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ABSTRACT
The desorption of a acetic acid and water solution with am
inert gas was experimentally investigated using a perforated plate
distillation column having 17 actual trays. An inert air stream
flowing countercurrent was used to strip the water from the acetic acid

and water solution.

The feed composition was 0.2509 mole fraction acetic acid. The
experimental results showed the best obtainable separation to be
0.16118 and 0.3965 mole fraction acetic acid in the overhead condensate

and bottoms respectively, at an average column operating temperature

bl

of 56.0 degrees centigrade. The concentration of acetic acid predicted

by calculation is 0.003917 and 0.9860 mole fraction in the overhead
condensate and bottoms respectively, at an average column operating

temperature of 108.9 degrees centigrade.

It was found that inadequate temperature inhibited the activity of
the system, limiting the amount of heat available as Heat of Vapor-
ization, and therefore caused much larger amount of water to remain
in solution than calculations indicate. This insufficient heat pro-
duced results less promising than those obtained by mathematical

simulation.
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INTRODUCTION
Acetic acid (CHBCOOH) is presently produced in the United States

at the rate of 2.5 billion pounds per year. It is rated within the
top 20 indusirial chemicals in annual rate.of production increase,
averaging approximately 8 percent per year for the past 10 years.

in spite of the feedstock shortages experienced by many industrial
users during the 1973 period, acetic acid production enjoyed a 12%
percent production increase, more than three times the average for

the top 50 industrial chemicals for the same time period.

The principle uses of acetic acid are for the production of
vinyl acetate and acetic anhydride. »Vinyl acetate has found a
considerable market in the areas of latex paints, plastics, and
adhesives; areas which have grown rapidly in recent years. The acetic
anhydride market has experienced wore moderate growth; its principle

uses being in the areas of rayon and cellulose acetate.

The industrial synthesis of acetic acid is mainly by direct
oxidation of paraffin hydrocarbons, primarily n-butane, by oxidation
of acetaldehyde, by the reaction of methanol and carbon monoxide, and
by processes involving recovery of by-product acid. These four routes
present the largest share of the industrial market. The latest
commercial process for acetic acid production is by methanol
carbonylation; where the raw materials can be obtained directly or

synthesized from fossil fuels.



Approximately 93% of the products obtained from processes involv-
ing acetic acid production are acetate esters. Esterification of
alcohols or olefins with acetic acid, for both gas and liquid phase
reactions, are catalyzed by strong mineral acids, including acetic
aluminas. Since acids may lead to undesireable by-products, bases
could be used, although the rate of reaction is much less. Another
problem with base catalyzation is that the conversion is limited by

the approach to esterification equilibrium:

R-0H 4 HOAc = ROAc + H,0 : 1)
RZC=CR2 + HOAc = RZE—SRZ 2)
H OAc

. . where R denotes the hydrocarbon radical, such as CH3-, CgHs-,
ete. In some cases, the equilibrium limitation is relieved by removal
of the water or ester by azeotropic distillation, or by first

dehydrating the acetic acid to acetic anhydride.

The hydrolysis of esters, the reverse of reaction (1), is of
significant commercial importance in producing large amounts of
recycle diluted acetic acid. This is prominant in the rayon industry,
where production from cellulose acetate produces recycle acid, which

is concentrated for reuse.

Vinyl acetate is the largest end product obtained from acetic
acid. The two major processes involve the principle of acetic acid-
olefin addition. The latest commercial processes involve the use of

ethylene and oxygen:



C2H4 + %02 + HOAC ~—— CH,=CH-OAc + H,0 (3)
The more traditional esterification of acetylene to vinyl
acetate is:

Cfy + HOAe ——n CH,=CH-OAc (%)

Both of these reactions apparently do not exhibit an
equilibrium limitation. The resistance of acetic acid to destructive
oxidation allows better than a 95% yield in ethylene based processes,

where the by-products derive mainly from ethylene.

Dehydration is the second most popular industrial reaction
involving acetic acid, being an important step in the synthesis of
cellulose acetate and rayon. Esterification with acetic anhydride
allows a much higher conversion of alcohols (or -OH groups) than
esterification with acetic acid (reaction 1). The dehydration
equilibrium restriction is predominant, requiring a reaction temper-
ature and pressure of 700°C and 150 mm absolute. The commercial
reaction is:

HOAc = H,0 + CH,=CO
KETENE

. which is catalyzed by small amounts of triethylphospate, and
followed (after quenching and cooling) by:
HOAc + CH,=CO = Ac,0
ACETIC
ANHYDRIDE

The acetic anhydride is present in the liquid phase.



As reactions (1) and (3) indicate, water is a co-product in
reactions involving acetic acid. Both major users (acetate pro-
duction via esterification and dehydration) produce water that must

be removed in order to insure product purity.

All three of the predominant manufacturing processes involving
acetic acid production rely on azeotropic distillation as a means
of water removal. 1In the process involving direct oxidation of hydro-
carbons, the acetic acid solution, with co-products alcohols,
aldehydes, ketones, esters, acids, and water is purified using
azeotropic distillation. Esters refluxed back to the separation
column enhances the volatility of the water. The acetic acid is
removed from the column bottoms; the azeotropic effluent is sent to

an overhead separator.

In the process of acetaldehyde oxidation, water and other
1ight ends are removed from acetic acid in a drying column. For this
process, the azeotroping agent is commonly an ether, such as
diisopropyl ether, which greatly increases the water volatility, along
with entraining any light ends in solution. The process water is
then stripped of any hydrocarbons and sent to a vent gas scrubber, or

discarded.

The process involving acetic acid production by methanol
carbonylation utilizes the conventional dehydration schemes with the

exception that, in low pressure synthesis, water soluble methyl



acetate is used as the azeotroping.agent. Following removal from the
dehydration unit and separation from any organics, the water is
recycled to a vent scrubber or discarded. Also, since reactions
involving the production of esters from acetic acid are limited by
hydrolysis equilibrium, acetic acid is frequently found in dilute
quantities as an impure by-product. Here again, the water stream

used in production is mixed with an azeotroping agent (esters, ketones,

and ethers) and withdrawn.

This Thesis explores an alternate to azeotropic distillation,
namely, the removal of the water by stripping with an inert vapor.
Azeotrepic distillation involves the addition of a third chemical
used to entrain the water; an inert vapor such as air would probably
be less expensive than the azeotroping agent, and more readily avail-
able. The process equipment required would basically remain the
same; the overhead separation unit could be replaced with a condenser,
or the stream sent directly to the vent scrubber and condensed with
the wash water. This "once-through" type of operation, if successful,
could prove more economical than the traditional azeotropic distill-

ation process.

The analytical methods used to predict tower performance are the
traditional Horton-Franklin equations combined with the Edmister
equations for Stripping factors. This presents a complete method for

calculating bottoms recovery.



THEORETICAL DEVELOPMENT




THE DEVELOPMENT OF THE ANALYTICAL EQUATIONS
AND CALCULATION TECHNIQUE

The calculation methods presented here were derived by Smith and
Brinkley ( 1 ) which are applicable to a wide variety of equilibrium
stage processes. Basically, the analytical method predicts the
recovery of each component in the bottoms product. Originally
developed for a countercurrent extraction process (see Figure 1) it
has found use in many simpler equilibrium processes. Many of the
stream variables and flowrates reduce to either zero or 1.0, thereby
allowing for a relatively straightforward iterative type of calculation

procedure.

The complete derivation of the equations used in predicting the
bottoms recovery is presented in the Appendix. For clarity, the

derivation will only be outlined here.

Referring again to Figure 1 and writing a material balance
around stage (n+l), the following equation is obtained:

Lnt2%pt2 + Voyn = ToppXneg + Vo Yoet
By definitiom, y, = Kyx,, and Yp4+1 = Kpe1Xp+1s substitution into the
preceeding equation yields:

Loto¥pts + VnKnXy = Top1Xntl + Vna1Kpe1¥p

Rearranging in terms of the x variable gives:

X2 [ Knr1Vnbl T Ipsr | e Y KVn %0 = 0
Ln+2 Lot Lnt2

. . which applies to any component under consideration.
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‘This equation can be solved by making the simplifing assumption
of constant phase rates and distribution coefficients in the upper
portion of the column. Incorporating this into the above equation
and presenting in the differential ''operator" form yields:

(E2 *(%Y*’ 1) E+§_\1) x =0

. . which has the roots KV/L and 1.0. In terms of the Stripping
factor, the solution can be written as:
xy = C1(S™ + C, (1
. . where Cy and Cy are constants and S, = KV/1 = the average
stripping factor for the component in the upper section of the column.
The variable x, relates to the concentration of the component in the
heavy phase leaving stage n, and the exponent n on the stripping

factor denotes the stage number.

In like manner, an equation can be derived for the lower section
of the column.
- m
%, = C3(S)™ + Cy (2)
. vwhere S = K1V1/L1 = the average stripping factor in the lower
section of the column. The "m'" denotes the stage number in the lower

section.

In order to obtain a working equation in x, the constants Cp, C,,
C3. and C4 must be eliminated. - For the upper section of the column
(equation (1)), let A denote the total amount of a given component

entering the column. By definition:

A = Fyy + Flypy + Sxg
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. . where the y values denote the feed concentration (shown as y
because in an extraction process, the feed is generally more similar
to the raffinate phase). If f is designated as the fraction of the
component which will be recovered in the bottoms, the equation:

Dyy = (1-£)A
. . « can be written. Substituting (1-f)A for Dyy in the material
balance equation:

Vyyn = Dyy + RDyy = (1+R) Dyy

. allows for a solution in terms of yy, which upon algebraic
manipulation yields:

Yy = (14+R) (1-D)A

N
. . . or, noting that K = yy/xy:
KVN

Direct substitution into equation (1) yields:

N
(LHR) (1-D)A = C,(S)" + Cy
Kv

A similar equation with Sh raised to the (N-1) power can be derived
from a material balance around stage N. These two equations can then
be combined to eliminate the constants C; and C2. An analogous
procedure will eliminate the constants Cy and C, from equation (2),
and provide a working equation for the lower section of the column.
The equations for the upper and lower sections of the column can be
combined with a component balance around the feed stage to provide an

equation depicting the entire process shown in Figure 1, which is:
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N-M N-M -
e o (1580 )+ qq(Sy -8p) + R(1-S) + hapl1Sy T (1-8nD  (3)

[a-s¥™ + s M M(1-5,0) + r(1-5,)

+h ((+RY)/(+grY) ) s Ms NM(1-sp) |

The variables qp and qpl refer to the fraction of the component
under consideration entering in either the upper or lower feed. R and
Rl denote the respective upper and lower reflux ratios, and the "g"
variable, used strictly for an extraction process, denotes the assumed
recovery factor in the solvent-recovery device. The variable h that is
used depends upon the nature of the feed; for a light (vapor) feed
(raffinate phase for extraction):

h=L 1-8 (4)

Ll 1 -8,

For a more heavy, or liquid feed (extract phase for extraction):

h=% L 1-8, (5)
Kk 1l T -5,

Equations (4) and (5) used in equation (3) predicts the bottoms recovery

for a distillation process.

Equation (3) is presented here in its most complicated form, being
derived for the extraction process presented in Figure 1. For the inert
gas desorption process under study, equation (3) degenerates to a much

simpler fomm.

Referring to Figure (2), for a countercurrent desorption process,
there are no refluxes (R=R1=O), and no absorption section (M=0). Since
the reflux ratio R=0, there is no lower feed other than V,, hence

Fl - qpl = 0. Since for the purposes of this analysis, the water and
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acetic acid enter only in stream L,,q, qq = 1; and by substitution of

these-quantities into equation (3), a much simpler form is developed:

£=1-5
1 - sl (6)

The following section will illustrate how equation (6) is applied to

the Stripping operation.
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APPLICATIONS IN ABSORPTION AND STRIPPING

Both absorption and stripping (desorption) will be discussed
here because they are essentially identical "reverse' operations.
Mass transfer for both operations is essentially in one direction.
The changes in phase rates are therefore proportional to the amount of
material being transfe;red. In absorption, the relatively insoluble
vapor phase (either fully or partially saturated) looses material as
it proceeds up the column, but little if any nonvolatile absorber oil
passes into the gas phase. The direction of mass transfer is reversed
in stripping. The insoluble oil-free gas absorbes material as it
proceeds up the column (the oil phase being "stripped”), and the oil
phase decreases proportionately to the increase in vapor phase. It is
evident that a constant L/V ratio does not apply to either absorption

or stripping.

Aside from its effect on phase rates, the undirectional transfer
of material creates thermal effects which may be considered. In
absorption, most of the heat released (as the vapor phase components
condense) appears as sensible heat in the liquid phase. Since only a
small amount of material is being vaporized, little of this heat is
used as heat of vaporization. Hence, the liquid phase rises in temp-
erature as it proceeds down the column. The opposite effect occurs
in stripping. The heat of vaporization of the more volatile components
is supplied by the sensible-heat contained in the liquid phase. Hence
the temperature of the liquid phase decreases as it descends down the

column.
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Since the undirectional flow of material in either absorption or
stripﬁing has such a pronounced non-linear effect or both phase rates
and temperature profile, graphical solutions do not predict operation
with sufficient accuracy. The variation in phase rates causes the
operating-line equation:

Yo = i1 ¥ni1 + Vo¥o - I1*1

Vi vy

to be noﬁ—linear, since the L/V ratio is no longer constant. The only
exception would be the case of extremely diiute solutions, where both
the operating and equilibrium curves drawn on an x-y diagram become
linear as they approach the origin. For all other cases, equation (3)
in its proper form must be used to predict the bottoms recovery for
each individual component. For desorption, the method of Horton and
Franklin can be used to predict changes in phase rates and temperature
profile, using the method of Edmister to predict an overall Stripping

factor for each individual component.
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THE METHOD OF HORTON AND FRANKLIN

Horton and Franklin suggests that the percentage of material
either absorbed or desorbed is constant throughout the column and
the temperature change is proportional to the amount of material
being transferred. Mathematically, these relationships éan be

expressed as:
L - %)
Iyl Lp+1

« « « for the liquid phase rates, and:

Iy+1 - Ly = ty+1 ~ tn (8)
Lyv1 — L1ty — t1

- + . for the temperature profile. The Horton and Franklin method for
predicting internal phase rates is as follows: an initial separation
(f) is assumed for each component present in the feed. By performing
a material balance around the entire column, the overhead vapor stream

(Vy) and bottoms product stream (Ly) can be determined.
N 1

Having determined Ly, and knowing Lyy; (feed), the ratio (LI/LN+1)
can be determined. Using equation (7), setting n = 1, Ly can be
determined. By material balances, the difference in moles (L2 - Lj)
will be reflected as an increase in vapor rate (V, + (Lo — Lj)), and
thereby fix Vj. The iteration is repeated setting n=2, and proceéding
up the colump until n=N. Equation (8) can be used simultaneously with
equation (7), as the phase rates are determined, stage temperatures can

be calculated. This would also require an estimation of tyyq.
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These equations are used in conjunction with the Edmister method
for eétimating the overall Stripping factor (described in the next
section), for calculating the fraction of each component present in
the bottoms product. This is accomplished by the application of
equations (3) or (6). The material balance equations incorporating
the f factor can be expressed as:

Lixy = f(Voyo -+ LN+1XN+1) (9)

and

1

NN

The subscripts on equations (9) and (10) refer to the stage number.

(1-£) (Voyg, + Iygp1¥n+1) ' (10)

The recovery calculated by equations (9) and (10) is compared to the
initial assumption, and the iteration is repeated if not sufficiently

close.
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THE EDMISTER METHOD FOR ESTIMATING AN FFFECTIVE
STRIPPING FACTOR

The Edmister method for predicting an effective stripping factor
~initiates with the Horton and Franklin expression for an N-stage

stripper (with stages numbered from bottom to top). This expreséion

is:
Xgep - X7 . S1S2 v Syt Sg83 v SN+ cer + Sy
XN+1 Slsz .. SN+SZS3 .o SN-}— ...+SN+1

- VoYo SoSy ++ Sy + 838, -- Syt ... + Sy F 1 (11)

By definition, an "effective" stripping factor is that value which if
substituted for each S, in equation (11) would leave the value of

(XN+1 - Xl)/(XN+1) unchanged.

It can be shown that the rigorous expression for S (equation 11),
when applied to a two-stage stripper, will yield the quadratic equation:

SZ+5 - 5y(8; +1) =0

. where the unsubscripted values of S refer to the effective
stripping factor, the subscripted values refer to their respective
stage. (A complete derivation of the above equation appears in the
Appendix). This equation has the positive solution:

S = (Sp(s87 + 1) +0.25)05 - 0.5

Edmister suggests that the effective stripping factor is to be
considered independent of the number of stages; or expressed as the
form:

s = (8y(sp + 1) +0.250%5 - 0.5
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Calculation of effective stripping factors by the Edmister method

will provide results that are generally comparable to those

obtained by the method proposed by Horton and Franklin, which requires
much more judgement and experience in selecting these factors. The
Edmister method provides a relatively straightforward method of
calculation. which when used in conjunction with equation (6), will
allow for the calculation of the bottoms composition, considering only
the top and bottom stages. The final calculation trial, which outlines

the above method, appears in the Appendix..
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THE DEVELOPMENT OF THE ANALYTICAL
METHOD FOR CALCULATING pH

The equilibrium expression pertinent to the titration of an

acetic acid solution with sodium hydroxide is:

-+ - = + -

Na CH3C02 + HZO CH3C02H + NaT0H
Sodium Water Acetic Sodium
Acetate ion ~ Acid Hydroxide ion

As with any weak base, the equilibrium-constant expression for sodium
acetate can be written as:

K = (Ccrscoom) (Conscop-)

. . where (C4) denotes the equilibrium concentration of component x.

The purpose here is to determine Cgyy-, hence enabling the pH to
be calculated. Since the value of Ky was not readily available, an

alternate approach to obtaining it was investigated.

The equilibrium-constants for water and acetic acid can be
expressed as:

KW = (CH+) (COH—)
. . . for water, and:

Ko = (Ccrzeng-) (Cut) / (Cogacoom)

for acetic acid. Division of (KW/KA) yields the expression:

Ky = (Cgh) (Cop-) = (Ceac0oM) (Coy-)
Ka  (Ccpacop) (Cpt) (Cep3C02-)
(Ccysco2n)
. . . which is exactly identical to the expression for Kz. Hence, Ky

can be calculated by dividing the known values of the equilibrium-

constants for water and acetic acid, or:
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Kp = 1.0 x 10-* = 5.6 x 10710

1.8 x 1075
From the stoichiometry of the equilibrium equation, it can be seen
that:
Ccuscogn = Con~
By substituting back into the original expression for Kg:

Ky = (Cog-) (Cog-) = (Coy-)?
(Cersco,-) (Cergco,™)

Since Ky and CCH3002' are known, (CCH3COZ‘J or the molarity of sodium
acetate, is found by sample titration), the value of Coyg- can be

determined by re-arrangement of the above equation to:

0.5
Con- = (Kp (Corsco,-))

This value is used in calculating the pH value. Further discussion

and sample calculations are found in the Appendix.



21

EXPERIMENTAL APPARATUS

A process flow diagram for the desorption system is shown in
Figure 3. The apparatus (hardware) required to construct this

system is described in the following sections.

Liquid feed to Column. This system consists of a storage

vessel, feed pump, and 0.25 inch diameter flexible copper tubing.

The punp is also equipped with a recycle line to the storage vessel,
with the necessary valving to regulate the flow to the tower as the
liquid head in the storage vessel is decreased. The recycle stream
also served to provide a degree of continuous mixing in the storage

vessel.

The liquid feed system also consists of three feed preheaters.
The first preheater consists of a 5 pass coiled heater, (2 feet of
0.25 inch copper tubing per pass) heated by two gas burners. The
second and third feed preheaters each consist of 0.25 inch copper
tubing spiral wound around a 5 inch outer diameter asbestos pipe,
approximately 12 inches long. The heating medium is electrical
heating tape, and each heater is independently controlled by a volt-
age traansformer (Variac). The second and third preheaters, as well as
the interconnecting tubing and the tubing from heater number three to
the tower, was insulated with blanket and/or pipe insulation. A rota-

meter is inserted between the first feed preheater and the pump.
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An inlet feed temperature indicator is inserted between the third
preheater and the column by means of a tee connection. A thermometer
is used as the indicator, exposed to the process fluid by means of the

tee.

Liquid removal from the Column -~ Bottoms product. This circuit

consists of 0.25 inch copper tubing connected to the lsboratory drain.
A bottoms sample tap is inserted in the line between the column and
the drain by means of a tee. Within this circuit is also the necessary
valving needed to facilitate startup, and to maintain sufficient liquid

inventory in the column during operation and while taking samples.

Vapor feed to Column. This circuit consists of a rotameter, and

an in-line gas drier consisting of 0.017 ft.3 of desiccant. Heating is
accomplished by means of a feed gas preheater. This preheater, similar
to the second and third liquid feed preheaters, consists of 0.375 inch
copper tubing spiral wound around a 5 inch outer diameter asbestos pipe

approximately 12 inches long.

The cireuit also consists of a pressure and temperature indicator
connected in series between the preheater and tower connection. A
preéssure guage serves as the PI, connected in-line by means of a tee,
and the temperature indicator consists of a thermometer exposed to the
process fluid by means of an additional tee connected in series with the
PI tee. The feed preheater is wrapped with blanket insulation, and the
line between the preheater and the vessel is insulated with asbestos

pipe insulation.
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Overhead vapor-condensate recovery system. A pressure indicator

used to monitor the tower pressure above the top stage is connected by
means of a glass tee. The overhead circuit consists of two vertical

water-cooled glass condensers connected in series. The water-side of
these condensers is also connected in series. Water flow is regﬁlated

to insure total condensation.

Directly beneath the condensers is a valved condensate trap, which
served as the overhead condensate sample point. An in-line drain is
instélled after the trap to recover any condensate that by-passes the
trap. The vapor outlet line is then connected from the vapor-side of

the drain to the suction on the laboratory hood.

The overhead vapor line from the tower to the condensers, both
condensers, and the valved condensate trap were all constructed of
glass. The reason is that acetic acid present in the vapor phase will

attack the copper tubing, causing contamination of the process fluid.

Desorption (Stripping) Column. The stripping section of the column

consists of 19 radial-flow sieve trays; each tray having centrally
located circular downcomers and overflow weirs. During the experiment,
the lower two trays failed to start-up, hence for the purposes of this

analysis, 17 trays only were used.

A glass spool piece containing a magnetic actuated reflux mechanism
served to distribute the liquid to the top stage. Since no external
reflux was associated with this analysis. the reflux mechanism was left

in a position allowing for total feed to the top tray. The vapor feed
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was accommodated by means of a glass spool-piece (with radial

connection) situated below the bottom tray.

Removal of vapor and liquid from the tower was accommodated by
means of glass caps with centrally located nozzles. The spool pieces,

caps, and column were assembled by means of flanges.

The column has provisions for tray vapor sampling; two of these
connections provided means for the thermometer taps used to monitor
the temperatures of stages 16 and 5. These points were chosen because

they were furthest apart from each other.

The entire column, upper spool piece and head, and a portion of
the lower spool piece above the vapor feed was wrapped in blanket
insulation, over which asbestos pipe insulation was applied. Insulation
was not applied to the lower portion of the bottom spool piece and

bottom head to allow for visual monitor of the liquid level.
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EXPERIMENTAL OPERATION OF
COLUMN AND RELATED EQUIPMENT

The feed solution (0.25 mole fraction acetic acid) was prepared
in the storage vessel, using the necessary volumes of acetic acid and
water to obtain this concentration. The volumetric analysis
(titration) indicates that, in effect, a 0.25 mole fraction solution
was indeed obtained. The feed inventory would last approximately two

hours.

To begin process flow, the pump had to be primed on total recycle.
It was from this recycle stream that the feed sample was taken. At

this time, the condenser cooling water was introduced.

Inlet vapor feed was then introduced to the column, slowly at
first; thé vapor preheater was activated. As the feed temperature began
to rise. the vapor flowrate was increased, and the variac voltage
increased in proportion until the design flowrate was registered on the

rotameter.

As the vapor feed was heating, liquid feed was introduced to the
tower in a small amount at first, and the second and third feed preheat-
ers were activated. As with the vapor, the heat input was increased in
proportion to the flowrate until design flowrate was read on the rota-
meter. At this point, the vapor feed had reached approximately 67.0°C,

the liquid feed approximately 86.0°C; the timer was then started.
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The column insulation was témporarily removed to insure that all
stages’were fractionating. Owing to a recent accident, there had
been repair work done on the column; work which necessitated removal
and re-installation of the bottom two trays. Upon re-insertion, the
underdownflow clearance was erronously set higher than the weir
height. therefore it was impossible to maintain a liquid seal. All
other stages were fractionating properly, so for the purposes of this

analysis, 17 stages were considered.

To prevent vapor bypass during startup, the bottoms liquid out-
let valve was left in the closed position. As the inventory was
increased, the valve was opened enough to maintain a static liquid

head.

As the tower began to fractionate, the liquid level in the over-
head condensate trap began to increase. The trap valve was opened
enough to reduce the level in the trap and still maintain the vapor

seal.

Initially, some overhead product had bypassed the condenser and
had condensed in the line after the trap. This was evident as a level
in the drain trap was noticed. The éooling water circulation rate was
increased to compensate for the increased condensing rate; and no

further increase in drain level was noticed.

Heat Input

As the variac voltage on the second and third liquid feed pre-

heaters was increased, the heating tapes began to ''smoke''. This smoke
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represented the maximum allowable heat input from these preheaters.
To continue safe operation, the voltage was reduced, and the
‘insulation around the preheaters was loosened to promote heat
removal from the outer surface of the tapes. At this point, the
first (gas) feed preheater was activated; this would serve to
increase the inlet temperature to the second and third preheaters.
As the smoking decreased, the variac voltage was increased; the heat
input required from the second and third feed preheaters was now

reduced due to the first preheater.

The vapor feed preheater also began to smoke and the same pro-
cedure was used to rectify it. As there was no gas preheater for
the vapor feed, the inlet gas temperature had to be regulated by the

physical constraints of the preheater.

The temperatures selected for the vapor and liquid feed cor-
respond to the equilibrium concentrations predicted by calculation.
In spite of the problems associated with the preheaters, appreciable
feed temperatures were obtained. The liquid feed leveled off
between 95 and 105 degrees Centigrade; the vapor feed approximately
100 degrees Centigrade which closely correspond to the respective
equilibrium temperatures for the top and bottom stages. An addi-
tional problem was caused by flashing of the liquid feed. A trans-
parent piece of flexible tubing was installed on the feed nozzle to
monitor the liquid flow, and when surging slugs of liquid were
noticed, the heat input had to be reduced to re-establish single

phase flow. Flashing was noticed during sampling, as the data for
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samples 8 and 22 indicates.

Although the feed temperatures were sufficient, the actual column
stage temperature was grossly insufficient. The stage temperatures
monitored on trays 16 and 5 reached maximum temperatures of 69 and 50

degrees Centigrade respectively.

During the course of the experiment, the liquid level in the
column bottoms and the overhead condensate trap was constantly
monitored. Since the storage capacity in the bottoms was large com-
pared to the flowrate, periodic observation was all that was necessary
to insure that the level was maintained below the vapor inlet. The
overhead condensate trap had a rather limited inventory, and being
that the amount of liquid condensed was influenced to a great degree
by the heat input to the tower, any variation in heat input was
neticed in thg level in the condensate trap. This therefore‘required

almost constant monitoring.

The information recorded at the time of each sample was as
follows:

(1) Elapsed time,

(2) Respective feed temperature at time of sample.

(3) Column temperature (stages 16 and 5).

(4) Column bottoms and overhead pressure (vapor samples only).

The data is presented in tabular form in Tables 3 and 4, and a
critical analysis of the data is presented in the section "Discussion
of Results'. The process flow diagram (Figure 3) illustrates the equip-—

ment arrangement and flow scheme.
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TECHNIQUE FOR TITRATION AND VOLUMETRIC ANALYSIS

Titration

In order to determine the efficiency with which the desorption
column had performed, the concentration of the acetic acid in the
condensed overhead and bottoms product had to be determined. The
method chosen to determine the concentrations was titration. A Gas
Chromotograph was available, but the type of packing that would be
needed to resolve the acetic acid/water solution was not available,
hence titration proved to be the most feasible method with the avail-

able equipment.

The samples were collected in acetone-rinsed sample bottles,
approximately 30 milliliters in capacity. This would be sufficient
to allow for spillage and retitration if necessary. The titration

was performed at room temperature.

The indicator chosen was Ortho-Cresolsulfonephthalein, commonly
known as Cresol Red; which has an indicator range of 7.0 to 8.8 pH.
The upper value of pH approximately corresponds to a 0.071 molal
solution of Sodium Acetate, which could be achieved by sufficient

dilution of the sample.

The selections of the volumes used for titration was rather
arbitrary, but the pH of the titrated solution was required to lie
reasonably within the range of the selected indicator. The procedure

used is as follows:



A one milliliter sample was withdrawn and diluted with 50 milli-
liters'of distilled water. After thorough mixing, a one milliliter
sample of the dilute solution was withdrawn and deposited in a
titration bottle. 0.1 molal Sodium Hydroxide solution was introduced
by a buret, and added until a color shift to neutral or neutral-red
was observed. A white background was used to facilitate observation
of the color shift, and the sample was agitated to insure complete

reaction.

Volumetric Analysis

After determmining the amount of 0.1 molal Sodium Hydroxide
needed for the titration of each sample, the concentration of Sodium
Acetate, which is the Acetic Acid concentration, was calculated. A
sample calculation, which was done to determine the feed sample con-
centration, along with the logic used for the analysis, appears in

the Appendix.

Once the concentrations had been determined, the pH was calcu-
lated. This step in the analysis served only to determine if the
selected dilutions for the titration were sufficient for the
indicator that was used. A sample calculation, used to determine the
feed sample pH, along with explanatory derivation and logic, also
appears in the Appendix. The pH values for the respective samples is

shown in Table 2.
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EXPERIMENTAL RESULTS

Table 2 lists the molarity, pH, and Acetic Acid and Water
composition for each respective sample. A sample calculation (using
the feed sample) appears in the Appendix. This set of sample cal~
culations illustrate the various calculation methods and logic used
to convert the volume of Sodium Hydroxide needed for titration into

molarity, pH, and compositions (expressed in terms of mole fraction).

The following table summarizes the best experimental results and
the results predicted by calculation. The experimental results
correspond to samples and for the condensed overhead and bottoms com-

positions, respectively. The compositions are in units of mole

fraction.
COMPONENT EXPERIMENTAL EXPECTED
COMPOSITIONS COMPOSITIONS
Overhead Bottoms Overhead Bottoms
Acetic 0.16118 0.3965 0.003917 0.9860
Acid

Water 0.83882 0.6035 0.996083 0.0140
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TABLE 2

SUMMARY OF EXPERIMENTAL RESULTS

Molarity of
Sodium Acetate
(moles/liter)

.1765
.1350
.1906
.1436
. 2014
.1298
. 2314
. 1436
. 2057
.1373
2286
.1329
.1899
. 1644
1891
.1533
. 2068
. 1577
.1878
. 1351
. 2034
.1384
.1965
. 1394
. 1950

.

.

QOO0 OO QOO0 OO0O0OO0OO0OO0OODOCOOOC0O

pH

8.998
8.940
9.024
8.953
9.030
8.931
9.056
8.953
9.031
8.943
9.054
8.936
9.013
8.982
9.012
8.967
9.032
8.973
9.011
8.939
9.028
8.945
9.021
8.946
9.019

Xacetic
acid

0.2509
0.1700
0.2834
0.1853
0.3103
0.1612
0.3965
0.1853
0.3217
0.1740
0.3876
0.1664
0.2817
0.2253
0.2797
0.2043
0.3248
0.2117
0.2767
0.1702
0.3155
0.1760
0.2978
0.1777
0.2940

Xwater

0.7491
0.8300
0.7166

0.8147

0.6897
0.8388
0.6035
0.8147
0.6783
0.8260
0.6124
0.8336
0.7183
0.7747

0.7203

0.7957
0.6752
0.7883
0.7233
0.8298
0.6845
0.8240
0.7022
0.8223
0.7060
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DATA ANALYSIS- CALCULATION OF APPARENT
COLUMN EFFICIENCY

Using the data presented in Table 2, the column efficiency
relating to mass transfer can be estimated. This efficiency will be
a direct indication of the feasibility of separating the acetic acid/

water solution by the methods proposed in this Thesis.

Essentially, the analysis relates to a reverse calculation of
that used to determine the bottoms composition. In that case, the
number of stages was known; the variable being the bottoms composition.
For the purposes of this analysis, the bottoms composition has been

experimentally determined, the variable will now be the number of

stages (N).

In order to detemmine the efficiency, the bottoms and overhead
molal flowrates have to be determined. This can be accomplished by
examining component material balances around the column:

Iperdwer = %1+ Vain
. . . for acetic acid, and

Irayer = ¥+ Vo
. . . for water.

The terms L1 Xt (for both water and acetic acid) have been
determined - they are the feed molal flowrate and compositions. The
values of xq and yy for both acetic acid and water can be determined
from the experimental results. The material balances present 2
equations in terms of 2 unknowns; subtraction of these equations will

yield values of L; and V. Note that the inlet vapor stream does not
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enter the analysis due to the fact that it is éssentially inert.

. Having determined L1 the values of £ can be calculated for both

components by substitution of the respective values into the equation:

faac = L%/ D%t
and
£100 = L1/ Iy ¥t

Stripping Factor

In order to calculate the efficiency, the effective stripping
factor must be estimated. The stripping factor (for stage 1) is
defined as:

S1= %y
le

This equation can be used for either the acetic acid or water. To be
totally rigorous, Vi, which is the vapor from stage 1, should be used
in place of V,. This value, however, cannot be determined - the com-
position on stage two is not known. Also, the liquid compositions on
stage 1 are known (experimentally determined), but the actual vapor
phase compositions above stage 1 at the operating temperature are

unknown - hence the equilibrium values will be used.

In like manner, the stripping factor for the uppermost stage is
estimated as:

SN = LNy

Iygq X
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. . . for both acetic acid and water; using the respective com-
positions. As before, Iy, is used (LN cannot be determined) and
the respective liquid compositions are determined from the equilibrium

values.

Having estimated S1 and SN for beth components, an estimation of
the effective stripping factor is determined by the Edmister
equation:
S = (Sy(sy+1) + 0.25) 0-3- 0.5
for both acetic acid and water. This value of S represents an
"estimation' of the effective stripping factor for the actual column
cperation. The number of stages, N, can be determined by the equation:

f = 1-8
FE|

. for both components which is recognized as equation (6). The
value of N can be determined for both acetic acid and water; each of
these values can be used to obtain an apparent column efficiency by
the relationship:

R % = (N/17) x 100

. . expressed in "per-cent'". The calculation for the efficiency
(based on water compositions) with explanatory logic appears in the

Appendix.



DISCUSSION OF RESULTS

Tﬁe data presented in Table 2 indicates that the acetic acid
and water compositions in both the overhead and bottoms streams differ
greatly from the expected calculated compositions. This is due to a
number of factors which will be discussed in the following sections.
These factors will be analyzed for their effect on tower operation

and hydraulic and mass transfer efficiency.

Tower Operation

Feed contamination. To prevent any contaminants from entering

the system in the liquid feed, distilled water was used as the
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dilutant in preparing the feed solution. The acetic acid, manufactured

by Celanese Company, is certified to be glacial (and was so analyzed).
In the vapor feed the inert gas is passed through a bed of desiccant
prior to entering the column. This is done to insure that variations

in humidity would not affect the vapor water composition to Tray 1; it

would be essentially water—free,

Copper alloy contamination. A test run using copper tubing from

the column to the first condemser resulted in a blue-green condensate.
Further research indicated that the contamination was due to acetic
acid present in vapor phase attacking the copper alloy. This problem
was rectified by replacing the copper tubing with glass tubing. An

additional test run then produced a clear, colorless condensate.

There was also the possibility of copper contamination entering

the column via the liquid feed. Since the copper alloy is sensitive



to an aerated acid system only, any pockets in the feed line would
increase the possibility of contamination. To minimize this
possibility the physical arrangement of the feed line is such that
an incline between the column and pump is maintained. This would
insure that the line was operating full of liquid. During column
operation, observation of the feed entering the column did nﬁt

indicate any alloy contaminatiomn.

Hydraulic Efficiency.

The predominant factors affecting hydraulic efficiency are
temperature, pressure, and flowrate; and the degree of accuracy to

which each was monitored during operation.

Temperature and pressure, Inadequacy of temperature and

pressure could affect the vapor and liquid densities, the vapor being
more sensitive. The net effect wculd.be to introduce uncertainty in-
to the parameters used to calculate flowrates and hydraulic
efficiency. The vapor and liquid densities are used to generate

both axes of the Flooding Capacity diagram (Figure 5) and appear in
practically all equations used to generate the liquid head parameters

(the axes of the Weeping diagram, Figure 6).

Flowrate. Fluctuations in vapor and liquid flowrate could have a
definite effect on hydraulic efficiency. Any variations would effect
the vapor-liquid ratio, which is used in the abscissa of the Floodiné
Capacity diagram. Fluctuations in flowrate could also have a pro-

nounced effect on accurately predicting the weep point. As with the
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densities, flowrates appear in practically all equations that are

used.

Mass Transfer Efficiency.

As with hydraulic efficiency, inadequacy of temperature,
pressure, and variations in flowrate could have effect on the
ability of the system to fractionate. The most pronounced effect of
temperature and pressure is mainly with the equilibrium constant, K.
The K values are a direct function of temperature and pressure. Also,
variations in flowrate could affect calculation of the stripping
factors. Combinatidn of these two factors could cause gross uncer-

tainty in calculating the acetic acid and water separation.

Other factors affected by variations in temperature and pressure
are the equilibrium concentrations and relative volatility. Since
operation was not at equilibrium temperature, the chart equilibrium
values (Table 5) do not strictly apply to this system. Also, the
relative volatilies shown in Table 5 indicate the water to be the more
volatile component. Since the equilibrium temperatures were not
obtained, these volatility values would be subject to uncertainty,
being direct functions of both the water and acetic acid equilibrium
concentrations. However, the relative volatilities would all be
affected in the same proportion; and the overhead condensate would

still be expected to be richer than the bottoms in water.

38



39

Volumetric Analysis

The uncertainty associated with the volumetric analysis and
titration lies basically with measurement and end-point determination.
As the procedure indicates, a 1.0 milliliter sample was withdrawn and
diluted with 50.0 milliliters of distilled water. A 1.0 milliliter
sample of the dilute mixture was then withdrawn and titrated. Each

step imposes a degree of uncertainty in measurement,

Also, determination of the end-point is subject to interpretation.
The color shift that would indicate neutralization is from colorless
to light pink. The titration volumes of NaOH (0.0i milliliter per
drop from the buret) in most samples caused a dolor shift from
colorless to red. This indicated a shift from an acidic to basic

solution, passing through the neutral region.



CONCLUSTONS

40



41

CONCLUSIONS

QUALITATIVE ANALYSIS

Contamination:

Contaminants present in sufficient quantity during column
operation could have a definite detrimental effect .on the expected
acetic acid and water separation. The use of distilled water and
glacial acetic acid insured a pure liquid feed. The calculation
procedure assumed a water-free vapor feed, which was obtained by the
use of desiccant. Copper alloy present in the product streams would
not only exhibit uncertain titration results, but would greatly
impair observation of the color shift during titration. The methods
previously outlined apparently rectified the problem of alloy contam-
ination, as both product streams were colorless. It seems unlikely
therefore, that any contaminants, whether internal or external, could
adequately justify the serious discrepancy between the expected and

observed acetic acid/water separation.

Hydraulic effects. These were also considered but are dis—

regarded from being a major cause of poor column operation. Although
all parameters (temperature, pressure, and flowrate) contribute
partially to the control of both flooding and weeping, only a very
large deviation would have any kind of noticable effect. 1In the
Flooding analysis, the intersection of the curve and the x-coordinate
on Figure 5 is in a relatively horizontal portion (the slope is
approximately zero), so any changes in the x-coordinate resulting

from deviations in densities or flowrate would have little effect
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on CSB' Also, the flooding capacity of both ends of the tower is
approximately 50%, which is well below the limit of efficient

operation.

The effects of dumping could also have a detrimental effect on
efficient hydraulic operation. By comparison, Qris much greater
than hy, and is essentially controlling the y=-coordinate on the
dumping curve (Figure 6). Therefore any changes in density would
not have a great effect. Surface tension is also a function of
temperature, and any variations would cause a proportional change in
hg. Therefore, any uncertainty in the valuevof the surface tension
would be proportionally reflected in the y-axis of Figure 6. The
effect on efficient operatioﬁ is supressed by the low values of
(hy;, + hyy), the x-coordinate, which are 0,197 for Tray 17 and 0.1307
for Tray 1. Extrapolating the dumping curve to the origin indicates
that both trays operate in the region of efficient hydraulic perform-

ance.

Mass transfer effects. Probably the greatest sources of

uncertainty introduced into this analysis resulted from the inadequate
temperature at which the system was operated. The inadequate
temperature would lead to errors in equilibrium values, which then
influence the stripping factors; and both the equilibrium and stripp-
ing factors are used in predicting the obtainable separation (see

"Sample Calculation - System Parameters').
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Control of feed temperatures did not impose a major problemj
the liquid feed was heated to flash temperature in spite of the
physical constraints inherent in the feed preheater system. Samples
8 and 22 indicate temperatures of approximately 105 degrees Centi-
grade. This heat, however, was quickly dissipated; being lost
through the column insulation and used as Heat of Vaporization. The
heat required for mass transfer was greater than that which entered
with the feed streams, hence a larger amount of water remained in
solution than the calculation indicates. This is reflected in the
relatively high concentration of water in the condensed overhead

samples.

Another point worthy of mention is a comparison between the
values of f obtained by the calculation methods, and the effective f
obtained by the methods suggested in the "Column Efficiency' section
of this Thesis. The effective £ values are 0.80 and 0.4075 for
acetic acid and water, respectively. The assumed values obtained by
the diterative calculation are 0.98834 and 0.00472 for acetic acid and
water, respectively. A comparison of the respective acetic acid and
water f values reinforces the postulation that insufficient heat
input retarded the separation. The reasonable agreement in the
acetic acid f values indicates that the reduced temperature had
little effect on its performance in solution. The large difference
between the f values for water indicates that much more water was

present in the bottoms stream than was expected (recalling the
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definition of £, which is the fraction of a given component in the
bottoms). This can be explained by insufficient mass transfer of
water from the liquid to vapor phase, possibly caused by
insufficient heat input. The column operating tempersture was
deficient in heat because the available heat was used to vaporize

as much water as possible.

Since the equilibrium data (Table 5) represents atmospheric
conditions, the slight pressure needed to maintain effluent tou the
exhaust hood is not expected to introduce a great amount of
uncertainty into the analysis. Fluctuatioh in molar flowrate would
cause proportional uncertainty in the stripping factors; being a
direct function of V/L. However, the molar flowrates were regulated
by rotameters, and a slight variation in the V/L ratio could not be

expected to justify the poor celumn perfermance.

When referring to molar flowrates, it should be noted that the
only streams controlled externally are the liquid feed to Tray 17
and the vapor feed to Tray 1. The vapor and liquid flowrates on
Trays 17 and 1 respectively are inherent in the system; being regulated-
by the amount of mass transfer being obtained. As much more water
remained in solution than expected, the "observed" stripping factor
is expected to be lower than the calculated value by virtue of the
increased denominator in the V/L ratio. Comparison of the assumed
stripping factor (1.2463) and the observed stripping factor (0.7354)

indicates that this is indeed the case.
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Volumetric analysis. Any uncertainty in titration could not in

itself substantiate the poor performance of the column. As Table 2
indicates, ﬁhe calculated pH values agree very closely to the upper

pH indicator limit. This implies that a genuinely neutral solution

was achieved when a color shift was observed. Also, each drop

contained approximately 0.01 milliliters. The smallest amount of NaOH
used for any sample was 1.298 milliliters (sample 5). This indicates
that an additional drop would have increased the amount of NaOH
required to 1.308 ml., or a 0.7704% increase in volume. It would there-
fore seem reasonable to assume that the methods used for titration and

volumetric analysis were satisfactory.
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RECOMMENDATIONS

There are many other factors that influence the rate of mass
transfer in an equilibrium stage. Molecular diffusivities,
concentration gradients imposed by poor vapor-liquid contacﬁ,
molecular interactions, etc., are only a few. It is probable
that a combination of all factors considered as part of this
analysis, from both a hydraulic and mass transfer efficiency
standpoint, contributed in some degree to the poor operation of fhe
column. However, if any single parameter coﬁld be isclated as
being predominant, it would be the temperature. WNo other single
parameter has such a widéspread effect as the temperature, Temper-
ature influences equilibrium data, equilibrium constants, relative
volatility, and to a degree, molal flowrate. The net effect of
inadequate temperature is erroneous prediction by calculation
methods, and poor column operation. It seems probable that the
system as described in this Thesis, with an operating temperature
more closely approximating equilibrium conditions, would produce

results more consistent with calculation.
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TABLE 1

TOWER SPECIFICATIONS

Tower Quter Diameter . . . . . .« « . . . .
Tower Inner Diameter . . . . . . . . .
Tray Data

Tray TYpe . « « « « o s o o ¢ o o o + o o &
Number of Trays « « + « « ¢ + o « o « o &
Numbering Sequence . . . . . « . . . o . .
Tray Spacing . - « « « « « + « « &

Tray Area (Total) . . . . « « « « o o o o .
Tray Active Area, Ay - - « « « « . . .
Downcomer Area . . . . « o o o « + o o
Dowvncomer Type . . . . . . o + « . o
Sealpot Area . . . . . . . .+ « + . . .
Diameter of Perforations . . . . . . .
Number of Perforations per Tray . . . .
Perforated Area e e e e e e e e e e e e
% Hole Area/Active Area . . . . . . .

Vapor Discharge Coefficient, CVO - e
Qutlet Weir Length . . . . . . . . . . . .

Qutlet Weir Height . . . . . . . . . . .

e

48

3.1875 inches

2.9375 inches

Radial Single Flow (Perforated)
19

Bottom to Top

2.1875 inches

0.047063 équare'feet

0.039297 square feet

0.003883 square feet

Circular

.0.003883 square feet

0.037 inches

601

0.004488 square feet
11.427%

1.0

0.703800 inches

0.078125 inches



Sample #

SUMMARY OF EXPERIMENTAL DATA
- BOTTOMS LIQUID -

TABLE 3

Time Into
Run (min.)

17.
45.
55.
65.
75.
85.
90.
100.
105.
110.
115.
120.

QOO0 OOOODOO0QOO0

(Flash)

(Flash)

86.
90.
95.
105.
94.
100.
98.
100.
101.
97.
104.
103.

Liquid Feed

Temp. (°C)

MO OOOQOOOOOCOOO

64.
76.
77.
68.
69.
68.
67.
68.
69.
68.
70.
68.

OQUMCOOULNMOOWLOOCO

47.
47.
48.
50.
50.
50.
50.
47.
48.
49,
50.
50.

OO QOUMOOOOOOO0O

49

Tower Temperature (°C)

Tray 16 Tray 5
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TABLE 4

SUMMARY OF EXPERIMENTAL DATA
- CONDENSED OVERHEAD VAPOR =~

Vapor Time Vapor Feed Pyop Pptm  Tower Temperature (°C)
Sample # Into Run (min.) Inlet T°C PSIG PSIG Tray 16 Tray 5
1 10.0/15.0 66.5/78.0 1.80 2.10 64.5 46.0
3 40.0 86.5 2.25 2.50 65.0 48.0
5 55.0 90.0 2.25 2.60 68.0 47.0
7 60.0 92.0 2.25 2.60 69.5 49.5
9 75.0 93.5 2.25 2.60 68.5 50.0
11 ' 85.0 94.0 2.25 2.60 68.0 50.0
13 90.0 96.0 2.50 2.75 67.5 50.0
15 100.0 101.5 2.40 2.75 68.0 47.5
17 105.0 103.0 2.40 2.75 69.0 48.0
19 110.0 104.5 2.40 2.80 68.0 49.0
21 115.0 104.0 2.50 2.90 70.5 50.0
23 120.0 103.5 2.60 2.95 68.0 50.0



Source:

1

. 0034
.0055
L0474
.0812
. 1497
.2198
. 2917
.3378
.4198
. 5359
. 6463
. 7388
.8251
.9210
. 9676
. 9891

[eleoReoloRoRoNoNoNoNoRoReRololeRo)

Brown I., Ewald A. H.:

[oNoNoRoNoRoNoNoNoNoNeloNoRo el

y1

.0069
.0112
.0979
. 1446
. 2382
.3273
L4071
.4573
. 5496
.6591
.7524
.8217
.8783
. 9429
.9761
.9921

[oYoNeRoNoNoloNoRoNoeRolo ool i)

*2

. 9966
. 9945
. 9526
.9188
.8503
.7802
.7083
.6622
. 5802
L4641
. 3537
. 2612
L1749
.0790
.0324
.0109

VAPOR-LIQUID EQUILIBRIUM DATA

TABLE 5

WATER (1) AND ACETIC ACID (2)

Austr. J. Sci. Res. A3,306 (1950).

CODOOOOCOCOOOCOCOO0

¥2

.9931
.9888
.9021
.8554
.7618
.6727
, 5929
. 5427
. 4504
. 3409
L2476
.1783
L1217
L0571
.0239
.0079

Temperature
°Centigrade

117.64
117.51
115.03
113.81
111.51
109. 84
108.16
107.36
105. 85
104.17
102.86
101.92
101.24
100. 54
100. 24
100.07

Ki=y1/%y

[ Rl ol il sl el Sl OIS

.029%
.0364
.0654
.7808
.5912
L4891
.3956
.3538
.3092
. 2300
.1642
.1120
.0645
.0238
.0088
.0030

Ro=ya/xy

0.9965
0.9943
0.9470
0.9637
0.8959
0.8622
0.8371
0.8195
0.7763
0.7345
0.7000
0.6826
0.6958
0.7228
0.7377
0.7248

oL ,=Ky /K,

2.0366
2.0481
2.1810
1.9127
1.7760
1.7270
1.6671
1.6520
1.6865
1.6745
1.6630
1.6291
1.5300
1.4165
1.3676
1.3840

18



heating gas

FIGURE 3

PROCESS FLOW DIAGRAM

Note: molar flowrates and temperatures
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Molar Ratio of Water in Vapor
(moles HZO/moles of carrier gas)
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MOLAR RATTO DIAGRAM
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FIGURE 5

. FLOODING CAPACITY DIAGRAM, SIEVE TRAYS

Source: Reference (6)

Note: Curve shown is interpolated to 3 inch
trayspacing; surface tension of 20 dynes/cm.,
and a (hole area/active area) ratio greater
than 10 percent.
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FIGURE 6

WEEPING DIAGRAM, SIEVE TRAYS
Source:; Reference (6)

Note: Curve shown applies to a (hole area/active area) ratio
range of 6 to 14 percent. Curve is extrapolated
to the origin.
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DERIVATION OF THE HORTON-FRANKLIN
EQUATION FOR PREDICTING BOTTOMS RECOVERY

Referring to Figure 1, and writing a material balance around
stage ntl, the equation:
Loo¥n42™VnYn = Lnt1®n+1 Vnt 19041
. is obtained. Noting that y, = K x,, and Yo+l = Kpr1¥n+1®
Lnt2%n+27VnKn*¥n = Dt 1¥n+1Vor IRnt1 %01
Rearranging this equation gives:

Xy 1 Xa+1Vne1 T Inn Xpt1 + KpVp x5 = 0
Lot Lot2 L2

In order to facilitate a mathematical solution, assume the K
values and phase raﬁes are constant within a column section. Making
these assumptions, the only variables are the values of x. Rewriting
this equation in "operator" fomm:

(B2 - (RV+ 1 g +KV) x =0
: L L

or rearranging:

E-KV) (E-1)x, =0
L

The subscripts have been eliminated because these values are now

constant.

The two roots of the above equation are

S1= %E and So= 1.0

The solution to the differential equation is therefore:

X, = cl(sl)n + Cy (D

56
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Since this equation applies to any stage above the feed stage, Sq
will now be designated S, (to denote the upper section stripping
factor for whatever component the equation is written). For the
upper section therefore:

x, = Cr(8 )" + Cy | (1a)

By analogy, an equation for the lower section can be written:

m = CB(Sm)n1+ Cy
These equations express the liquid concentration of a given component
as a function of position within the column (exponent on stripping

factor).

In order to solve equations (1) and (2), the constants must be
eliminated. Récognizing that:
VyYy = Dyy + RDyy = (1+R)Dyy
. . . by material balance about the secfion above stage N. By
definition, the component concentration in D can be expressed as:
Dy = (1-£)A
. . where A is the total amount of a given component entering the
column. By rearranging the material balance equation, and making the
substitution for Dyy:
N = (1+R) (1-£)A/ Vg
and since yy = Kyxy:
x = (4R) (1-£)A/KyVy
Substituting this expression of xy into equation (la) vyields:

(14R) (1-5)A = C (5N + ¢y (1b)

KV



A material balance around stage N will yield the equation:
Lgrrer + Vn-19n-1 = I + Vv
Rearranging in tevms of N-1

-1 = Iy + Voyw - Dnaxn+l
V-1 V§-1 V-1

Since by material balance of the liquid to stage N:
Iygt1¥w+1 = Sxg + RDyy
. and by definition:
qsh = Sy, and D = Vio/(1+R)
The material balance around the section above tray N can be written:

v i1 ¥ = qgA + R Vyv
ue ].\ + 1 S T N
v (T+R)
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Substituting for xy, yy, and Lo 151 into the material balance around-

stage N (agéin deleting the subscripts):

V-1 = (1;f2A (V(1+R) + % (14R) - RV - %ggl

Noting that yy.; = Kxy-1:

xy-1 = (1-£)A (V(14+R) + L (1+R) - RV -
KV K (

Tosy

Noting that equation (la) applies to any stage in the upper section:
o1 = 1N+ ¢, | (1)

Subtraction of equation (1b) from (lc) (using the expanded expression

for -1 given above):

(1-£)A (V(1+R) + L (1+R) - RV "~Ydsl
KV K (1-D

- (R (1-D)A = Cy (VL - s )
KV
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. which gives an equation for Cy as a function of stream properties.

Rearranging for Cq:

Ci = (1-D)A ((L/K)(14R) - RV - an/(l £
RvZ(s N-1 - s Ny

In tems of the constant C;, C, can be expressed by rearranging
equation (1b) to:

Cy = (I4R) (1-£)A - CySN

RV
Direct substitution of the expression for C; into the above equation
Will give a lengthy expression for C9 as a function of stream
properties. These equations for Cq and Cp, when substituted into
equation (la). will yield and expression for stream concentration
strictly as a function of stream propertiesj or:

= (1-D)A ((L/K)(1+R) - RV - Vo /(- f))
KvZ (s N-s N-1)

w(s,N-s ) + (14R) (1-D)A T

KV

A similar procedure can be used to eliminate C3 and C; from equation
(2). TFor a given component, a material balance around the section of
the column below tray 1 (in Figure 1) is:

iw. = pl
By definition:

fA = SEXSE + BXB

. . . for a given component. Therefore, substituting into the above
equation:

Lyx = RiBxp + £A



By definition. the fraction of a given component in L1 that is
removed in SE (designated g) is:

The material balance equation can be written (multiplying the
equation by (Lyx;/Lix{):

(1+R1)BXB = (Lyxq - SEXSE) Lixq_

= (__.__]‘"SE?ESE)_ lel = (1-g) (le]_)
Therefore:
BxB = (1- lel

(1+RY)
Recognizing from previous derivation that:
Bxp = (Lyxp - £A)/R1
. and equating these two expressions gives:

= (1l-g)L1x

LlX -fA 1 1
Ri (14+RY

Cross-multiplying and expanding:
Lix; - fA - fAR! + Ly R = LyxR - 1yxjRlg

Collecting like terms and solving for %yt
1
x1 = (I4+RT) fA
1 L————%——
(1+gRY)14
Substituting the above expression into equation (la), and

designating the extract rate 1l (vhich is the assumed constant liquid

rate in the lower section of the column):

§1+R1%fA = C3(sp b+ ¢ (1le)
(1+gR )L1
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A material balance around stage 1 will yield the expression:
L2x2 + Vo¥o = Vlyl + Lyxg
Rearranging for x,:

Xy = Vyyy + Lixy - Yo¥o

By material balance around the section below stage 1:
Vo¥o = FlyF1 + RleB
Noting that by definiticn:
Fly 1 = q.1A
Fl F
Substituting into the material balance equation for FlyF, and the

previously derived expression for Bxp, will yield:

Vo¥s = qplA + RI [gl-g% lel:]
14R

Also, sincevyl = Kyxq, y1 can be expressed as a function of stream
rates and properties by substituting x; for the previously derived

value of y; or:

= = 1
y, = Kyxy = Ky ( (I4R ;fA)
1 (1‘!'gR )L]_

Substituting the individual values derived for xj, y;, and V,y, into

the material balance around stage 1 yields the following expression:

Lyxy + @plA + _____&%_Rl E ;‘_R ?1251_) = vy (Rp (LR Ay + 1g (L(i.j..{;;; )fi)
' ' 1

(1+gR+)1g
Faétoring out the temm (fA/L(1+gR1)), and multiplying the (qp1A)
term by (L1(1+gRl)/f)(f/L1(1+gR1)}J the following equation is
obtained (in terms of x,):

£A (vlkl(rY + tle+rY) - plasgrb - plrl@i-g))
(LT 2(1+grY) £ '

X2=
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The subscripts have been deleted on the L and K values because they

are assumed constant.

Substituting this expression for x, into equation 2 gives (for
stage 2):

£A _ klvlcsrly + wla+rly - LIrl(i-g) - Ll(i+grY)qp1)
7 (1R £

= c3(sm)2 + Gy (1£)
Subtraction of equation (le) from equation (1f) and solving in terms

of C4 gives

¢y = SA®WIRY - LIRI(1-g) - Ll(1rgRDqp1/)
LD 2(1+eRY) (82 - Sp)

. . . which gives an equation for C3 as a function of stream
properties. Rewriting equation (le) in terms of C, gives the
equation:

C, = (LRI A - Ca(Sp) L
(1+grHLl

Direct substitution of this expression into equation (2) gives:

= Ca(Sp® - Sp1) + (1+R1%fA
fm T " (1+grDLY

Direct substitution of the above equation for Cg into the equation
for x,, after factoring an (Sy) out of the first termm (and canceling),
gives:

x = £A KL (1K) - LY (1-gRDY gpi/f ) (S™71-1) (5)
(L1) 2(1+gr) (8p-1) (Sp) ‘

+ §1+R1%fA
(TtgrD LI (12)
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Equations (lg) and (1d) express stream composition as a function
of system properties (for both sections of the column). An equation
for the entire column can be obtained by combining equations (lg) and
(1d) with a material balance around the feed stage, as follows. The
material balance equation is:

Vi I 2¥e2 tOEYE S VML T 1%

Again assuming constant phase rates, and since xy;1 = yM%l/KM+1’ the
equation:

iy + Lawrg + Fyp = Voyap + Llvver
K1

. . . is formed. The subscript (M+1) on the X value will be held for
now; it will later be deleted and the K value designated either K or
gl

, depending on which section of the tower is under consideration.

A material balance around the upper section of the column (cutting
VN Ly Vyrre and Ly;j) is expressed as:

VRt Taeo®e2 = VMe1Ydrl T LNl
Recognizing from previous derivation that:

N = (1+R)(1—f)A/VN ; and

LN+1XN+1 = qgA + (R/1+R)VNyN
These expanded forms of yy and LN+1XN+1 can be substituted into the

above material balance equation as:

VNCLHR) (L-£)A + Ly %o = Vigqymel + dgA + R (V) (1HR) (1-£)A
vy 1+R vy

Expanding this equation and collecting like terms gives an equation (in

terms of yM+1) as:
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yMe1 = Iygoxmy2 + (A-H)A(I+R-R) - ggA
Va1 Vi1 Va1

The canceled terms in both previous equations have been shown for

clarity.

Deleting the subscripts (assuming constant phase rates) gives

the equation:

Vel = %XM+2 + ﬂ\"ff)A - q\S’A

Substituting this expression into the feed stage material balance

(and noting that Fyp = qpA) yields:

1 - B} i,
Vi *F hgo¥me2 t9FA < W (Ll_‘_]_fé + .\L,-XM-FZ Q%é_)

+ Lt ((1-D)A + Lxyo = 9sA)
Kyerq vV v

Expanding this term and dropping the subscript on Vy:
- = 11
Viyy + Ippo¥ygn gph = (1-H)A + Lry, , - qgA + LK(1~§2A +
M+1

1 1
LL AMpo "~ L7q A

Ry 1V Ky+1V

The (Lx) terms cancel becguse the phase rate L is assumed constant.

Noting that yy = KIXM equation (lg) can be used to substitute for
ym and equation (1d) for X2 in the material balance. The equation
for x, holds for X¥yyo Since both stages are in the upper section of
the column. These expressions substituted into the above.expanded feed
stage material balance equation (making the proper adjustments on the
exponents for the respective stripping factors) will yield the

equation:
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klvlea kvl - LIRY(1-g) - qpinl(i+gRD)/£) (5171-1)
(@D Z(1+gRT) (8p-1)

vokdvicarlyea + gh = (1-D)A = ggA + Lla1-mHA - Llg.a
Ll(1+grl) Kypy 1V Kypp1V

+ 1L I-HA LK) (4R)_= RV = Vqo/(1-£)) (8N - s M%)

Ky 1KV2 (8o - Sp™4)

+ 1L (14R) (1-£)A
yJ
KM+1KV

After considerable algebraic minipulation, the following simplified
equation for £ (which is equation 3) is formed:

£ = (1-5M) 4 g (S,N-M - 5 ) + R(1-S,) + hap1Sy o (1-S.M)
(1-Sp ™) + hs N (1-8,) + R(1-Sp) ‘

+ h((1+RrY)/ (1+grby)s Ms N-M(1-s) (3
The expression for h depends upon the condition of the feed stream, F.
If the feed is vapor, it is more similar to the light (raffinate)
phase, and therefore Ky;1 = K. The equation for h therefore is:

h=L-KV/ =1LQ-S5
I - kvl T -s)

1f the feed is liquid, it is more similar to the heavy (extract) phase,
and therefore Kyyq = k!. This would correspond to a bubble-point feed;

and h would be expressed as:

h=L/K-V _ =K L -8,
LIkl - vl xl 11T - smg'
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DERIVATION OF THE EFFECTIVE STRIPPING FACTOR
- THE METHOD OF EDMISTER -

The Horton and Franklin expression for stripper efficiency in
terms of the stripping factor (for a N-stage stripper) is:

XN+17X1 = S3S9 .. Syt S9S3 .. Sy t+ .. + SN

XN+1 8182 o SN+8253 .. SN+..+SN+1
- Vo¥o_  SS3 .. Syt 8384 .. Syt ..t S+ 1 (11)

Ly+1Xy41 5152 -- Sy + 8983 +. Sy + .. + Sy + 1
In terms of an effective stripping factor (S), equation (11) would

appear as:

Xp17%Xy =N+ gN-1 + ..+
- .
X1 SN + gN-1 + |, + 85+ 1
A2 sN-1 4 gN-2 4 |+ s+ 1 (112)
Iyti¥ye; SN+ SNl + o +5+ 1

Since by definition:

SN + gN-1 4 ||, 4+ g =gNtl _ 1 , (11b)

S ~- 1

and:

sN + gN-1 4+ .. + g+ 1 =8Nl _ (11c)

S - 1

. . . these expressions can replace the series expressions used in

equation (11a). Upon substitution:

gN+1 - g
Xye1 "X = S - 1 - VY (SNl 4+ N2+ .. +85+ 1,
Xy SN+1l - 1 Lyst X SNHL - 1
+1 R N+18N+1 —
s -1 s -1

Multiplying the second term by S/S, and canceling the (S-1) terms:

“X; = sNMl -5 - vy sVl _ g
RNTRIR.S | S olo (”N¥T““““)
XN+ SNVFL= T SLyiXygy S0 - 1

or:



Xge1 X1 = 1 - VYo ( M1 -5 (11d)
X1 ST Xypp SIS 1

. where the Sl = S when the equation is written in terms of the

effective stripping factor.

An expression can be derived for a two-stage stripper by
examining the relationship between equations (11d) and (11). For

two stages:

s3 -8 = 8,8, +8 (11e)
5 2
s3 -1 S1Sy + S, + 1
and:
s3 -5 = Sy + 1 (11£)

sT(s3-1) §;57 + Sy + 1
Multiplying the right-hand portion of equation (11f) by (Sy) (S3+1)/
(Sz+l) will yield equation (lle). From this, Sl can be considered
to be:

S = 81 = §5(81+1)/(S,+1)

. . for two stages. Cross-multiplying, and ekpressing the

equation in terms of the effective stripping factor:

S(s+1) = SZ(SI+1) , OTr:

S2 + 8 - 85(S8;+1) = 0
. . . a quadratic equation which has the positive solution:

§ = (S,(8;+1) + 0.25)0.5 - 0.5

67

Edmister suggests that the effective factor is independent of the

number of stages, or;

s = (sy(sy+1) + 0.25)0-5 — 0.5

This equation is then used to calculate an effective stripping factor

for an N stage column.
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SAMPLE CALCULATION
SYSTEM PARAMETERS

This set of calculations establishes the design flowrates,
predicts the Acefic Acid/Water compositions in the bottoms and over-
head product streams, and compares the chosen flowrates and |
conditions to the existing tray design (in reference to hydraulic

efficiency).

Design Flowrates

This calculation establishes the liquid and vapor flowrates
used during column sampling. For the purposes of brevity, the term
"HAC" will be used to designate acetic acid, and "H,0" to designate

water.

The molar ratio diagraﬁ (Figure 4) shows an equilibrium line
slope of 1.682 moles HAC/mole carrier vapor. Since the bottoms is
expected to be dilute in HZO’ the operating line and equilibrium line
will essentially converge at the origin. Hence, 90% of the
equilibrium line slope is considered to be the operating line slope,

or:

0.9 x 1.682 = 1.5138 moles HAC(in)/mole vapor{in)

A vapor rotameter setting of 7.0 corresponds to a volumetric flow-
rate of 0.0116 cubic feet/second. The vapor molar flowrate to the
tower (assuming an ideal gas) is therefore:

0.0116 ft3 x 3600 sec. x mole - OR. x 17.0 PSIA =
sec. hr. 10.73 PSIA-ft>  530.00R.

0.12494 moles vapor
hour
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The corresponding acetic acid molar flowrate is:

1,5138 mocles HAC x 0.1249 moles vapor = 0.1891 moles HAC
mole vapor hour hour

Since the feed composition has been selected as 0.25 mole fraction

HAC, the total molar flowrate is:

0.1891 moles HAC x total moles = 0.7538 total moles
hour 0.25 moles HAC hour

The volumetric flowrate through the rotameter is therefore:

[E?.}89} moles HAC x 60.052 # HAC) -+
hour ffmole

(0.56468 moles H,0 x 18.016# HZQE]

hour #fmole
x 28.24 liters x 1000 milliliters x 1 hour x 1 cu.foot =
cu. foot liter 3600 sec. 66.2#

2.55 milliliters of feed
second

. which corresponds to a rotameter setting of 2.5. Hence a vapor

rotameter setting of 7.0 and a liquid rotameter setting of 2.5 will be

used for the duration of the experiment.

Calculation of HAC/H,0 Separation

Since this is an iterative type of calculation, only the converged

trial will be dllustrated.

The following table lists the chosen flowrates and assumed over-

head vapor and bottoms compositions:



70

Vo¥o  Ln#1%4y 0 Lixp xp o Vygyiy vy
HAC  0.0000 0.1891 0.9883 0.1869 0.9860 0.0022 0.0032
H,0 0.0000 0.5647 0.0047 0.0026 0.1406 0.5620 0.8155
ATR  0.1294 0.0000 0.0000 0.0000 0.0000 0.1249 0.1813

ToT. 0.7538 0.1895 0.6891

Using the expected overhead vapor flowrates for each component,. the

expected concentrations in the condensate can be shown as:

xgac = 0.0022 / (0.0022 + 0.5620)
= 0.003917
Xgo0 = 0.5620 / (0.0022 + 0.5620)

0.996083
. assuming total condensation.

Using equation 7:

N =1, 0.1895{1/17 = 0.922014
Ln+1 O 7538

The iteration is to proceed as follows: set n=1. Using a value

of Ly = 0.1895 , Ly calculated by equation 7 is:
= (0.1895/0.922014) = 0.205115

The moles transferred to the vapor phase is therefore:

Lp-Ly = 0.205115 - 0.1895 = 0.015615
Using Vg, = 0.1249, the vapor flowrate leaving Tray 1 is therefore:

Vi = Vg + (Lp-Lp) = 0.1249 + 0.015615 = 0.140515
By repetitive calculation (n=2, 3, 4 ... 17) the vapor/liquid flowrates
for each tray can be determined.
Since the Stripping Factors will be evaluated for the top and bottom

trays only, the flowrates of interest are (in moles per hour) :



n=1 n=17
Va : 0.14048 0.68910
Ly : 0.18950 0.69502
(V/L)p: 0.74362 0.9915

Evaluation of Stripping Factors

For the water on Tray 17:

0.815507

YH90
0.730534; (interpolated from Table 5)

ZH920

in

The K value is defined as (yHQO/XHZO)' Therefore,
KHZO = 0.815507/0.730534 = 1.116316
The stripping factor, Sy, is defined as KV/L.
S17-Ho0 = 1.116316 x 0.99156 = 1.1069
In like manner, stripping factors were calculated for both components

on Trays 1 and 17 (shown in the following table).

COMPONENT S1 S17
HAC 0.63983 0.011775
Hy0 1.52914 1.106900

The Effective Stripping Factor, S, is defined as

§ = (Sy(S1 + 1.0) + 0.250.5 - 0.5
By direct substitution. the Effective Stripping Factors were
determined as:

SHp0 = 1.246283
Syac = 0.0123753

The "f'" factor, which is the fraction of each component recovered in
the bottoms, is defined as:

£ = [z; ~ 8Ny + q (SN - g}] /(1 - sMHy

. where qg is the fraction of each component entering in the feed

stream.
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- However, the HAC and H,0 enter only in the feed stream, therefore
qg = 1?0, and the equation reduces to:

£- -9/ - sV
By direct substitution of the stripping factors into the above
equation, the calculated values of f are determined and compared tob

the assumed values, as shown below:

COMPONENT fealeulated f s sumed % DIFFERENCE
HAC 0.9876 0.9883 0.071
H,0 0.0047 0.0047 -

Since the "7 DIFFERENCE" values are essentially zero, the calculation

is assumed to be converged.

Tray Hydraulic Calculations

This analysis is used to determine if the selected flowrates will
exhibit efficient hydraulic operation when compared to the given tray
design. The equations are referenced in Smith, B. D., Design of

Equilibrium Stage Processes.

Analysis of Tray 1l: Dumping. The column bottoms temperature is

set at 117°C. Therefore, the vapor volumetric flowrate to Tray 1 is:

0.1249 moles x 1 hour x 10.73 PSIA fr.o x 703.0°R = 0.015442 f£t3
" hour 3600sec. mole °R 17.0PSIA sec.

The corresponding vapor density is:

vapor = P(MW)=16.95 PSIA x 29.0 #/# mole = 0.06516 #/ft.>
(R")T 10.73 PSIA ft.3 x 703°R.
mole °R.

The liquid density at this temperature is determined as 55.1 #/ft.3.



The vapor hole velocity. Uy, is defined as

Uy = CFSvapor/Ah

. where Ah is the net perforated area. Substituting into the
above equation, the vapor hole velocity is:

0.15442/0.004488 = 3.4407 ft./sec.

From Smith (6), the vapor discharge coefficient, Cy_, is seen
to be essentially 1.0 for the tray design. The head loss due to

vapor flow through the perfdrations is defined as:

hh = 0.186 g—v_ EH,_ 2
QL CVo

By direct substitution, the head loss for Tray 1 is calculated as:

0.186 x 0.06516 x[3.4407}2 = 0.002604 inches of liquid
55.1000 }1.0000

To account for the liquid level on the tray deck, the head loss due

to bubble formation, hg-, must be calculated. hg is defined as:

hg = 0.040 x O
eLth

The surface tension for this system is 10 dynes/cm. Using the hole
diaﬁeter (dy,) of 0.037 inches, a direct substitution yields:

hg- = (0.040 x 10)/(55.1 x 0.037) = 0.1962 inches of liquid
The combination of hy and hg fixes a coordinate on the y-axis of
the "dumping' curve (Figure 6). This parameter ?, is:

Y = hy + hg
By direct substitution

Y = 0.002604 + 0.1962 = 0.19881 inches of liquid
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The liquid flowrate from Tray 1. in gallons per minute, is

: 3
0.1895 moles x 59.465 # x 1 ft.” x 7.48 gallons x
hour mole 55.1# ft.

1 hour
60 minutes

= 0.02551 gallons/minute

The height of liquid crest over the weir, how’ is defined as

_ 0.
h,, = 0.48 { GPM 667
1y

By substitution into the above equation, using a weir length (1)
of 0.7038 inches, hg, is determined as:
0.667 . . e
hgoy, = 0.48 1(0.02551) = 0.05257 inches of liquid
0.70380

This value of h,,, combined with the weir height, h,, fixes a
coordinate on the x-axis of Figure 6. This parameter, X, is
w T oy
By direct substitution

X = 0.07813 + 0.05257 = 0.1307
Entering Figure 6 with the values of X and Y determined above, for

the respective area ratio, it can be seen that this tray will operate

above the dump point, or point of efficiency loss.

Analysis of Tray 1: Flooding. The flow parameter for sieve

tray design., Fy,,, is defined as:

Fy, = LOWp) Rv_ 0->
VMW | €

By direct substitution of the liquid and vapor molar flowrates, and

their respective molecular weights and densities:



Fy, = 0.1895 x 59.465 x [0.06516 | %3 = 0.107
0.1249  29.000 |55.1000

The trayspacing for the tower is 2.1875 inches. Entering Figure 5
with the calculated value of Fi,» and interpolating for the value
of the trayspacing, the corresponding value of the vapor capacity

parameter, Cgp, is (in feet/sec.):

C
ggart

Since the chart values of CSB are based on a surface tension of

= 0.105

20 dynes/cm., a correction factor relating the chart value of Csp

to the actual surface tension is required; and expressed as:

0.2
= x|aT
Csy Csp 3
actual chart 20

By substitution of the respective values, the corrected flow

parameter is:

0.2
CSB =0.105x }10 = 0.0915
actual 20

The flow parameter is related to the liner tower vapor velocity,

liquid density, and vapor density by the expression:

0.5
Cgp = Uy EaV/(Q»L 'QVE

S

actual flood
By direct substitution and algebraic rearrangement, the velocity of
incipient flooding, Uy, is found to be (in feet/sec.):

0.0915/(0.06516/(55.1 - 0.06516))9-7

Uy
flooding

2.65

It

The actual tower velocity (based on the net tray area) is expressed

(in feet/sec.) as:
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Uy = ft3/sec vapor

_actual Ay

By direct substitution:

]

Uy 0.015442/0.039297

actual

i

0.393
The approach to flooding, expressed as a ratio of the actual and
flooding vapor velocities, is found to be:

% flood = (0.393/2.65) x 100 = 14.83%

(which indicates that efficient operation is expected).

Analysis of Tray 17: Dumping. In like manner, the X and Y values for

Tray 17 are found to be:

= 0.1975
= 0.4750

<t B

This point, plotted on Figure 6 lies in the region above the '"dump"

curve,

Analysis of Tray 17: Flooding. 1In like manner, the approach
to flooding for Tray 17 is found to be:
% flood = (2.11/4.363) x 100 = 48.36%

(which indicates that efficient operation is expected).
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SAMPLE CALCULATION
VOLUMETRIC ANALYSIS

The following calculation illustrates the method by which the
titration data is converted into the individual component com-
positions.

Sample: 1 ml. of fresh feed (dilute)

Amount of 0.1 molal NaOH required to titrate feed sample:

1.765 ml.

The titration equilibrium is expressed as:
CH3COOH + NATOH™ =  NATCH3CO2” + Hy0
. hence one mole of Acetic Acid in the sample will react to form

one mole of Sodium Acetate.

The moles of Sodium Acetate formed during titration can be

expressed as:
moles = VM

. where V is the volume in milliliters, and M is the molarity

.

(moles/liter).

Since this relationship also applies to the Sodium Hydroxide
solution, the molar equality can be expressed as:

(M) 50dium = (VM)ﬁogimn,
Acetate ydroxide

Since the volume of sample, volume required for titration, and the
molarity of the NaOH solution are known, the remaining variable, the

molarity of Sodium Acetate, can be determined.



By direct substitution of these known values:

(1-0>(M% ) = (1.765)(0.1)
odium
Acetate
di = 0.1765 moles of Sodium Acetate
io ium liter solution
cetate

The number of moles of Sodium Acetate in the 1.0 ml. sample is found
to be:

(0.1765 moles) x 1 liter x 1 ml. sample = 0.0001765 moles
liter 1000 ml.

Since the dilute feed sample is 51.0 ml., the moles of Sodium Acetate
in the concentrated solution is determined as:

1.765 x}0-%4moles Sodium Acetate x 51.0 ml. dilute solution =
1.0 ml. dilute solution 1.0 ml. concentrated solution

0.009 moles
. which is equivalent to 0.009 moles of Acetic Acid in the

concentrated solution.

The volume of 0.009 moles of Acetic Acid in the 1.0 ml. concen-
trated solution is determined as:

0.009 moles HAC x 60.052 gms. HAC x 1 ml. =
gm.-mole HAC 1.047708 gms. HAC

0.51594 ml,HAC

78

Since the solution is two phase, the volume of Water is determined as:

1.0 ml total solution - 0.51594 ml. HAC = 0.48406 ml. H,0

The moles of Water in solution is thereby determined as:
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0.48406 ml. H,0 x 1.00013 gms-Hy0 x-1 gm.-mole
ml. 18.016 gms.H20

= 0.026872 moles of HZO in solution

Since the number of moles of each component have been determined,
the mole fraction of Acetic Acid in solution can be expressed as:

Xygpc = moles HAC/ (moles HAC + moles Hy0)
By direct substitution:

0.009/(0.009 + 0.026872)

XHAC
0.2509

i

The Water composition is determined by subtraction to be:

XHQO =1 - 0.2509 = 0.7491



SAMPLE CALCULATION

DETERMINATION OF FEED SAMPLE pH

The equilibrium constant Ky has been shown to be:

2
Kg = (Cog-)"/(Cpgc0y-)

(for complete derivation, refer to the Appendix).

For the Sodium Acetate/Water solution, Ky has been determined to

have a value of 5.6 x 10'10.

concentration is 0.1765 moles/liter (Table 2), direct substitution

into the above expression indicates the Hydroxide ion concentration

to be:

c (5.6 x 10710 % 0.1765)%

OH~

9.94183 x 10—6 moles
liter

By definition:

By direct substitution, the pOH is found to be:

pOH = -LO0G;,(9.94183 x 107°)

It

5.00253
The pH is defined as:

pH = 14.00 - pOH

Since the molar Sodium Acetate
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By substitution of the calculated value of pOH, the pH of the solution

is determined as:

14.00 - 5.00253

pH

8.9975

il

The pH indicator, Cresol Red, has an upper limit of 8.8, which is

reasonably close to the above calculated pH value.



81

SAMPLE CALCULATION
CALCULATION OF APPARENT COLUMN EFFICIENCY -

Before the column efficiency can be estimated, the overhead
vapor compositions (yN) must be determined. From experimental data,
it can be seen that samples 5 and 6 exhibit the greatest range of

concentration, hence these will be used for this analysis.

Making the assumption that the overhead vapor and feed are in
equilibrium (this assumes a small change in concentration on the top
tray), the vapor phase Water composition detérmined from the
equilibrium curve is yy_pg,o = 0.82846. From the data, the ratio of
the components in the condensed overhead is seen to be:

YHoo = 0:83882 = 5.20424

ymac 0-16118

Assuming that this ratio also applies to the overhead vapor, the
vapor phase Acetic Acid concentration is determined as:

= 0.82846 = 0.15919

YN-~HAC
5.20424

The component material balance has been shown to be:

Iyrifel = b1¥1 + Vw
. . . for each component. Direct substitution of the feed flowrate

and compositions, bottoms composition, and vapor phase composition will

yield the two equations:

It

(0.7538)(0.2509) = L,(0.3965) + Vi (0.15919)

L3 (0.6035) + Vy (0.82846)

it

(0.7538)(0.7491)
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. . . for Acetic Acid and Water respectively. Solving the equations
for Ly and VN will give the values:

0.38126 moles/hr

Ly

0.62648 moles/hr

il

Vy
The value of f can now be determined for both the Acetic Acid and

Water. The f factor is, by definition:

£ = Lyxy Mg

Direct substitution will yield the following:

f = (0.38126)(0.3965) = 0.80
(0.7538) (0.2509)
for Acetic Acid, and
f = (0.38126)(0.6035) - = 0.4075

(0.7538)(0.7491)

for Water.

Calculation of the Effective Stripping Factor

Stage N. Assuming once more a negligible change in concentration,
tray N can be assumed to have essentially the same composition as the
feed, hence xy_yy0 = 0.7491. From the equilibrium data, YN-Hp0 =
0.82846. Direct substitution into the equation developed in the text

for the stripping factor:

Sy = (0.62648) (0.82846) = 0.92
(0.7538) (0.7491)

Stage 1. The Water composition has been determined to be

X1 -Hog = 0.6035. From the equilibrium data, Y1-H90 = 0.71327. The

stripping factor is therefore:
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S1 = (0.12494) (0.71327) = 0.3873
(0.38126) (0.6035)

The effective stripping factor is therefore:

S (0.92(1+0.3873) + 0.25)9-5 - 0.5

i

EFF

0.7354

Substitution into the equation developed in the text (f = (1-8)/
(1—SN+1)), using the effective stripping factor and the value of £
determined from the experimental data, will upon rearrangement give

the equation for (N+1) to be

(1) = 1 (1 - 253/ 1ns
= 1n (1 - 552 35E2Y / 10 0.7354
N+l = 3.41

N = 2.41 Theoretical Stages
The apparent column efficiency is therefore:

c? = 2.41 x 100 = 14.187%
17.00



Ciy €20 C3:

NOMENCLATURE

heavy or extract product rate; moles, weight, or
volume per unit time.

constant coefficients in solutions of difference
equations.

light or raffinate product rate; moles, weight, or
volume per unit time. :

operator in difference equation. For example,

CE(X) = x4, E2(x) = Xn40. etc.

fraction of a given component which is recovered in
B (or B 4+ Sy in extraction).

upper feed rate.
lower feed rate. 1If only one feed is used, rl-0.

SEXSE/lel = fraction of a given component in L
which is removed with Sg.

(L/Ll) [(1 - Sy /(1 - Sm)] if intermediate feed is
gsimilar to light (vapor% or raffinate phase

(Kypp = K- Use b = (xl/y@/Ll) [ - s,/1 - 8]
if intermediate feed is similar to heavy (liquid) of
extract phase (Kyy1 = kl). If the column contains
only one section, h = 1.0.

y/x = distribution coefficient. Exponent 1 denotes
lower or extract section of column.

heavy or extract phase rate; moles, weight, or
volume per unit time.

any stage in lower or extract end of column (stages 1
to M).

number of theoretical stages below the feed stage.
Feed stage is M + 1.

molecular weight of component i.
any stage in upper or raffinate end of column (stages

M+ 2 toN). IfM-=0, n refers to any stage in
column.
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qr™=
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total number of theoretical stages including partial
reboiler if any but excluding partial condenser if
any.

absolute pressure, PSIA
fraction of a given component which enters in the
fresh solvent stream S or in the stream LN+1 if

raffinate reflux is not used.

fraction of a given component which enters in the
lower feed FL.

=1 - qg - qFl = fraction of a given component which

enters in the upper feed F.

external reflux ratio at top or raffinate end of
column; amount refluxed/amount of product D.

external reflux ratio at bottom or extract and of
column; amount refluxed/amount of product B.

ideal gas law constant; 10.73 PSIA - ft.3/#-mole °R.

fresh solvent rate; moles, weight, or volume per unit
time. Also, S is used for effective stripping
factor when S, = Sp. :

solvent-rich material recovered in the extract
solvent~recovery equipment; moles, weight, or volume
per unit time.

KV/L = effective component stripping factor in upper
or raffinate end of column. The K. V, and L are

representative averages for the section.

K1V1/L1 = effective component stripping factor in
lower or extract end of column. The K+, Vl, and L
are representative averages for the section.

temperature, °F.
temperature, °R.

light or raffinate phase rate; moles, weight, or
volume per unit time.

concentration in heavy or extract phase. Units
consistent with units on rates.



moles of any component in liquid per mole of liquid
entering absorber or stripper.

concentration in light or raffinate phase. Units
consistent with units on rates.

moles of any component in vapor per mole of vapor
entering absorber or stripper.

vapor density, #/£e.3.
liquid density. #/ft.3.
liquid surface tension, dynes/cm

apparent column efficiency, %
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