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Plant performance data are presented for a 13.ft.-diam., 100-tray furfural extractive-distillation column separating iso- and
n-butane from 1- and 2-butene. In addition to composition, temperature, pressure, and flow rate of the external streams,
values are presented for vapor and liguid compositions and flow rates at a number of different locations within the tower.
With the exception of the vapor compositions, which were determined experimentally, the internal conditions were determined
by heat and material balances. These data permitted calculation of plate efficiency over various small sections of the column.
In. thg 50-tray rectifying section, plate efficiency for the isobutane—1-butene separation was constant at 20%, and in the
stripping section the plate efficiency varied from 25 to 45%. The average for the entire column was 25%.

The furfural-column plate efficiencies compare favorably with those predicted from laboratory tests made before the con-
struction of the column to evaluate the performance of the tray design to be employed. The laboratory plate efficiencies were
obtained for the desorption of oxygen from oxygen-rich water with air at the same conditions of volumetric gas and liquid rates
to be encountered in the furfural column. When these values were suitably corrected for physical property differences between
the two systems, the point efficiencies predicted from the laboratory data for the furfural column ranged from 35% near the
top of the column to 25% near the bottom of the column, the average value being 29%.

Operating data have recently
been obtained for a newly com-
pleted furfural extractive-distilla-
tion column at the Neches Com-
pany’s butadiene plant(15). The
tray design for this column was
essentially the same as that recom-
mended by the University of Dela-
ware for the conditions of high
loading and low gas throughput en-
countered in such columns. The
Delaware recommendations were
based on laboratory efficiency meas-
urements for the desorption of
oxygen from oxygen-rich water
with air on a tray of this design
(4). The purpose of this report is
to compute the plate efficiency of
the plant column from the operat-
ing data and to compare the result
with the plate efficiency antiei-
pated from the laboratory measure-
ments.

NECHES TRAY DESIGN

The new Neches column trays were
designed to give as good a vapor
distribution as possible in spite of
the conditions of high liquid loading
and low vapor throughput found in
furfural extractive columns. Tunnel
caps placed parallel to the direction
of liquid flow were shown to be su-
perior to any other type of bubble
cap for minimizing hydraulic gradi-
ent, and these caps were employed
in the final design. Hydraulie gradi-
ents were further minimized by utiliz-
ing comparatively short lengths of
liguid travel. In the 13-ft..diam.
tower required by Neches, a double
split-flow system was used; that is,
the liquid was split into four sepa-
rate streams flowing across each tray.
With this scheme the distance be-
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tween inlet and outlet weirs for any
one liquid stream was 20% in.

The caps themselves were 4 in.
high 2% in. wide, and 20 in. long,
with 1-in.-high slots on -in. spac-
ing. The slots were 5/16 in. wide
at the bottom and 5/32 in. at the
top. The outlet-weir height employed
with these caps was 2% in. To ensure
as high an efficiency as possible with
the extractive system where the mass
transfer rate within the liquid phase
is controlling, the liquid residence
time on the tray was increased by
use of a wide spacing between ad-
jacent tunnel caps. The distance be-
tween adjacent cap faces was 4 in.
The laboratory tests showed that
even with this rather wide spacing,
all the liquid was well contacted by
the gas and the efficiency did not
suffer. Complete results of the labo-
ratory tests for this tray design have
already been reported(4).

NECHES-COLUMN OPERATING

DATA

The operating data taken in the
plant are summarized in Tables 1
and 2. The column consists of two
50-tray units operated in series. The
feed, mainly butanes and butenes,
enters as a vapor below the fiftieth
tray. The furfural-water extractive
solvent enters onto the fifth tray
from the top of the column and, be-
ing essentially nonvolatile, is removed
from the bottom of the column along
with the butenes. The solvent is re-
covered from the bottoms in a sepa-
rate stripper column,

Table 1 shows the flow rate, tem-
perature, and pressure of the various
streams entering and leaving the
tower. The large quantity of solvent
required for this column is evident
from this table.

Table 2 shows the composition of
the various streams entering and
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leaving the tower. The main separa-
tion is between isobutane and 1-
butene. The water content of the
furfural is seen to be appreciable
on a molar basis. Table 2 also sum-
marizes the component and over-all
material balances for the tower. Ex-
cept for the components present in
small amounts, the agreement be-
tween input and output is good and
indicates that the plant data are
accurate. For the purpose of making
over-all enthalpy balances, the flow
rates were slightly adjusted to give
perfect material balance.

In the over-all enthalpy balance
made for the column the enthalpies
of the various streams were computed
from the plant data given in Tables
1 and 2 and from enthalpy data for
the C, hydrocarbon-furfural-water
system (11), These enthalpies include
the rather appreciable-heat-of-solu-
tion values for C, hydrocarbons in
furfural-water(16). When enthalpies
were based upon the pure liquids at
32°F. and 1-atm. total pressure and
expressed in the units of British
thermal units X 10-6/ 24-hr. day, it
was found that the heat added by the
reboiler was 2,583; the enthalpy of
the solvent feed stream was 1,282;
the enthalpy of the hydrocarbon feed
stream was 287; and the enthalpy of
the hydrocarbon reflux stream to the
tower was 44. The sum of the input
enthalpy quantities was 4,196. The
output enthalpy quantities consisted
of 8,783, which was the enthalpy of
the bottoms product to the stripper,
and 364, which was the enthalpy of
the overhead vapor stream to the
condenser, giving a total of 4,147.
These figures show good agreement
between input and output enthalpy
guantities, again confirming the val-
idity of the plant operating data.
The computed enthalpies were ad-
justed slightly to obtain perfeet bal-
ance, and these self-consistent values
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TABLE 1.—~OPERATING CONDITIONS FOR FURFURAL EXTRACTIVE TOWER
AND SOLVENT STRIPPER

Total flow rate

as metered, 1b.
moles/24-hr, day 1b./sq. in. gauge Temperature, °F.

Process stream
C4 Hydrocarbon feed (Fed as

Pressure,

vapor below tray 50) 24,300 e 166
C, Hydrocarbon overhead

product 13,950 86 112*
C; hydrocarbon reflux to tower 20,820 86 98
Solvent feed (fifth tray down

from top) 411,500 130.5
Liquid transfer from bottom of

upper 50-tray column to top.

of lower 50-tray column 465,000 91 144
Bottoms product to solvent

stripper 429,860 98.5 292
Stripper overhead product 10,810 52 105*
Stripper reflux 33,960 52 84
Stripper bottoms product 418,300 58 315

*Condensation temperature.

are used in later calculations of vapor
and liquid flow rates within the col-
umn.

VARIATION OF CONDITIONS

WITHIN THE TOWER

A constant molar flow rate for
vapor and liquid within the tower
cannot be assumed in the present
case and so for the purpose of com-
puting the plate efficiency it is
necessary to know the local operat-
ing conditions within the extractive
column. Local values of vapor com-
position, temperature, and pressure
were obtained in the plant test, and
from these data and the known
conditions external to the column,
it was possible by heat and ma-

terial-balance calculations to com-
pute the liquid and vapor flow rates
and liquid compositions within the
tower. A sample calculation for this
procedure is given in the Appendix.
Results are given in Tables 3, 4,
and 5. A check on the accuracy of
the calculation may be made by
comparing the computed total
liquid flow rate at tray 51 with the
metered flow: rate of the liquid
stream pumped from the bottom
of the first 50-tray column section
to the top of the second 50-tray
column section. The two values are
seen to agree within 89 in Table 8.

Table 3 also shows that although
the liquid flow rates range from

about 65 to 85 gal./ (min.) (ft. of
weir length), the corresponding
vapor rates are only from 0.6 to
1.0 ft./sec. The high liquid rates
result from the presence of the
large quantities of solvent added
to the column; the liguid on the
trays contains 91 mole % furfural-
water near the top of the column
and 81 mole 9% furfural-water at
the bottom. The furfural is essen-
tially nonvolatile and the water
only slightly so, which gives a
vapor consisting mainly of C; hy-
drocarbons. The vapor flow rate is
thus quite small compared with the
liquid flow rate, which makes it
more difficult to obtain good hy-
draulic characteristics and high
plate efficiency for columns of this
type. These factors are considered
in more detail in a later section.
Table 8 shows that the wvapor
and liquid flow rates not only are
unusual in magnitude but both in-
crease considerably in proceeding
from the top to the bottom trays
of the tower. The change in liguid
flow rate is wholly due to the
change in flow of the C, hydro-
carbons, rather than to any change
in flow of solvent, which is essen-
tially nonvolatile and constant in
rate. The changes in C, hydro-
carbons flow rate within the col-
umn are due to the highly nonideal
nature of the multicomponent so-
lution present. Isobutane and n-
butane, which concentrate near the
top of the column, are more non-
ideal with respect to furfural-wa-
ter than the butenes, which con-
centrate near the bottom of the
column; being more nonideal, the
butanes have considerably less

TABLE 2.—COMPONENT MATERIAL BALANCES ON INPUT AND OQUTPUT STREAMS
T0 FURFURAL EXTRACTIVE TOWER. ALL QUANTITIES ARE LB. MOLES/24-HR. DAY

Input as metered

Output as metered

Hydrocarbon  Solvent Total Percentage
feed feed Total Stripper Stripper output of deviation
(51st tray (5th tray input to Overhead overhead bottoms of of material
Component from top) from top) Tower product product product tower balance
Isobutane 8,650 Q 8,650 9,030 54 0 9,084 -5.0
1-Butene 7,200 0 7,200 209 6,900 0 7,109 +1.3
n-Butane 3,659 0 3,659 2,985 585 0 3,570 +2.4
trans-2-Butene
(low-boiling isomer) 2,020 0 2,020 0 1,840 0 1,840 +8.9
cis-2-Butene
(high-boiling isomer) 292 0 292 4} 562 0 562 —92.4
Isobutylene 656 656 0 541 0 541 +17.5
Butadiene 292 0 292 42 346 0 388 —32.9
Propanes 1,506 0 1,506 1,690 0 0 1,690 —-12.2
Total hydrocarbons 24,300 0 24,300 13,950 10,810 0 24,760 —1.9
Furfural 0 283,500 283,500 0 0 284,500 284,500 —-0.35
Water 4] 128,000 128,000 470* 750* 133,800 135,020 —b5.5
Total of all components 24,300 411,500 435,800 14,420 11,560 418,300 444280 -19
*Computed values.
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TABLE 3.—LOCAL, OPERATING CONDITIONS WITHIN FURFURAL EXTRACTIVE TOWER

Tray number, from top of tower

1 17 33 b1* 67 83 95 97 99

Temp., °F. 112 133 136 145 149 153 157 158 163
Pressure, ib./sq. in.

guage 86 874 89 91 93 95.5 975 97.8 98.2
Vapor rate from tray,

1b. moles/24-hr. Day

Hydrocarbons 34,400 52,370 57,620 52,100 59,310 66,270 73,780 74,690 88,440

Water 470 1,230 1,480 1,600 2,090 2,480 3,070 3,110 4,160

Total 34,870 53,600 59,100 53,700 61,400 68,750 76,850 77,800 92,600
Total vapor rate from

tray, ft./sec., based

on bubbling area 0.378 0.620 0.678 0.615 0.691 0.764 0.842 0.852 1.020
Liquid rate to tray, lb.

moles/24-hr. dayt

Hydrocarbons 20,600 38,570 43,820 62,830 70,040 77,000 84,510 85,420 99,170

Furfural -0 284,000 284,000 284,000 284,000 284,000 284,000 284,000 284,000

Water 0 132,260 132,510 132,630 132,120 133,510 134,100 134,140 135,190

Total 20,600 454,830 460,330 479,4601 486,160 494,510 502,610 503,560 518,360
Total lig. rate to tray,

gal./(min.) (ft. of weir),

equal split of liquid

flow within tower

assumed 10.0 69.4 70.8 754 76.8 78.4 80.2 80.5 83.6

*Tray below vapor feed.

tFlow quantities of vapor and liquid were computed by enthalpy balances as described in sample calculations.
¥The metered liquid transfer from the bottom of the upper 50-tray column to the top of the lower 50-tray column was 465,000 ib. moles/

24-hr. day (see Table 1).

solubility for the solvent than the
butenes. Under the conditions of
nearly constant temperature and
pressure existing in the column, the
solubilities are in fact about in-
versely proportional to the activity
coefficients of the C, hydrocarbon
components, Thus for extractive
columns where the added solvent
improves the relative volatility of

the feed components by affecting a
large difference in their activity
coefficients, liguid flow rates will
always vary cousiderably within
the column. And for the usual case
of constant flow rate of streams
external to the column, vapor flow
rates within either the rectifying
or stripping section increase by the
same amount as the liquid rates.

CALCULATION OF NECHES-
COLUMN PLATE EFFICIENCY
Plate efficiencies were computed

over most trays of the column for

the key components, isobutane and
1-butene, and in some regions of
the column for the #-butane-1-
butene separation. The calculations
were made on a modified McCabe-
Thiele diagram. Relative volatility

TABLE 4.—L0CAL COMPOSITION VALUES FOR KEY COMPONENTS

Liquid composition to tray, mole %,

WITHIN FURFURAL EXTRACTIVE TOWER

Solvent and water-free basis

Location within tower* Isobutane
Distillate ven
Tray 10 52.7
Tray 171 46.6
Tray 22 44.9
Tray 28 41.8
Tray 3371 38.5
Tray 38 35.1
Tray 43 31.6

Feed(introduced as vapor
between trays 50 and 51)

Tray 51¢

Tray 56

Tray 59

Tray 62

Tray 64

Tray 671

Tray 72

Tray 78

Tray 831

Tray 95t

Tray 971

Tray 991

Bottoms product {

== DN,
LCOO—=HWMHONRWN,

ST =T I NG R CI T

o
w

Solvent and water-free basis

Vapor composition from tray, mole 7

n-Butane 1-Butene Isobutane n-Butane 1-Butene
e 64.7 214 15
31.2 5.8 56.0 28.5 46
34.7 10.2 514 31.2 7.9
34.9 13.9 50.0 31.4 10.7
34.2 18.5 47.5 31.0 14.3
32.7 22.4 44.7 30.0 174
31.4 26.3 42.0 29.1 20.6
29.9 30.5 39.0 28.0 24.0
cea Caee 35.6 15.2 29.6
22.5 35.8 334 26.0 30.0
27.4 39.3 28.0 31.7 34.5
29.4 41.6 21.6 34.0 374
30.9 445 145 35.7 40.8
314 46.3 11.0 36.3 43.0
32.0 49.1 7.1 36.8 46.5
29.9 53.8 3.5 34.2 52.0
25.8 59.7 1.8 29.3 59.0
21.9 63.7 11 24.6 63.7
10.6 71.3 0.6 11.3 72.4
94 73.0 0.5 10.0 74.3
8.6 69.5 0.5 9.0 70.2
5.4 63.7

*Trays are numbered from top of the tower. . .
. fComposition of vapor streams from these trays obtained by sampling; other values obtained from plate number-vapor composition
diagram: all liquid compositions computed by materia! halance, tv use of flow rates from Table 3.
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TABLE 5.—RELATIVE VOLATILITY VALUES WITHIN FURFURAL EXTRACTIVE TOWER

Water
Liquid composition on tray, water-free concentration Relative volatility
basis, mole % in solvent { values
Sum of
iscbutane, Other Total Hydrocarbon- Isobutane #n-Butane
Tray No. from »n-Butane hydrocarbon hydrocarbon free basis, to to
top of tower Temperature, °F. and l-butene* componentst  concentration mole % 1-butene 1-butene
9 136 10.2 1.2 11.4 20.7 2.05 1.53
16 133 10.9 1.0 11.9 19.6 2.07 1.54
32 136 125 0.9 13.4 12.8 1.99 1.48
50 145 15.6 25 18.1 9.6 1.87 1.40
66 149 17.3 2.5 19.8 124 1.84 1.38
82 153 18.4 2.9 21.3 15.2 1.81 1.36
94 157 14.2 8.7 22.9 174 1.78 1.34

*For relative distribution of these components, see Table 4.
1Consists of mostly propanes above the feed, and 2-butenes, isobutylene, and butadiene below feed.
1Computed from known solubility relationships for water in hydrocarbon-furfural mixtures,

values for C, hydrocarbon-furfural-
water mixtures are available from
references 8, 14, and 17 as a fune-
tion of temperature and liquid com-
position. Special procedures were
followed in employing these rela-
tive volatility data owing to the
presence of many nonkey hydro-
carbon components within the
liquid and because of the existence
of a separate water-rich liquid
phase on all the trays of the col-
umn.

With regard to the latter prob-
lem, it is the composition of the
solvent-rich liquid phase which de-
termines the relative volatility;
whereas the liquid compositions
obtained by material and enthalpy
balance calculations are those for
the total liquid. Fortunately, data
of Griswold and associates(10) are
available for the conjugate liguid-
phase compositions of the n-butane-
furfural-water and l-butene—fur-
fural-water systems at tempera-
tures and pressures of interest.
These data show that when an
excess of water is present, the
water-rich liquid phase contains
some furfural but essentially no
C, hydrocarbons. Knowledge of the
total liquid-phase composition along
with the Griswold phase data per-
mitted calculations to be made for
the composition of the solvent-rich
liguid phase for each tray con-
sidered. These values are shown
in Table 5.

To obtain the proper values .of
relative volatility from the solvent-
rich phase liquid composition and
temperature, use was made of the
fact that the total hydrocarbon
composition and the water compo-
sition are the most important fac-
tors affecting relative volatility.
The relative amounts of the vari-
ous hydrocarbons present for-
tunately does not greatly affect the
vapor-liquid equilibrium data. Thus
to obtain the relative volatility of
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isobutane to 1-butene, data for the
system isobutane — 1-butene — fur-
fural-water were employed(14),
with the isobutane concentration
being taken as the sum of the
actual isobutane concentration plus
the concentrations of all other
paraffin hydrocarbons (such as n-
butane) present in the liquid. Simi-
larly the 1-butene concentration
was taken as the sum of the actual
1-butene concentration plus the
concentrations of all other olefin
hydrocarbons. Relative volatility
data for the system n-butane-I1-
butene-furfural-water were com-
puted from the data of references

TABLE 6.—EXPERIMENTAL LoOCAL
PLATE EFFICIENCIES WITHIN FUR-
FURAL EXTRACTIVE TOWER

Experimental

Location within Murphree vapor

tower efficiencies, 9
Isobutane- n-Butane-
1-butene 1-butene
Between trays separation separation
10-17 25 24
17-22 21 22
22-28 20 20
28-33 19 20
33-38 19 20
38-43 21 20
43-51 21 t
51-56 21
56-59 33 T
59-62 44 T
62-64 40 T
64-67 40 T
67-72 35 il
72-78 25 27
78-83 * 27
83-95 * 33
95-97 * 30
Average for
all trays
considered 25 25
Average predicted
efficiency (from
Table 7) 29 32

*Values inaccurate owing to very low iso-
butane concentrations.

{Local composition values in doubt in this
region.
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8, 14, and 17, on the same assump-
tion as before as to the effect of
other hydrocarbon components. The
resulting relative volatility values
are given in Table 5.

The modified McCabe-Thiele dia-
gram was drawn up for the iso-
butane-1-butene separation by ex-
pressing values of vapor and liquid
composition on a key basis, that is,
as (moles of isobutane)/(moles of
isobutane + moles of 1-butene).
Operating-line compositions were
computed from the data of Table
4, and equilibrium compositions
from the relative volatility data of
Table 5. The graphical stepwise
procedure of Baker and Stockhardt
(1) was used over small tray in-
tervals to obtain the Murphree
vapor-plate efficiencies shown tabu-
lated in Table 6. Plate-efficiency
values are not reported below tray
78 for the isobutane-1-butene sepa-
ration owing to the inaccuracies
caused by the very small isobutane
compositions in this region of the
column. Similar McCabe-Thiele pro-
cedures were followed for the =~
butane~1-butene separation. Results
were not reported for this pair be-
tween trays 43 and 72, as composi--
tion values were not too consistent
in this region of the column.

The experimental plate-efficiency
results shown in Table 6 are con-
sistent in spite of the widely
varying conditions of relative vola-
tility and total flow rate within
the column. Further, the efficien-
cies for the two different separa-
tions considered are also very
nearly the same in spite of large
differences in relative volatility
between the two. However, to de-
termine whether the magnitude
and variation of the experimental
efficiencies are reasonable, plate-
efficiency prediction calculations
have been made by the method of
Gerster, Colburn, and associates
(?) and are presented in the next
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section. Discussion of both sets of
efficiency results then follows.

PREDICTION OF EFFICIENCY
RESULTS FROM OXYGEN-
DESORPTION DATA

As mentioned earlier, laboratory
plate-efficiency measurements were
made for the tray design recom-
mended for use in the Neches ex-
tractive column. These measure-
ments were made for a system in
which the rate of mass transfer
within the liquid phase is control-
ling: the desorption of oxygen
from oxygen-rich water with air
at atmospheric pressure and tem-
perature. Plate-efficiency data were
obtained under widely varying con-
ditions of gas rate, liquid rate,
outlet weir height, and slot spac-
ing. Presentation and correlation
of these results have been given
elsewhere (4).

The Neches column trays con-
sidered in the predication calcula-
tions operated with a gas rate
which varied from 0.61 to 0.80 ft./
sec., with a liquid rate of from 70
to 80 gal./ (min.) (ft. of weir), and
with a depth of clear liquid on the
tray computed by the Francis weir
formula to be from 4.0 to 4.2 in.
Under these same conditions the
Murphree liquid efficiencies for the
oxygen system were about 36%.
The same variation in gas rate as
that encountered in the Neches
column caused the oxygen desorp-
tion efficiency to change as much as
1.5 efficiency %, increasing with
increasing gas rate; the liquid-rate
variation caused the efficiency to
change as much as 5 efficiency %,
increasing with decreasing liguid
rate; and the effect of the small
chaiige in clear liquid depth upon
efficiency was negligible.

As shown in reference 7, it is
more fundamental to work with
transfer units instead of efficiency
values. The number of liguid film
transfer units, N, is related to
fractional efficiency expressed in
liquid concentration units, E;, for
the case of no liquid mixing on
the tray, as follows:

Ny=—-23log(1 - Ep) ()

The value of number of transfer
units for the C, hydrocarbon—fur-
fural-water  system, Niggaetive
may be computed from the number
of transfer units for the oxygen-
water system Nigs water by the fol-
lowing relationship (6) :

NLei,tracti‘vz = NLO —water
2

,: (u/pD) 0 ~water ]%

(M/ PD) extractive (2)
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In Equation (2), p is the viscosity
of the liquid, ¢ is the density of
the liquid, and D is the liquid
molecular-diffusion coefficient for
the diffusing component. The value
of w/eD for the oxygen-water sys-
tem is 376 dimensionless units (7).
For the extractive system, the
liquid viscosity is 0.68 centipoise
at the top of the column, where
the solvent conecentration is the
greatest, and the corresponding
value at the bottom of the column,
where the solvent concentration is
the least, is 0.47 centipoise(9). The
liquid density for the extractive
system varies omly slightly, from
65.5 1b./ cu.ft. at the top of the
column to 59.2 Ib./cu.ft. at the
bottom of the column(9). The dif-
fusivity of C, hydrocarbons

through the furfural solvent is esti-

mated to vary from 1.75 X 10-5 sq.
cm./sec. at the top of the column
to 2.59 X 10-% sqg.cm./sec. at the
bottom of the column(18). These
data permit calculation of the di-
mensionless Schmidt group (u/¢D)
for the extractive system as 372
at the top of the column to 191 at
the bottom. Variation of the liquid
physical properties and the Schmidt
group with tray number is shown
in detail in Table 7%, Values of N,
for the oxygen-water system may
now be converted by Equation (2)
to the corresponding wvalues for
the extractive system. Results show
that the Niggiractive values vary from
0.48 at the top of the column to
0.59 at the bottom.

As will be seen later, mass trans-
fer resistance within the gas phase
of the extractive system is quite
small but not negligible. Predic-
tion of the fractional vapor effi-
ciency E,q, including the mass
transfer resistance of both the gas
and liquid phases, can be made by
use of the following equation(?):

1 1 mG /L
—2.3 ].Og (1—Eo(;) - NG NL
@)

In this expression Ny is the num-
ber of gas-phase transfer units for
the extractive system, and mG/L
is” the ratio of the slope of the
equilibrium curve to the slope of
the operating line in dimensionless
units.

A value of Ng=2.4 for the ex-
tractive system was used in the
prediction calculations. This same
value was used by Gerster and co-
workers in predicting efficiencies

*Table 7 has been deposited as document 4756
with the A.D.I. Auxiliary Publications Project,
Photoduplication Service, Library of Congress,

Washington 25, D.C., and may be secured for
$1.25 for photoprints or 35-mm. microfilm.
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for their C, hydrocarbon—furfural
pilot plant column and is based
upon their experimental air-hu-
midification data(?). The value of
N¢ obtained for the mass transfer
of water vapor through air was
converted to a value of Ng for the
extractive system by an equation
similar to Equation (2) with the
w/pD groups evaluated for the gas
phase. The N, value obtained in
this manner agrees closely with
that which would be obtained for
the extractive system if predicted
from some recent University of
Delaware data for the absorption
of ammonia from air into water
on a 2-ft. bubble plate(5). Values
of mG/L were taken from the modi-
fied McCabe-Thiele diagrams. Re-
sults for each term of Equation
(3), as well as for the predicted
value of F,q, are shown in Table
7 as a function of tray number for
both the isobutane-1-butene sepa-
ration and for the =n-butane-1-
butene separation.

Inspection of Table 7 shows that
values of mG/L and N, both in-
crease with increasing tray num-
ber, and so the term (mG/L)/Ny
and thus Fg,qe do not vary widely
as a function of position within
the column. It is also of interest to
note the relative values of 1/Ng
and (mG/L)/Ny as they represent
the relative resistances to mass
transfer within the gas and liquid
phases respectively. For all cases
considered, 80 to 85% of the mass
transfer resistance lies within the
liquid phase. The reasons for this
will be discussed later.

The calculation of predicted effi-
ciency is important because it
shows that there should be little
change in efficiency with tray num-
ber and that the liquid-phase mass
transfer resistance is controlling.
It is perhaps of greater interest
to discuss the probable accuracy
of the predicted efficiency values.
This accuracy depends . upon
whether all the factors of opera-
tion affecting mass transfer in the
extractive column are the same as
those on the oxygen-desorption test
tray. The same conditions of volu-
metric gas rate, liquid rate, weir
height, and cap design were em-
ployed; it is not possible, however,
to be certain that other factors
such as degree of mixing on the
tray, gas and liquid holdup on the
operating tray, and degree of dis-
engagement of vapor from the
liquid were identical for both the
furfural column and the oxygen-
desorption tray. Differences in va-
por density and liquid viscosity in
these two systems, which may be
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noted in Table 7, may affect the
factors just mentioned to some de-
gree. However, the greatest dif-
ference between the two units was
in the length of the calming zone
before the outlet weir. In both
cases the tunnel caps were placed
parallel to the direction of liquid
flow and had a slotted length of 20
in.; but in the furfural column the
distance from the last slot to the
outlet weir was 2 in., and on the
oxygen-desorption tray this dis-
tance was 12 in. Because of the
high liquid rates employed, it was
experimentally observed that in the
latter case much of the gas was
carried along into the calming zone
of the oxygen-desorption tray,
where additional mass transfer
probably occurred. Thus the liquid
on this tray could have been con-
tacted by the gas for as much as
32 in., compared with 22 in. for the
furfural-column tray. If the Ny
values for the oxygen tray are re-
duced by a factor of 22/32 before
being used in the prediction calcu-
lations, the maximum effect of this
difference in tray layout can be
determined. This has been done,
and the resulting predicted effi-
ciencies given in Table 7 are seen
to be 7 to 9 efficiency % lower than
when this difference in tray lay-
out is ignored. If it is assumed
that the actual correction for the
oxygen-desorption tray calming
zone is about one half the maxi-
mum correction just computed,
then the average predicted efficiency
for the isobutane—1-butene separa-
tion is 299, and the average pre-
dicted efficiency for the n-butane—
1-butene separation is 329%. These
values compare well with the ex-
perimental efficiencies shown in
Table 6. The predicted efficiencies
assume the tray liquid to be well-
mixed, but even if the tray liquid
were assumed to be completely
nonmixed, the predicted efficiency
values would be increased by only
3 or 4 efficiency %.

DISCUSSION OF RESULTS

Both the experimental plant-per-
formance data and efficiency values
based upon laboratory measure-
ments confirm that plate efficiencies
for the furfural extractive column
under examination are about 25 to
30%. It is now pertinent to ex-
amine the reasons for the low
efficiency and then to determine
whether anything can be done to
improve it.

The prediction calculations are
better suited to show the reasons
for the low efficiency. They indi-
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cate that the rate of mass trans-
fer within the liquid phase is quite
low, which in turn limits and con-
trols the efficiency of the entire
mass transfer operation. The
liquid-phase efficiency is low be-
cause of the adverse effect of the
following variables:

1. Low Gas Rate. Liquid-phase ef-
ficiencies increase with inereasing gas
rate, because higher gas rates pro-
vide a greater interfacial area and
one which is being renewed at a
faster rate.

2. Low Time of Contact of the
Liquid with the Gas. The greater the
liquid contact time on the tray, the
greater is the amount of mass trans-
fer which can ocecur in the liquid
phase. High liquid rates and a fairly
small length of liquid travel are re-
sponsible for the low liquid contact
time.

3. Unfavorable Liquid Physical
Properties. Liquid phase efficiencies
increase with decreasing liquid wvis-
cosity, with increasing liquid dif-
fusivity, and with increasing liquid
density. The present extractive sys-
tem has a liquid viscosity about three
times greater than a gasoline frac-
tion at its boiling point.

Possibilities for overcoming
these unfavorable factors which
promote low plate efficiency are
examined below:

1. Increase in Gas Rate. Very little
can be done in the present column to
increase the gas rate without in-
creasing the already high liquid rate.
If an extractive solvent somewhat
more volatile than furfural were
used, this would increase the gas rate
and would be desirable from a plate-
efficiency viewpoint.

2. Increase in Liquid Contact Time.
The liquid contact time could be in-
creased by use of a column of larger
diameter; it is not likely, however,
that the cost of such an inecrease
would be less than the saving result-
ing from the fewer trays required.
If the liquid stream were divided into
only two parts instead of into four
parts as in the present column, the
length of liquid travel would be dou-
bled, but because the quantity of
liquid per pass would also be doubled,
the liquid contact time on the tray
would not be changed. The present
arrangement has the advantage of a
more uniform gas distribution owing
to a lower hydraulic gradient of
liquid. As mentioned earlier, the tun-
nel caps employed have a distance
of 4 in. between adjacent cap faces
which provides more liquid-contact
time than any other type of bubble
cap which could have been used. The
comparatively wide cap spacing was
shown in the laboratory tests not to
have an adverse effect upon efficiency.
. 8. Lower Solvent Viscosity. Choice
of a different solvent or use of an
additive to the solvent would lower
the viscosity. The additive should not
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affect selectivity. This latter possi-
bility has been examined in detail in
a recent publication by Baumgarten
and Gerster(2).

The conclusion to be reached
from the foregoing discussion is
that with the high liquid rates and
low gas rates which result from
the extractive-distillation operation
and with the furfural-water solvent
employed, it is difficult to obtain a
high plate efficiency with even the
most carefully considered tray de-
sign. The present tray design ap-
pears to be highly satisfactory and
represents a considerable improve-
ment over the older Neches design
in which large, closely spaced,
round caps were employed on a
single split-flow tray. Happel and
associates (18) computed the tray
efficiency to be 25% for this col-
umn, which has the same diameter
(13 ft. I.D.) and handles the same
feed components as the newer col-
umn. The hydrocarbon feed rate
to the older column was only 4,300
bbl./day, however, compared with
the 6,720 bbl./day fed to the tun-
nel-tray column. Thus the improved
tray design permits considerably
greater throughput without any
change in plate efficiency. Neches
engineers have also made perform-
ance comparisons for these two
columns when operating at identi-
cal feed rates(15). At a feed rate
below 8,500 bbl./day, purity of =~
butylenes in the bottoms product
is approximately 4.5 percentage
points higher for the new column,
and loss of n-butylenes in the over-
head is 0.3 percentage point lower.
At feed rates of about 9,200 bbl./
day, loss of n-butylenes in the over-
head is about 8% for the older
column, but only 6% for the new.
This would indicate that plate ef-
ficiencies for the new column are
much more favorable than those
for the old column at the higher
throughput rates.

CONCLUSION

Sound procedures have been
demonstrated for evaluating the
performance of a commercial frac-
tionator where vapor- and liquid-
flow rates vary considerably within
the column. The computed efficien-
cies compare favorably with those
predicted by the method of Ger-
ster, Colburn, and associates(7),
indicating the usefulness of this
procedure in showing when low
efficiencies can be expected. In this
case the nature of the extractive-
distillation operation and the prop-
erties of the furfural-water solvent
employed were shown to be re-
sponsible for the low order of
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magnitude for the plate efficiency
obtained. Examination of possibili-
ties for increasing the plate effi-
ciency has indicated that the pres-
ent column could not be improved
upon in design or operation and
is in fact superior to the furfural
extractive columns designed for
Neches during World War I1.
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APPENDIX

Calculation of Flow Rates Within the
Tower by Material and Enthalpy
Balance Equations
To calculate the liquid and vapor

rates at any location within an
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V. = Qc+[zxa(hn—l_‘hn)] S—[EZD(hn_l'—’I:D)] D

N

z Yn (Hn - hn—l)

extractive distilation coumn, it is
convenient to use equations requir-
ing knowledge of the composition
of only one stream and the tem-
peratures of both streams. Grohse
and associates (12) used such equa-
tions to analyze the performance
of their extractive-distillation strip-
ping column. Colburn(3) has pre-
sented the same type of extractive-
distillation equations for the gen-
eral case. His equations are sum-
mavrized below:

ENRICHING COLUMN
Total Material Balance:

Ve=L,1+D—S8 (4)
where

V, = moles of vapor leaving tray n»
per unit time

L,, =moles of liquid leaving tray
n-1 per unit time

D =moles of overhead distillate
withdrawn per unit time

S =moles of solvent added per
unit time

Component Balance:

Yn Vn = Tp-1 Ln—l + ZDD — xSS (5)

where

y, = mole fraction of component in

vapor

Z,., = mole fraction of component
in liquid

zp = mole fraction of component in
distillate

z, = mole fraction of component in
entering solvent
Total Enthalpy Balance:

(2 Yn Hn) Vo= (E Tn—1 hn—l) L1+ .

(Z2pip) D+ Q. — (Zzshs) S (6)
where

H, = partial molal enthalpy of com-
ponent in vapor

hnq = partial molal enthalpy of
component in liquid

ip = partial molal enthalpy of com-
ponent in distillate

Q. = enthalpy removed in condenser
per unit time

hs = partial molal enthalpy of com-
ponent in entering solvent

Values of ®,,L,, are eliminated
by substituting Equation (5) into
Equation (6). The resulting equa-
tion is
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The foregoing equation is par-
ticularly useful in the present situ-
ation because it does not contain
the liquid composition or flow rate
for the tray considered. In the
present case, where values are
known for the composition, tem-
perature, and enthalpy of the ex-
ternal streams and of the vapor
within the column the only un-
known values in the equation are
the vapor rate V, and the enthalpy
of the liquid components on the
tray %,,. The equation is used by
assuming the liquid enthalpy values
for the tray considered and then
computing the resulting value of
V,. The liquid rate and composition
values for tray n-1 are now readily
computed by Equations (4) and
(5), respectively, from which the
validity of the assumed liquid
enthalpy values is quickly deter-
mined.

As a sample calculation the de-
termination of the flow rates with-
in the tower at the seventeenth
tray from the top may be con-
sidered. At this point the tempera-
ture is 133°F., the pressure is 87.4
1b./sq.in. gauge, the water content
of the vapor is 2.3 mole %, the
furfural composition of the vapor
is negligible, and the hydrocarbon
composition of the vapor is as
given in Table 4. The properties of
the streams external to the column
are given in Tables 2 and 3.

Enthalpy charts are available for
C, hydrocarbon—furfural mixtures
(11), which greatly assist in the
use of Equation (7). These charis
include the large heat-of-solution
values for C, hydrocarbons in fur-
fural(16) and charts show that
the relative amounts of the various
C, hydrocarbons present in the
solution do not greatly affect the
enthalpy of the mixture. The par-
tial enthalpy of the water present
was computed separately and did
not include any allowance for heats
of solution of water in the mixture.
This omission is justifiable, as most
of the water existed on the trays
as a second water-rich phase. The
enthalpy and external flow-rate
values used in Equation (7) are

tabulated below. All enthalpy values

are relative to the pure compo-
nents at 32° F. in 1 atm. total
pressure.

Enthalpy of Distillate (Zzpip)D:
Enthalpy of C, hydrocarbons
2,140 B.t.u./lb.mole
Enthalpy of water
1,190 B.t.u./lb.mole
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Amount of C; hydrocarbons
in distillate

13,800 lb. moles/day

Amount of water in distillate
470 1b. moles/day

Total enthalpy of distillate,
(Zzpip)D = (2,140) (18,300) -+
(1,190) (470) = 30,100,000 B.t.u./
day

Vi

10,840 B.t.u./1b. mole
Vapor enthalpy for water
- 20,100 B.t.u./lb. mole
Vapor contains 2.3 mole 9% water,
the remainder C, hydrocarbons
Sy, (Hyp — hyg) = 0.977 (10,840—
4,110) + 0.023 (20,100—1,818) =
7,000 B.t.u./lb. mole
Substituting the above values into
Equation (7) gives

_(287+1,407—1,202—57.6+30.1) (10°) _ _(374) (10%)

7,000
= 53,600 Ib. moles/day

Enthalpy Removed in Condenser Q,:

Enthalpy of vapor to condenser
(Table 3)
361,000,000 B.t.u./day
Enthalpy of reflux stream
(Table 3)
44,000,000 B.t.u./day
Enthalpy of distillate
30,100,000 B.t.u./day

Enthalpy removed in condenser =
361,000,000 — 44,000,000 — 30,-
100,000 = 287,000,000 B.t.u./day
(Bzphig) D

Enthalpy of liquid on plate 16,
hie is assumed to be 4,110 B.t.u./
1b. mole for the C, hydrocarbon—
furfural mixture, corresponding to
an assumed 12 mole % C, hydro-
carbon concentration in the water-
free liquid; and 1,318 B.t.u./lb.
mole is the enthalpy of the liquid
water.

(Bz2phe) D = (4,110) (13,800) +
(1,818) (470) = 57,600,000 B.t.u./
day

Enthalpy of Entering Solvent,(Sx.h,)S:

Enthalpy of furfural
3,725 B.t.u./1b. mole
Enthalpy of water
1,780 B.t.u./1b. mole
Furfural flow rate
284,000 1b. moles/day
Water flow rate
131,500 1b. moles/day
Enthalpy of entering solvent,
Sah)8S = (8,725) (284,000) -
(1,780) (181,500) = 1,292,000,000
B.t.u./day

(a6 S:

Using the same values as taken
above,

(Bxhq6)S = (4,110) (284,000) +
(1,818) (1381,500) = 1,407,000,000
B.t.u./day

Byyr (Hyz—hyg) :

Vapor enthalpy for C, hydrocar-
bons
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7,000

The total vapor quantity may be
broken down as follows:

C4 hydrocarbons in vapor at tray
17
(0.977) (53,600 = 52,370 1b. moles/
day
Water in vapor at tray 17
(0.023) (53,600) = 1,230 lb. moles/
day
The liquid quantities may be ob-
tained by material balance:
C, hydrocarbons in liquid at tray
16
Lyg = Vi — D = 52,370 — 13,800
= 38,570 lb. moles/day
Water in liquid at tray 16
Lla = V17 —D + S = 1,230 — 470
-+ 131,500 = 132,260 1b. moles/day
Furfural in liquid at tray 16
Lig=S8 284,0001b. moles/day
Total liquid at tray 16
454,830 1b. moles/day
C, hydrocarbon composition on tray
16 on a water-free basis 38,570/
(38,570 4+ 284,000) = 0.119 mole
fraction, which checks the original-
ly assumed value used in evaluat-
ing the liquid enthalpy.

STRIPPING COLUMN
The corresponding equations

used in the stripping column are’

given below.
Total Material Balance:

Vm = Lm—l - W (8)

where m and m-—1 refer to ad-
jacent trays in the stripping
section

W =moles of bottoms withdrawn
per unit time

Component Balance:

Ym Vm = Tm—1 Lm-—l — Tw w (9)
where
2, = mole fraction of component

in the bottoms
Total Enthalpy Balance:

(= YuHw) Vi = (2 T hm—1) L1 —
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Czeho) W+Q,  (10)

where

h, = partial molal enthalpy of com-
ponent in bottoms

Q, = enthalpy added to system in
reboiler per unit time

To eliminate values of @p1Liq,
Equation (9) is substituted into
Equation (10) to give

Qi [Z20 (ho—hn )] W
Von S g (o — Fon) (11)
which is the working equation for
computing local flow rates in the
stripping section.

Consider as a sample calculation
the determination of local flow
rates and liquid compositions be-
tween trays 50 and 51 from the
top of the column. The vapor feed
is introduced below tray 50, but
by use of the stripping equations,
the vapor rate obtained will be that
leaving tray 51 before joining the
feed stream. At this point in the
column the temperature is 145° F,,
the pressure is 91.0 1b./sq.in. gauge,
the water content of the vapor is
3.0 mole %, the furfural composi-
tion of the vapor is negligible, and
other required quantities are given
in Tables 2 and 4. The calculations
are made in the same manner as
before, with the quantities required
for Equation (11) taken as fol-
lows:

C, hydrocarbons
and furfural Water

Bzl )W = (10,670) (294,730)
+ (4,680) (131,030) = 3,757,500,-
000 B.t.u./day
(Bahsg) W = (4,650) (294,730) +
(2,030) (181,030) = 1,636,500,000
B.t.u./day
Sy5 (Hyy — hso) = 097 (11,250—
4,650) + 0.03 (20,240—2,030) = 6,-
946 B.t.u./ 1b. mole
Q, = 2,494,000,000 B.t.u./day
Substituting into Equation (11)
gives

(2,494 —3,7584-1,637) (10°) _
6,946
(373) (10°)
6,946
=53,700 Ib. moles/day

Vi1=

By calculations similar to those
above for the rectifying section,
the C4 hydrocarbon composition on
tray 50 on a water-free basis is
found to be 0.181 mole fraction.
Calculations of the same type
were made for seven other tray
locations within the tower. Com-
plete results are given in Table 3.

(Presented at A.J.Ch.E. Houston meeting)
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