


A STUDY OF DEPHLEGMATOR PERFORMANCE

By

ROBERT WALTIR ?IW
Bachelor of Science
University of Kansas

Legwrence, Kansas
1938

Submitted to the Department of Chemical Fngineering
Oklshoma Agricultural snd Mechaniesl College
In Partizl Fulfillment of the Reguirements
For the Degree of
MASTER OF SCIENCE

1940



ORAHOMA Fas -
AGRICULTURAL & MECRANICAL OOULRGR
LIBRARY

AUG 5 1940

APPROVED:

’

ég%fZL4J@4»€//fﬂ s - <

In Charge of Thesis

Q) St

Head of Department

B Fitoed,

e

Dean of the Graduate School

126863



ACKNOWLEDGEVENT

The author wishes to express appreciation
to Professor Charles L. Nickolls for helpful
advice in connection with this investigation

and for the use of his perscnal library.

- iii -



- v -

PREFACE

Condensing of the vapor is one of the major items of considera-
tion in a distillation process. It is customary, on large scale
equipment, to have two or more condensers connected in series rather
then one large one. Sufficient heat is abstracted in the first con-
denser to condense only part of the total vapor entering it, the re-
maining vapor being condensed in the second condenser. In most set-
ups of this type, the condensate from the first condenser is return-
ed to the column as reflux and the output of the second condenser is
withdrawn as product. The first condenser has been variously called
the "reflux condenser™, "partial condenser”, or "dephlegmator™.

If a mixture of vapors be partially condensed, relatively less
of the lower boiling point cohponents is condensed than those of
higher boiling point. That is, the vapor passing out will be richer
in more volatile components than the condensate returned as reflux.
This is fractionating action, but the mechanism is different, except
in special cases, from that which takes place in the column.

Although partial condensers are used quite widely in distilla-
tion processes, their main function, in recent years, has been to
condense the vapor. Any fractionating action which occurs in the
reflux condenser is quite incidental. This is due probably to the
small amount of fractionation which occurs in this condenser in com-
parison with that which takes place in the column of the still.

Also due to the uncertainty in predicting the performance of a par-
tial condenser as a fractionating device from its design data, no

reliance whatsoever is placed on the condenser for such function,



and any fractionation which does occur is looked upon as a factor of
safety.

It would be of value, however, to have some basis for determin-
ing beforehand what the performance of a dephlegmator would be. It
is the purpose of this investigation to study the effects of several
variables on such performance in connection with a dephlegmetor of

engineering laboratory scale.
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INTRODUCTION

Considerable controversy has existed over the value of dephleg-
mators as fractionating devices. Hausbrand (2) uses the term "reflux
condenser™, steting that the term "dephlegmator™ implies separation,
which is not its function, the actual function being to condense some
of the vapor and to return it to the column as reflux. Young (13)
places the function of fracticnation, or separation on nearly equal
importance with that of providing reflux. He states that in many
plants the function of separation is far more important. Carey (7)
states that the use of a partial condenser as part of a fractionating
system is less efficient than when all the fractionation takes place
in the column. The exact significance of the term "efficient™ in
this case is not stated. Robinson and ¢illiland (9) state that par-
tial condensers are widely used, especially in cases where the vapor
is difficult to completely condense, that is, if very low boiling
components are present as well as those of higher boiling point.

Hausbrand (2) raises the question of the possibility of separat-
ing the low boiling components of a mixture by condensation in a
single stage and concludes that

"the separation of liquids by continuous, gradual conden-
sation is, up to & certain point, much less efficient than
separation by the use of a good rectifying column in which the
liquids ere repeatedly brought to boiling temperature®™.

Some eerly investigators believed that it would be possible to
effect complete separation of two components by passing the mixed
vapor through a chamber maintained at the boiling point of the lower

component. This fallacy is explained by Hausbrand (2) and in present



methods of treating distillation problems is not encountered.

The degree of separation of two components effected in a partial
condenser is usually referred to as the efficiency of the partial
condenser. The first expression of partial condenser efficiency as
an equivalent to a fraction of & theoretical plate was by Underwood
(10), stating that this is the only logical basis. One theoretical
plete produces vapor in equilibrium with tholliquid on that plate.
The vapor leaving a partial condenser may possibly be either richer
or poorer in the more volatile component than thet called for by eq=-
uilibrium conditions, making the afficionoy greater or less, respec-
tively, than one theoretical plate. Hausbrand implies that greater
than one theoretical plate separation is not obtained in the reflux
condenser by stating that the weakest (lowest in more volatile com=-
ponent) reflux is not weaker than the liquid on the top plate of the
column. The faet is brought out by Underwood that simple (equilib-
rium) condensation produces performance equal to that of one theoret-
ical plate.

It has been found with all ordinary mixtures that the degree of
enrichment in a dephlegmator is less if the entering wvapor contains
the more volatile component in large percent, than if the two com=-
ponents are present in nearly equal quantities. Young, Hausbrand,
and others have made this observetion, The x-y equilibrium diagrems
immediately furnishes an explanation for this in that near the cen-
ter of the diagram, the equilibrium curve is farther above the 45
degree line than it is near the end. Thus a theoretical plate will
produce a greater emrichment near the center of the diagram than the

same plate near the end, where operating line and equilibrium curve



are close together. A dephlegmator might reasonably be expected to
perform similarly and such has been observed as stated above. It has
not been dorinitely known whether or not the efficiency in terms of
theoretical plate equivalent is the seme throughout the range.

It is conceivable thet the mechanism of condensation can be dif-
ferential, that is, as soon as any condensate is formed, the liquid
is immedintely removed from further intcr;ction with the remaining
vapor. Under most conditions, this means that the liquid is to be
removed from actual contact with the vapor. However, if the liquid
could be cooled at once to a low temperature, the rate of diffusion,
and consequently that of interaction would be reduced, resulting in
a more near approach to the condition of equilibrium condensation,
Under such conditions, a dephlegmator can possibly produce separation
equivalent to that of more than one theoretical plate. The mathe-

matical expression for this type of condensation is

y
ug e (7]
W, ¥y - x
Yo ;
where W, is the weight of vapor, x the composition of liquid and y
the composition of the vapor, and the subscript o refers to initial
conditions. This is quite similar to the Rayleigh equation for dif-
ferential vaporizetion, which is really an exactly analogous process
in the reverse direction. Underwood (10) cites Kirschbeum's results
(3) of laboratory experiments in which resulte agree with the above
squation for differential condensation. It is apparent, however,
that conditions approaching this type of condensation ere not read-

ily achieved except with epparatus of special construction.



The most usual condenssr for distillation epplication consists
of a bundle of tubes in a shell, so arrenged that the cooling medium
can pass through the tubes, the vepor condsnsing on the outside of
the tubes., The flow of liguid through the tube bundle may be divi-
ded into twc or more passes, which allows the overell length of the
concdenser to be kept within limits and still have efficient heat
transfer. Baffles are sometimes placed in the vapor space so that
the enb%ire tube surface avallable is utilized most efficiently.

The condenser can be pleced so thet the tubes are either horizontel
or vertical, the latter position being more gsnerally used except in
very large installations. In some cases the cooling mediwa is pgssed
outside the tubes, and the vapor condenses inside., In these instan-
ces the tubes must be placed vertically in order than the ccndensate
will drain from them. One of these condensers of simple construc-
tion is now generally used es a partisl condenser where such opera-
tion is maintained.

In fhe past; aumerous dephlegmators of unusual design have appear-
ed, the main object veing to increase the separation efficiency. 1In
many cases mors effort and siress were placed con the dephlegmator
than .on. the still column. The purpose of most of these special con-
densers was to bring the condensate and remaining vapor into more in-
timete contact so that a nearer approach to equilibrium could be rea-
lized, with resulting better efficiency. Attempts heve been made to
produce differential condensation performance, but this is more d4if-
ficult to approach. Some of the pieces of equipment which heve been

called dephlegmators really function similarly to a part of the



column, the vapor bubbling through a pool of condensats as in avbub-
ble plate, The modern trend has been toward condensers of simple
construction because it is found té bo more economical teo build a
few nore plates on bop of the colurn than to construct a complicated
dephlegmator that will not effect any greater separation.,

Young (13) gives ths following specifications for most effective
sepsration in & pertisl condenser: (1) rate of vepor flow through
tho condenser should be as low 25 possible, (2) tempersture differ-
ence between cooling liquid snd vapor should be as small es possible,
{3) vapor should rise and cooling liquid should fall in the conden-
ser, (4) a large proportion of the vapor must be condensed, (5) the
condensate should be kept in as small drops as pessible. Hausbrend's
views {2) on the proper design of a reflux condenser are in conflict
with the elove on several points. VHe maintains thet the tempserature

of the ccoling egent in the condsnser is unimportent so long as it

is below the boiling point of the vspor paseing through. Hes implies
further that the cooling liguid is =lways to enter st the bottom,
steting that experiments in which the coocling licuid was led in at
the top were unsuccessful in every case. Just whet was meent by ™un-

sucoessful®™ wes not stated. Underwcod (10) states thet the differ-

‘ence in resulis hetween lsboratory end industrial scale appearatus

s

igs due to differences in cooling water temperature and rete of vapor
flow through the condenser. The warmer cooling medium used in indus-

try would tend to mllow more intersction between condensate and re-

aining vapér, as previocusly explained, and the generally higher

vapor voelocities used industrially would have the same effect.

Higher vepor velcciiy might tend to promote heitier interaction by the



resulting increossed convection, but the reduced time of contact due
to the grester rate of flow would tend to nullify any effect in thst
direction. |
Ista on the performsnce of dephlsgmators has not appearod in
large quantities. Underwood reports work of Dehnicke (1) on a labore
atory scale partial condenser for ﬁhich parcentages of one theoreti-
cal plate ottained were 77, Tl, and €6 using ethyl aleohol 2nd water
as the binary mixture. Xirschbaum (3) gzives data on a condenser
wﬁich are similar %o those predicted by differential condensation,
but the condenser in question wes of somewhat complex desipgn and
the separstion of components was attributed by Underwood to he due
not entirely to the condensotion. Tebber and Fridger (12) give data
on & dephlegmator giving 48, 60 and 65'percent performance of a the=-
oretical plate on s methanol-water mixture. Thisz dephlegmetor con-
sisted of 2 Tlat ceil through which webter wes circulated abowe the
top plete of the column and would not Le expscted to effect a gresb

emount of separation because of its design.
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FEXPERIVENTAL

fhe binery mixture used in this investigation wss methenol and
water. The methanol was the synthetic produet manufactursd by Car-
bide snd Carton Chemicals Corporation and checked better than 99%
pure by density measurement. The methanol was diluted to the desired
strength with distilled weter. This mixture was chosen because of
ense of analysis, the fact that no asesotropes are formed, and a
fairly large enrichment can be obtained by onme thecretical plate or
its equivalent.

A diegram of the apparatus used is shown in figure 1. It con~
sisted mainly in the pot and condengsers of a still manufactursd by
the Ansonia Company. The pot Wééiéappar lined =nd had a eapscity
of thirteen gallons. Hest w&s‘%ﬁppifed by steam passing into a flat
spiral coil mnear the hottom of the pot. The two condensers, one used
as dephlegmator, and the other as finel co.denser were identical and
had the dimensions shown in figure 2. They were »f copper construce
tion., GCooling water flowed through & single pass bundle of 56 3"
inside diameter tubes; the vapor condeonsed on the outslde of the
tubes. The condensers were arranged so thet the wveper from the pot
éﬁtered at the.bottom of the dephlegmastor, eny uncondensed vepor left
”ét the top of the dephlegmator and entered the top of the finsl cone
denser. Cooling water for the finel condenser was taken directly
from the ¢ity meins and discarded after flowing through the final
cendenser. (ooling water for the dephlegmator flowed from a fifty
gallon reservoir mounted above fhe epparatus. This system of supply

was used so that the water could be heated to a predetermined temp=-
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erature before being passed through the dephlegmator. Most of the
experimental runs were made with the water enteriung the top of the
dephlegmator, thus being countercurrent to the vapor flow. No par-
ticular precautions were taken to clean the condenser tubes, but a
preliminary examination showed that although not bright, they were
smecoth and free of scale or encrustation.

Condensate from each condenser passed through a measuring weir.
The construction of the weir boxes was as detailed in figure 3. They
were made of readily obtainable pipe fittings and scrap materials.
The flow was through a circular orifice discharging vertically. The
size of the orifice was such that the rate of flow which could be
produced in the still could be conveniently measured. The orifices
were celibrated by measurement of time required for a given volume
of water to flow through them at various heads. The height of liquid
head was measured from the upper surface of the plate in which the
orifice was drilled. Several check runs were made using methanol
and substantially the ;anqlvolumatrio calibretion obtained, so the
calibrations for pure unt;r were used for all the concentrations
which were measured. Calibration curves for the orifices are given
in figure 4. In a few cases, when the rate of flow was insufficient
to obtain a reliable reading from the weir box, the rate was deter-
mined directly by measuring the time required for the delivery of
50 ml. of the distillate into a graduated cylinder.

The spparatus was arranged so that the condensates from both
dephlegmator and final condenser could flow back into the pot, so

that equilibrium could be established in operation. It was found
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that equilibrium was reached after about fifteen minutes. Arrange-
ment was mede to withdraw, at the proper time, samples of both reflux
(partial condensate) and product for analysis. The amount of each
sample required was 50 ml. After withdrawing a sample, the contain-
or was immedistely stoppered and placed in a constant temperature
bath.

Analyses for percent of methanol in the samples were made by
specific gravity determinations. A standard analytical balance
slightly modified for this type of measurement was used for all det-
erminations. Specific gravities were obtained at 15° C., referred
to water at 15° C., and converted to percent methanol by tables pre-
sented by Olsen (6) from values of Doroshevskii and Rozhdestvenskii.

Four different concentrations of methanol were used. About two
gallons of solution was placed in the pot. A number of runs were
made with each concentration, varying other conditions one st a
time, in so far as possible. The fraction of vapor condensed in the
dephlegmator was varied as widely as the measuring methods would per-
mit. The fraction condensed was controlled by the rate of flow of
cooling water through the dephlegmator. Cooling water entered the
dephlegmator at a temperature between 30° and 40° in all the rums.
The water had previously been hested in the fifty gallon reservoir
by open steam. By the use of werm water for the dephlegmstor, con=-
trol of the amount of wvapor condensed wes much more precise snd reli-
able then would have been possible with cold water. Also this is
the condition which exists in many commerciel dephlegmators, the
water having previously been passed through another piece of equip-

ment, usually the final condenser. According to Young's second
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specification (p. 5) this should produce better fractionating action
than the use of cold water.

Rate of vepor flow passing into the dephlegmator was varied sev-
eral fold with one of the concentrations used.

A few runs were made with the cooling water entering at the bot-
tom, meking the flow parallel to that of the vapor in those cases.

Steam for wvaporization of the mixture wes condensed at atmospher-
ic pressure in the heeting coil. This temperature provided a suf-
ficiently large rate of heat transfer for most of the runs. The tem-
peratures of the boiling liquids ranged from about 70° ¢, to 80° C.
depending on the percent of methanol. Precise regulation of the
rate of steam flow was maintained by a standard one-half inch globe
valve with an extension handle in the form of a lever sbout eight
inches long.

In the cases during which cooling water wes passed downward
through the dephlegmator, precaution was taken to remove all entrap-

ped air through a vent at the top of the condenser.



DATA AND CALCULATIONS

Rates of flow of the liquid from the two condensers as read from
the calibration curves were converted to mass rate in grams per min-
ute using the densities measured. The difference in density between
the temperstures of 0° C. and 15° C. was neglected. Specific gravity
was recorded to four decimal places, which was sufficiently accurate
to determine the composition to well within 0.1% by weight.

Molecular weight of the methanol used throughout the calculations
is a fiectitious velue, which as will be explained lster must be used
to give equal molal latent heats of vaporization for both the compo-
nents of the mixture.l The molecular weight of water used is its
true valus, 18.02, and the value to use for methanol is calculated
es follcws: The avoragg&latcnt heat of vaporization of methanol bet-
ween its boiling point (64.7° ¢.) and 100° C. is 252 cal./gm. The
average velue for water between these temperatures is 550 cal./gm.
The average molal latent heat for water would then be (550)(18.02)
= 9911 cal/gm. mol. Since the value per gram of methsnol is 252
cal., the molecular weight must be 9911/252 = 39.3. This value is
used in these calculations wherever the molecula: weight of methanol
is required.

Vapor-liquid equilibrium data for the methanol-water system used
were those of BergstrBm presented by Hausbrand (2). The values
given were recaloculated to the fictitious molecular weight basis

end are given in the following table.

. This is essentially the same as using the "equiwvalent latent
heat fraction" as suggested by Peters (8).
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Mol % CHgOH : Mol % CHzOH ¢ Mol % CHzOH : Mol % CHz0H

In Liquid s In Vepor s In Liquid : In Vapor

0.46 3.53 33.18 69.20
1.87 12.5% 36.83 71.57
2.84 18.11 40.72 73.78
5.83 23.15 44.88 76.26
4.84 28.73 49.32 78.54
6.42 33.98 54.08 o1.05 — 8'°%
8.02 39.07 59.19 83.55

9,72 43.20 64.69 85.90

11.44 46.83 67.60 87.28

13.24 50.22 70.63 88.52

15.12 52.72 73.78 89.84

17.04 56.24 77.06 91.16

19.09 57.76  80.48 92.64

21.20 59.43 84,05 94.13

23.39 61.60 87.77 95.62

26.46 63.50 91.66 97.09

29,72 66.76 95.73 98.54

Calculation of the theoretical plate equivalent of the dephleg-
metor for each run was made by a modification of the method of
McCabe and Thiele (4) suggested by Webber and Bridger (12). Since
the composition of both reflux and product were known, the composi-
tion of the entering vapor could be calculated and the indirect
method as used by Webber and Eridger was unnecessary.

SAMPLE CALCULATIONS: The method of calculation will be illustrated
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using the data of run number 56:

Condensate from dephlegmator (reflux)
Weight percent methanol
Mol percent methanol = 67.3
Rate of flow: 267 ml./min. = 218 gm./min.
Gram Mols per minute = 6.74

1]
vs]
)
.
(v

Condensate from final condenser (product)
Weight percent methanol
Mol percent methanol =  83.3
Rate of flow: 111 ml./min. = 91 gm./min.
Grem mols per minute = 2,55

n
w0
[
.
(o2}

Entering vapor Weight percent methanol = 84,6
Mol percent methanol s T71.6
Rate of flow: 309 gm./min. = 9.29 gm. mols per minute.
X
Nomenclature: x = mol percent of CHgOH in liquid
¥y = mol percent of CEgOH in vapor
V = mols per minute of entering vapor
R = mols of reflux per minute
P = mols of product per minute
The reflux ratio, which is defined as the mols of reflux per mol of
product is then 6.74/2.55-= 2.64. The ratio of mols of reflux to
mols of total vapor, which is the same as the slope of the operating
line, to be used later, and also equal to the (mol) fraction of
vapor condensed in the dephlegmator is 6.74/9.29 = 0.725,

The theoretical plate equivalent, or efficiency of the dephleg-
mator is determined greaphically. (4), (12). Referring to figure 5,
composition of the product is located as point Xpe Where this compo-
sition intersects the 45 degree line is the point from which the op=-
erating line is drawn. The slope of the operating line, as calcula-
ted, is 0.725. The composition of the entering vapor y,, is projec-
ted horizontally until it intersects the operating line. The x value
of this point is the composition of the liquid reflux xp = 67.3%.
These points check to within a few tenths of a percent in nearly all

the runs, The point on the equilibrium curve corresponding to x =
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67.3% is yi, or the composition of the vapor if one theoretical plate
separation had taken place (vapor in equilibrium with the liguid).
This value is 87.1%. The actual compcsition of the leaving vapor,
yp EXp = 83.3% falls below the value of y§. The fraction of a the-

oretical plate represented will thus be

Yo = V3 op 883 = TLT _ o o.c

TR €N ol =
This is analogous to the Murphree plate efficiency (5) eas applied
to a rectifying column.

In cases when the value of yp lies above that of yﬁ, it indicates
that an efficiency of more than one plete is being attained, and yp
should be projected over to the operating line and then upward to the
equilibtrium curve again. This stepwise procedure is continued until
the vertical projection reaches a value above Yp. The plate equiv-
alent is then equal to the number of steps necessary plus the frac-
tion of the last vertical step which is necessary to reach yp.

A summary of the experimental and calculated data is presented

in the following tables.



TABLE 1

: Reflux (R) t Product (P) t+  Entering Vapor (V) sReflux s Theo.
%ﬁ’.‘ sPercent CH3OH: Flow siPercent CHzOH: Flow  sPercent CHsOH: Fiow  :Ratio M%O : Plate

:Weight: Mol :Mols/min.:Welg gﬁ?i'{—: o1 1Mols/min, :Welght: Wol :Mols/min.: R/P ’ s Equiv,
27 94,4 89.6 2.62 98,1 96.1 65.74 97.0 93.7 8.36 +456 . 314 1.06
39 93.7 87.2 2.81 97.7 86.1 5.01 96.3 92.2 7.82 « 661 « 360 «93
28 94,9 89,6 3.06 98.1 96.1 5.37 96.8 938.3 8.43 «B670 « 3683 1.09
33 94.8 89.2 3.45 98.3 96.3 5.00 6.8 93.3 8.45 «690 «408 1.03
29 94,9 89.5 3.65 98.3 96.3 5.00 96.3 92.3 8.65 «730 .422 1.00
40 84,8 B89.3 3460 98.1 96.9 4,26 96.6 92.9 7.96 «B27 «452 «90
30 95.4 90.4 4.67 98.4 96.56 4.18 96.7 93.1 8.85 1234 « 527 97
34 96.4 90.4 4.64 98.3 96.3 3.99 96.6 92.8 8.63 1.16 « 538 «91
41 94.9 89.5 4.78 08.2 96.1 3.25 96.2 92.0 8.03 1.47 « 595 +96
43 94.7 89.0 bB.1l2 98.1 95.9 3.09 96.0 91.7 8.21 1.66 624 .94
31 96.9 91.6 5.84 98.3 96.5 3.07 86.7 93.0 8.91 1.90 +6556 «85
36 96,9 91.6 b5.83 98,3 96.4 2,95 96.7 93.0 8.78 1,98 .664 «87
32 96.9 8l.6 6.19 98,4 96.5 3.00 06.6 92.8 - 8.19 2.06 674 .88
36 96.8 9l1.2 6.39 98.4 96.56 2.89 96.6 92.8 « 9.28 2.21 .689 «94
42 95.1 89.9 5.82 98.1 96,0 2.44 96.0 91.7 8.26 2.38 + 708 «91
45 94.9 89.4 5.71 98.2 96.2 2.30 6.8 91.3 .01 2,44 . 700 «98
44 95.0 89.6 - 5.91 98,0 96.8 2.21 86.8 91.3 8.12 2.68 « 728 «90
46 94.7 89.1 5.96 98.53 96.3 2.29 96.6 90.8 8.25 2.60 P4 1.06
47 94.6 88.9 6.29 97.2 94,0 1.97 95.3 90.3 8.286 3.20 . 762 «66
38 96.2 92.1 7,31 98.4 96.5 1.96 96.6 92,8 9,27 3.73 .788 .91
37 g6.2 92,1 7.63 98.4 96.5 1.48 96.6 92.8 9.11 5.15 «839 «83




TABLE 11

: Reflux (R) : Product (P) + Entering vVapor (V) : Reflux s Theo.

Run Ssorcent CHzOH: Flow  :Percent CHgzOW: Flow  :Percent CHsOH: Flow : Ratio s F2%i0 | pyoge

No. sWeights ﬁoE tMols/min, :Weight: Wol :Mols/min.:Weight: Wol sMols/min.: R/P : RV Equiv.
8 80.8 €5.9 1.93 93.8 87.4 6.05 0.8 81,8 T.88 «318 .242 1.24
3 82.9 668.9 2.63 94,0 87.8 b5.74 90.6 81.6 8.37 «448 314 +99
7 8l1.9 67.5 2,59 94.1 88.0 5,59 90.3 81.2 8.18 463 316 1,29
AT 83.3 69.6 3.67 94.6 88,9 5.00 89.9 80.4 B8.67 734 423 1.15
6 83.8 70.3 3.62 96,2 90.1 4.80 90.56 8l.4 8.42 « 766 «430 1.20
5 84.3 T71.1 3.73 94,8 B9.3 4,76 90.4 81.2 8.48 « 786 0440 1.10
4 82.9 68.9 3.85 94.0 87.8 4.62 90.6 81.6 8.47 «834 +455 «B81
18 83.8 70.3 4.02 94.6 88.9 4,69 90.1 80.6 8,61 +875 «467 1.06
19 86.1 72.8 4.42 94.7 89.1 4.08 89.8 80.2 8.50 1.08 520 1.00
14 B5.8 78.p 4.51 94.6 88.5 4.02 90.3 81.0 8.53 1.12 529 «90
156 86.9 73.6 4.5l 94.6 88.9 4,03 90.2 80.8 8.64 1.12 .529 +90
10 86.3 T72.6 4.78 96.8 91.3 8.90 90.3 81.0 8.68 1.238 + 5860 1.31
20 85,5 73.0 4.89 94.3 88.3 3.96 89.8 80.1 8.84 1.24 554 «87
21 86.6 T4.7 5.67 94.9 89.5 3.17 90.0 80.5 8.84 1.7 641 «91
12 84.7 76,1 5.53 96.0 89,7 3.04 90,5 8l.3 8.87 1.82 . 645 «90
13 87.8 76.7 5.73 94.8 B89.8 2,94 90.0 80.5 8.67 1.956 «661 «89
22 86,8 T7b6.1 6.03 94,7 89.1 2.82 BD.7T T79.9 8.86 2.14 «.681 «93
12 89.2 79.1 6.02 96.8 9l.8 2.76 91.6 83.2 8.78 2.18 «685 «91
24 88.2 77.4 5.99 95.4 90.5 2.23 90.1 80.6 8.22 2.69 «730 «93
23 89.1 78.9 6.73 96,6 90.2 1.50 90,1 80,6 8,28 4.49 .816 .90
9 89.0 78.7 7.80 96.4 92.56 1,36 90.1 80,6 8.85 5.56 «B49 1.12
26 8.2 79.1 T.13 96.6 90.1 1.28 90.0 80.56 B.41 5.57 « 849 «83
26 89.3 79.3 95.7 91.0 90.0 80,5 8.52 12,10 .992 « 90




TABLE III

Reflux (R) Product (P) : Entering Vapor (V) & Reflux i t Theo.

%a;.n :Percent CHgOH: Flow  s:Percent ﬁ@s Flow :Percent Eg_ﬁﬂ: Flow : Ratio 3 FoCi% 4 Plate

* sWeight: Wol sWols/Min.sWelght: Wol :Mols/Min,:Welght: ﬂtj sMols/Min. s « BV | Equiv,
48 76.2 58.2 3.93 94.6 89.0 5.31 87.2 76.7 9.28 « 739 425 +76
50 76.8 60.83 4.68 93.1 86.1 4.72 B65.6 T78.1 9.40 «99 .498 1.256
55 77.8 61.6 4.82 91,9 83.9 4.45 850 TB.2 - 9.27 1.08 «520 «95
51 76.7 60.1 5.01 93.0 86.0 4.49 86.0 72,2 9.560 1.11 527 1.02
b2 78.4 62.4 5,30 93.0 86.0 4.256 86.6 73.0 98.865 1.26 +5686 1.01
56 81.8 67.3 B6.74 91.6 83.3 2.58 84,6 71.7 9.29 2.64 . 725 « 76
57 82.2 €7.8 6,99 91.7 83.4 2.38 86.0 72.2 9.37 2.94 « 747 «65
54 82.4 68.2 780 93.8 87.6 2.089 86.0 72.2 9.89 3.73 .788 1.00
53 82.8 68.8 T7.868 93.7 8742 2.03 86.2° T2.6 9.71 3.78 « 781 .93
68 82.4 68.1 7.67 92.0 83.0 1.97 84.5 7Ti.4 9.54 3.84 «793 « 73
49 84.8 71.9 10.07 9l1.6 83%.4 1.17 85.7 73.3 1l.24 8,60 896 +65

TABLE 1V

78 bl1.7 32.9 3.23 82.0 67,6 B.82 72.8 56.0 9.06 « 565 367 .91
84 60.5 81.8 5.27 80.9 6€.0 6.00 68.6 50,0 11.27 878 467 .88
79 49.4 30.9 5,54 83.6 70,3 5.38 69.8 51l.4 10.92 1.03 508 1,11
76 60.2 40.9 5.72 84.3 Tial 3.85 Ti.1 62.9 9.567 1.49 «598 «87
85 58.1 8.8 7.16 78,4 B84.3 4.40 68.6 50,0 11.5b6 1.63 .619 «83
80 88.3 37.1 6.96 83.3 69.56 3,32 66.8 47.9 9.28 2.10 +750 .88
81 58,2 38.9 7.51 83.4 69.6 2.67 65.9 46.9 10,18 2.81 .738 «87
86 63.0 43,8 8.34 78.3 84.4 2.97 68.7 50:3 11.31 2.81 .738 « 74
77 65.5 46.7 7.52 83.8 T70.4 2,36 70.0 61.7 9.87 3.20 . 762 « 74
82 60.3 41.0 8.06 82.2 68.8 2.25 66.1 47.2 10.31 3.68 «781 «81
78 66.1 486.1 8.20 8%5.9 T70.6 1,30 70.0 51.7 9.50 6,31 . 864 73




TABLE V

1 Reflux (R) 1 Product (P 3 fntoriﬁ Vapor ;E) : Reflux 3 t Theo.
Run worcent CHz0H: Flow  :1Percent CHzOK: gf%ow sPercent C : ow 3 Ratio ¢ Retlo |, pyg¢e
No. awauoh/uin. sWelghts ﬂo! sMols/Min. m:rgmsi—.nm/mm., RN, Equiv,
66 80.6 65.5 2.40 89:86 7886 1.88 84.3 T7l.1 4.02 1.48 «B597 +66
69 79.9 64.4 3.24 91.7 83.5 2.58 85.4 72.8 5.80 1.27 +5E9 . +82
€8 78.9 63,2 3.58 91.4 82.8 2,66 84,6 T71.5 6.24 1.36 «674 «83
€1 78.9 63.2 4,34 91.3 82.8 3.87 85.1 72.3 8,01 1.18 «541 .82
69 76.0 59.2 5.66 91.8 83.7 4.56 83.8 70,3 16.11 1.22 «548 1,02
71 T7:.2 €0.8 8.76 92.4 84.7 4.92 83,2 69.4 13.67 1.78 «+640 1.06

TAELE VI

87 650.9 3.2 4,44 77.9 6l1.8 6.05 67.9 B0.3 10.49 «735 +424 .61
ol 49.9 2l.3 4.76 77.6 61.3 6.41 67.3 48,6 11.17 742 426 .64
88 54,1 35.0 6,80 84,2 7T1.0 4,10 67.3 48,56 10,80 1.€6 .624 1.02
92 63.7 34.T7 T.37 84,1 70.8 4.186 66,6 47.6 11.52 e TT .638 1.03
93 68,7 39,4 8.68 87.6 T76.8 3.08 67.8 49,1 11.76 2.82 «738 1.20
89 7.6 38.2 8.06 90.7 8l.8 2,77 68.0 49.3 10.83 2,91 . 745 1,59
90 68.8 39.5 8.40 88.0 T7.0 R.48 66.8 47.9 10.88 3.88 . 762 1.26
94 62.3 43.1 10.186 90.0 80.4 1.352 66.4 47.5 11.47 TuTh «885 1.34
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The weight and mol percents of methanol in reflux, product,
end entering vepor are given for each run, together with the rate of
flow of each in gram mols per minute. Calculated values of the re-
flux ratios, R/V ratios, and the thecretieasl plate equivalents are
also included.

Table I contains date for runs with an entering vapor composi-
tion of around 93 mol percent methanol, 2t a substantially constant
rate of flow of between 8 and 9 gram mols per minute. The entries are
arrangad in ascending order of reflux ratio.

Conditions for the results tabulated in table II were the seme
as for those of table I except that the composition of the entering
vapor was 81 mol percent methanol.

Pata for table III were taken under similar conditions to those
of tables I end II except that the composition of the entering vapor
was changed to 72 mol percent.

The same applies to table IV with the vapor reduced to around
52 mol percent methanol. The rate of flow varied somewhat from run
to run in this series.

Table V includes date for trials in which the rate of flow of
entering vapor was varied, the composition and fraction condensed re-
maining practically the same.

All the date in tables I %o V inclusive are for rums in which
cooling water for the dephlegmator entered at the top and passed
downward through the tubes, snd the vapor passed upward outside the
tubes.

For the set of runs tabulated in tabls VI, the flow of cooling

water was changed to pass upward through the tubes in the condenser,
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DISCUSSION

From observation of the tabulated data, it is seen that, in
general, as the reflux ratio is increased, the composition of the
reflux becomes richer in methanol end the composition of the product
remains practically the same with a tendency toward an increase of
concentration of methanol.

The definite rise in percent methanol in the reflux (partial
condensate) with increasing fraction condensed might be expected
from the following: The first drop of condensate will be poorer in
methanol than the remaining vepor, thus inereasing the concentration
in the vapor. Thus the composition progresses infinitesimally up
the equilibrium curve, where the second drop of condensate will, of
course, be slightly richer then the first, assuming that the same
degree of approach to equilibrium has been attained. Therefore the
more vapor condensed, the richer will be the condensate. The compo-
sition of the condensate will approesch the oomposition of the enter-
ing vapor, if all the vapor be condensed. From this it may be con-
cluded thet the mechanism of condensation has been, at least, parti-
ally differential, and even though the theoretienl plate equivalent
may be exactly unity, as was the cese in some of these runs, the
mechanism is not entirely one of equilibrium as it might first
appear.

In the cases of countercurrent flow of liquid and vapor, there
is a definite trend toward a lower value of theoretical plate equiv-
alent as the reflux ratio increases. Discrepancies exist at some

points but these are probably due to insufficient control of one or



more of the possible variables. The preceding discussion may be ap-
plied to the results in tables I, II, ITI, and IV.

The effect of concentration of the entering vepor on the deph-
legmator performence may be observed by comparing runs which have sim-
ilar reflux ratios in the first four tables. From such an examination
it is seen that the percentage increase in vapor concentrestion in
methenol is larger with the lower concentrations. For instance, in
teble IV is recorded sn average incresse in concentration from eround
50% to about 70%, or an enrichment of 20 mol percent, while in table
I1 the enriohmnnt is from 81% to about 89‘ or only around 8% enrich-
ment, This is to be expected, as explained in the introduction that
the equilibrium curve is farther from the operating line near the cen-
ter of the graph than at the upper end. BHowever, by noting the values
of plate efficiency, or theoretical plate equivalent for the corres-
ponding runs in each table, it is seen that they are substantially
the seme, Thus it mey be concluded that the effect of composition
of vapor entering the dephlegmator is small for a particular mixture
of wvapors, with reference to the performance in terms of theoretical
plate equivalent.

In the series of runs to test the effect of rate of vapor flow,
the flow was varied from 4.02 to 13.67 mols per minute, a range of
over three to one. It is found from table V that with increase in
vapor velocity the separation efficiency rises markedly from about
0.6 to a little over 1.0 theoretical plate. This is in agreement
with the statement of Underwood previously cited. It is believed
that with a considerable increase in vapor velocity the efficiency

would reach & maximum and then possibly decline. Due to the rapidity



with which the vapor passes, insufficient time will be allowed for
complete interaction between liquid and vapor.

The results of the series of runs in which the cooling water
was passed upward through the dephlegmator are tabulated in teble VI.
This arrangement showed a considerable rise in separation efficiency
with increase in reflux ratio, which was not the case in the other
runs. The cause of this difference probably can be attributed to
the temperature gradient along the tubes of the condenser., With
the water passing upward, the coldest part of the tubes is at the
lower end. Condensate running down the tubes is cooled to below
its boiling point and consequently does not react so readily with
the ascending vapors, allowing a more near approach to ideal differ-
ential condensation. Thus for most efficient dephlegmator operation
the cooling water should enter at the bottom.

All of the runs in this investigation were made with the same
binary mixture and in the same piece of apparatus. Therefore the
results can yield no information as to the effect of other combin-
ations of substances and apparatus construction. It is known that
the efficiency of a bubble plate varies with the mixture being dis-
tilled, so it is likely that the efficiency of a dephlegmator will
vary in an analogous fashion, the separating'psrformaﬁoe depending
on the properties of the mixturs.

Although numerous dephlegmators of unusual design have appeared
in the past, as has been discussed, most modern pieces of such equip-
ment are of the same general design--- that of a tube bundle and
shell as used in these experiments. The arrangement, sige, and spac-

ing of tubes and baffles as well as proportion of length to number



of tubes for the same surfsce area might be expected to influence the

performance of the dephlegmator.



CONCLUSIONS

From the results of this investigation, the following conclu-
sions are drawng:

A greater separating efficiency is obtained in a dephlegmator
with parallel flow of liquid and vapor than with countercurrent flow.
The parallel conditions were for both vapor and liquid flowing up-
ward while countercurrent conditions were with liquid flowing down-
ward.

The use of reasonably high vapor velocities gives better frac-
tionation tm very low vapor velocities.

For parallel flow of wapor and liquid (upward) the efficiency
increases definitely with increasing reflux ratio.

For countercurrent flow of vapor and liquid (liquid downward)
the efficiency decreases slightly with increasing reflux ratio.

A dephlegmator will produce nearly the same equivalent theoret-
ical plate performence even though tle composition of entering vapor
may very widely.

The separating efficiency of a dephlegmator of the general
type used in this investigation is in the neighborhood of one theor-
etical plete. Varietion in operating conditions slightly affect the
performance. A safe assumption would be to assign an efficiency of
one actual plate., This plate should be the same as the average plate

in the column in conjunction with which the dephlegmator is used.
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