little or too much current in releation to the other heaters,
this was adjusted during the first two or three hours,

The preheater was adjusted for the majority of the rums to provide
hot reflux, It was found that, by adjusting the preheater Variae to provide
just enough current through the coil to cause a slight amount of condensation

of the vapors in the condenser over the preheater, the reflux would enter only
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a few degrees below its boiling point.

When three consecutive sets of readings indicated no appreciable
change, that is, no chenge for a period of one hour, it was assumed "equi-
librium™ had been attained. The flowmeters were probably the most sensitive
teo any change,

At this time, the system was sampled. The samples consisted of about
three cubiec centimeters of each stream, collected in liquid form. The streems
were sampled in the following order: the sample of the overhead product was
teken first, the vapor line, when used, was sampled secondly; the wvapor
entering the column was mnext sempled and then the liguid film from the bottom

of the columm was sampled.
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TABLE I (CONT'D)

SUMMARY OF DATA

Run Ko 38 36 37 38
V/L 0,545 04331 1,596 2497
Nog 1,945 2,32 0476 04341
NoL 0.882 04599 04939 0,755
HTUqgg(£t) 2431 1.94 5492 13,2
BTV (£4) 5.1l 7438 4479 5.96
By 0.604 0.616 0,664 0,612
m' .82 T4 «943 «937
m" 569 «581 664 681
mgy V 0329 04205 1.06 1.82
T
m'V «446 e2445 1. 505 2,75
T
mgyV(HIUgy ) 1.68 1.51 5408 10,85
L
HIUgq/BTU 1, 4525 2585 1.235 2.22
n'V

THI'UOL 2.285 lc 81 7.21 16.6
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