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* ABSTRACT -

fhe scope of the problem 1in the present projecf is redesignihg
and supplying a data acquisition system to~improve and permit the |
analysis of the performance .of an eight;blate bubble-cap disti]]atioh
‘column. The column is used for 1gboratory instruction in the Chemical -
Engineering Department of The-University:of Arizona. As a- test of the
modification, the performance of the column using a mixture of benzene
- and toluene was evaluated. h | |
B A new design'for the column head was provided which consisted in
a change from continuous manual control of the ref]ux to intermittent-auto-
}metic control. fThié,new design necessitated a;different arrangement of .the
overhead condenser and a different system for distillate collection..
: . Strict]y.speaking, the‘operation_of the column is not continuous
but intermittent due to the new- design of the column head, however,-it’
approaches contihudhs operation so closely that-this effect is negligible.
Therefofe, it is possible tb~aﬁa1yze the co]an performance with the
methodé developed for contiﬁuous operation.

A data acquisition system was provided for the column in
order to be able to rapidly determine composition and temperature
pfofi]es so that material and-enefgy ba]ance ca]cu]ations,cou1d'be ;"
mede, ‘ |

‘With the benzene-toluene system the co]umn needed approx1mate1y .
3 hours to reach steady state at total of part1a1 reﬂux9 wh11e it
had an overa11 efficiency of approximately 60 percent.

X



CHAPTER 1T -t

THEQRY

Continuous Distillation

Continuous distillation is defined as a multistage counter-
~current unit operation. Here the material to be separated (feed, F) is
- introduced continuously, more or less centrally into a cerfica] céécade
-of stages (plates). Product rich in the more vo]ati]e'componeht'
~ (distillate, D), is continuously withdrawn from the condenser at thé
- top of the column, while the.1iquid‘returned'to the top of the column
is called reflus (Lo).. The product rich in the less volatile component
(bottoms, B) is also continuously withdréwn from tHe reboiler in the
.bbttom.section of the column. The portion'of the column above the
‘pdint of entry of the feed is ca]]ed the fectifying section, while the
portion below the feed is called the stripping section, and the entire
' ,device.is often called a ffactionator. H(Figﬁre 1.1).
- Two typés of condensers are Qsed in_continuous‘disti11ation;
partial condensers and total condensers. If the vapor emerging from
. the rectifying section into the condenser is partially condensed, con=-
-densate automatically retdrns to the top of the rectifying section és
3'_ref1ux (Lo),-and the remaining vapor passesyinto an. auxilary condenser
in which the yapor is Tiquefied and withdrawn as overhead product..}The
bartﬁa] condenser acts as én additiona]‘rectification;stage. If all the
 yapor emeréing from the rectifying section is liquefied in the.cohdénser

1



Figure 1.1. Fractionator



3
seétidn; the system operatés as a total condenser, and a portion of the
condensate returns to the top of the rectifying section as reflux while
the remainder is withdrawn as distillate product.

fn the bottom section of the column, the reboiler provides -
partial vaporization of the liquid coming from the stripping;section
into the reboiler. The vapor is returned to the stripping section while.
‘the remaining Tiquid is continuously withdrawn as bottoms product, and
thus, thé réboi]er acts as an additional stripping.stage.

~ One of the major factors affecting the sharpness of separation
of a distillation is the proportion of condensate returned as fef]ux,‘
This proportion is measured by the "reflux ratio" whiéh'is defined as
the ratio.of moles of liquid reflux per unit time to moles df distillate
product per unit time (LO/D).

The operation of a fractionator with a total condenser can be
aﬁcomp]ished in two ways;'at total ref]ux_or at partfa1 reflux. Opera-
tfon at total reflux can be performed by condensing all the vapor and
returning it to the column as Tiquid reflux and reboiling or vaporizing
-all. the bottoms liquid whefeupon the addition of feed must be reduced
to zero. Such operation is often used as a start-dp procedufe in order
to bring the column to steady-state before removing any product. If
the condensate is dividedrinto reflux and dist111ate~peruct and ff
bottoms product is withdrawn from the reboiler and feed introduced to

the column, the column is said to be operating under partial reflux.



‘McCabe-Thiele Method

The McCabe#Tﬁie]e method (8) for determining the number of:
equilibrium stages needed in a given-separafion, hingés ﬁponrthe fact
that in many distillation cases the values of the molal flow rates for
~vapor and liquid from plate to plate are constant except as,chaﬁged by
additions or withdrawals of material from the column. Constancy of

flow rates of "constant molal overflow" will be achieved if:

1. Molal Tatent heats of vaporizétion of_the-two_éomponents
being separatéd are equal.
- 2. Sensible heat changes are negligiblé in comparison with
latent heats.
3. Heats of solution in both phases are absent.

4. Heat Tosses from the column are absent.

in the following derivation the vole fractions x and y refer
to the mole fractfohs of the more Qo]ati]e cdmponent in the Tiquid énd
vapor phase respectiyé]y. Consider first the rectifying section of a
" fractionator with a total condenser with Tiquid reflux returning to the
co]uhh at its bubble point. ‘(See\Figure j;Z),

A total material ba]ance through thé envelope in Figure 1.2
ines: | |

V+L+D _ (1.1)
From Equation 1.1 and reflux ratio R = L/D we get

V + D(R+L) | (1:2)



SLOPE T = R+#T
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Figure 1.2  Rectifying section



. For one component
V ¥y = an.+ D xp - | (1.3)

From whence the rectifying section operating Tine is written as:

- L D
Yne1 T7 % YV %p (1.4)
or
o, SR
Inel T RT Ko TR (1.5)

fhis is the equation of a straight Tine on the,equilibriuh
disgram of Figure 1.2 with.slope L/V = R/R+1; and with a y intercept
of xD/R+1. At Xy = Xps yi = Xp SO that the operating 1line passes
through the point Y1 = Xg = Xp On the 45°71ine. To verify this, one
can apply Equation 1.4 around the total condenser.

For the stripping section of Figure 1.3, a total material

balance gives:

i
i
=<l
+
w

(1.6)

For one component

Lx =V gt B xg (1.7)

From ‘Equation 1.7 one obtains the stripping section operating
line

(1.8)

3
<} |

. ym+_l =

e L
P4
1



Lxm V>V1

n+l Slope=-

m+2

Figure 1.3. Stripping section



This is a straight Tine of slope L/V and passes through the
point y = x = x5 on the 45° line. o 'i

The intersection point of the two operating lines is dependént
upon the composition and thermal condition df the feed. The relation-
ship is most easily shown.by making heat énd mass balances around the
feedvb1ate<shown in Figure 1.4.

F+L+V=V+L | | S (.9)

FH.+Lh., +VH

F

fo1 * VHeyq = VHe + The - (1.10)

However, if -we make the assumption that the molal enthalpies
of the 1iquid overflow from the feed plate, and the plate above are
essentially the same; and the enthalpies of the yapor from the feed

plate and the plate be]ow are also the same, then Equation 1.10 trans-

forms into
FHe + Lh + VH = VH + Th " (1.11a)
(T- L)h = (T-V) H+FH (1.11b)
Combining: Equation 1.9 and -1.11b gives
= H - He | .
.L F .L = -H_h'F’ =q (1]2)

" The quantity q is thus seen to be the heat necessary to vaporize
1 g. mole of feed (HAHF) divided by the Tatent heat of vaporization -of

the feed (H-h). The graphical determination of q is shown in Figure 1.5.
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‘Figure 1.4. Feed plate




Figure 1.5.
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Graphical determination of gq,
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Now, let Xq and‘yq be the coordinates_ofvthe intersection of

the operating Tines. Rewriting ‘Equations 1.3 and 1.7 for this point
gives:

qu =~qu + D xp (1
qu = Ekq - B xg | ) (1
Subtracting
(V - V) Yq = (L - L) Xq —-DXD - Bxg | ! (1
An overall material balance of the more volatile component
‘gives: |
‘ FzF = Dxy + BxB | A (1

Substituting Equation 1.16 -into 1.15 gives

_ (V—V)yq = (L - L) Xq " Fzp : (1
From this |
T L-L F |
y.= =) x - (—) z . (1
T y-y 9 y-y F

L-L=F+V-V_ T (1
Substituting Equation 1.19 into Equation 1.12 gives

Yoy “
1=~ =9 | | (1

11
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12
and

V-V q-1 : (1.21)

MuTltiplying Equation 1.12 by Equation 1.21 gives

—f—) &=5) = )@ (1.22a)
v-YV F q-1 - :
from which
L-L __g

V-v q-1 , (1.22b)

Substituting Equation 1.21 and 1.22b into Equation 1.18 gives

‘ Yo = - X_ - o

, 9 q-1 "q q-1 (1.23)

~~ This equation gives the locus of'intérsection of the rectifyiﬁg
and stripping sections operating lines, and is called thé "q Tine"
(or sometimes the i-line). It is'a straight 1line with slope q/g9-1,. and |
- at Xq = zFAit.can be éasiiy shown from Equation 1.23 that yq - Zp and-
the "q T1ine" passes through the point'yq = qu= zp on the 45° Tine.
In the rectifying section, the slope of the operating line
is L/V, and-is. always smaller than unity. . Howevér, as this slope
- approaches unity, the number of theoretical plates becomes smaller
until L/V is equal fov1 or R = L/D is equal to 1nf1nfty and only an
infinitesimal amount of product can be withdrawn from a finite column.

Under such conditions, the column is said to operate at ‘total reflux



13
or with an infinite réf]ux rafio, and both operating Tines have a slope .
-of unity causing them to coincide with the y=x diagonal (45° line).
Since a higher reflux ratio than this is not possibie, fhe size of the
steps dn<thé’equi]ibrium:diagram'is a maximum and the minimum number of
theoreﬁica1 plates to give a determined separation is obtained. This
number is’determined by simply using the y—x diagonal as ‘the operating
Tine and constructing the -steps from Xp to Xp as $hown in,Figuke 1.6.

Even'thoughAthe operatién at total reflux is not practicai
(since no products are obtained), the determination of the'minimum
.number‘of plates is. very dsefu] in practice because a column with the
.minimum number of p]atés serves as a reference since no column with -
fewer plates can give the desired separation. '

In general, it is desired to.keep thé reflux ratio small in
order to reduce heat and cooTing requireﬁents. As the reflux ratio.
'.(R-= L/D) 1is reduced from'infinity,-the slope of the kectifying opera=-
ting Tine decreases from unity. Thus, in Figure 1.7 a reflux ratio of
infinity would correspond to operating Tines coinciding With-the
~.diagonal acb (45° 1ine) and a Tower reflux ratio would correspond to
adb. | 7

It is obvious that the average size of the steps between -the
-equilfbrium:curve and thé Tine adb will be much smaller than the size of
‘the steps between the equilibrium éurve and the Tine acb. Thus; a
reduction of the reflux ratio requires an increase in the number of the-
‘oretical plates to obtain a given separation. As. the reflux ratio is

~ further decreased, the size of the steps between the operating lines



Xp

Figure 1.6.

X

Operation at total reflux
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Figure 1.7.

q line
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and the equilibrium curvé becomes still smaller. As a result, more
_théoreticé1"p1ates are required until the condition rebresented by -aeb
_'is encountered when the operating 1ine just touches the eqdi]ibrium
curve. In this case, the size of the step at the point of contact would
be zero, and an infinite number of plates would be requiréd”to travel

a finite distance down the operating iines. The reflux ratio corres-
pdnding to this case is the minimum reflux ratio and represents. the
itheoretiéa] Timit below which this ratio cannot be reduced and still
.produceathe'desiréd separafion even if an infinitely 1arge'number of
plates is employed. | |

One step between the'equi1ibrium curve and the opefating line

for the rectifying section corresponds to one theoretical p1ate for .the
recfifying section above the feed, and one step between the'equilibrium
curve ahd the .stripping operating line corresponds to one theoretical
plate be]ow:the feed. Therefore, the step that passes from one opera-=.
ting line to the other corresponds to the feed plate. Thus, in
”Figure 1.8 when p]atés are stepped off down the operating line abc,
it is not possible to step on the operating line dbe until the value of
X is less than the value corresponding to point 3. However, as soon
:as the value of x is less than e, it is possible to shift to the other
operating line, but it is not necessary to-do so at this value since
steps can be continued down abc until they are pinched in at c. But

a value 1ess;than c cannot be obtained unless the shift is made. .The
étep from one operating line to the other must therefore, occur at

some value of x between the values corresponding to c and e, and'a



X

B

Figure 1.8.

Limits of feed plate composition
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change at any value within this range will give an operable design.

In generaf, for a given reflux ratio, it is desired to carry out the
: fractionation'with as few plates as possible. ' This minimum number of
steps for the design conditions selected is obtained by taking the
‘longest possible steps at all points between a and d. It is obvious
that for values of x between e and b Tonger steps will be obtained
»bétwéen the equilibrium curve aﬁd operating line abc than would be
obtained with operating.line dbe. Likewise; for values from c to b

- longer steps will be.obtained by using Tine dbe than by ugiﬁg.abc;

. Therefore, it is desirab]e to use operating line abc for values from:
a tovb, and Tine dbe for values between d and b. This makes the feed
j.»plate straddle the value b by shifting from one operating Tine to the
other at point b, and in .this way obtain the minimum number of plates

- for a specified set of operating conditions.

Efficiency
One the number of theoretical, or equilibrium plates is
- determined for a given distillation prob]em,.thé actual number of
plates must be specified. The translation of theoretical plates into
actual (real) plates can be accomplished by the use of efficiencies.
Two -types of efficiency are in commoh use. The first of these
involves the use of an "overall efficiency" (Eo) defined as

E = number of equilibrium plates
o ~ number of actual pTates o (1.24)

‘In order to use the oVera]] efficiency in a design problem, one

- carries out an equilibrium plate analysis and then determines the
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number of actual plates as the number of equi1ibrium_p]ates divided by
: Eo'" Thus, ‘the overall efficiency:concept is simply to use orlwce.E0 is
known, but it is .often not easy to predict reliable va]ués-for Eo'
The other efficiency commonly used is the "Murphree vapor
effiéiency."' It applies to a single plate,.and is definédvas the
ratio of the actual change in avérage vapor‘compositions accomplished
' by a given plate to the change in average vapor composition if the
vapor leaving the p1ate‘were in equilibrium with the 1iqu1d Teaving
-the plate. | | -
- Y = Y+ o .
mWo Ve T Y  (1.25)
- where |

yk= f(xn), i.e., the equilibrium curve

As it is defined here, the Murphree vapor efficiency applies
~only to piates for which no-Tiquid is entrained in the vapor entering
_ pr”]eaving a plate. Therefore, once EmV is determined'it,iﬁ.also

nécessary to correct this gffiéiehcy for the effect of entrainment.

The effect of entrainment upon stage efficiencies in a countercurrent
':_'cascade of discrete stages has been analyzed by Colburn (3), for the..
~ case of pafa]]e] operatihg and equi1ibrium lines. - The appérent

Murphree vapor efficiency in the presence of'entrainment'(Eé) is

. related to the Murphree efficiency without entrainment (Emv) by

. By

a - ] '+ (e Emv/L ’ ) (]°25)
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where
e = entrainment of Tiquid upward with the rising vapor
- reaching the next stage above, moles/unit time.
L = net Tiquid downflow, moles/unit time

VThere'iS stf1] another type of efficiency which is called
"Point efficiency" (EoG)° This efficiency is similar to the Murphree
vapor efficiency, except that is applies to a sing]e point on a plate
_rather thah to the total vapor and Tiquid streams Teaving a»platg.'
Although the overall cd1umn efficiency has no fundémental
-mqss-transfer basis, it is widely used because of its simplicity. - The
:Murphree Qapor efficiency is.mbre fundamental than fhe overall value, B
but is less convenient to use_because it must be applied to each
jindividua]'p1ate. The'point efficiency is of considerable theoretical
interest, but is seldom used in desjgn'practice because it requires a
knowledge of the variations in Tiquid compositon across the plate
“and integration of the point.éfficiencies over the entire plate. Point
~efficiencies are always less than 100 percent, but Murphree'vapof
‘-;efficiencfes may~be greater than 100 peréent because.of the vartiation
of liquid composition across the plate.
Drickamer and Bradford (5) analyzed data from 54 tests with
| 54 refinery columns used for distillation or absorption ofvhydrocarbons;
Most of these columns employed bubble caps, but a few were equippedg
,;WithAperforatgd plates. The resu]ts were correlated on the basis of

the single variable, Tiquid viscosity, to give



E, = 17 - 61.1 1og]0pF g (1.27)
- where
g T molal average viscosity of feed at average‘tower

temperature, cp

This equation gives adequate results for the fractionation of

petroleum and similar hydrocarbons but is not recommended if the
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relative vo1ati]ity of the key compoents is greater than 4.0 or if the -

.value of E is outside the range of 0.07 to 1.4 centipoise. Relative
volatility for a binary mixture is defined as the ratio of the concen-
tration ratio of the two components in one phase- to. that in the other

phase
LR VES ' o (1.28)

A correlation similar to that of Drickamer and Bradford was
developed by 0'Connell (10) but in.this case, the overa]]’efficiéhcy
was plotted as a function of % MF where‘aAV is defined aé the average
~relative vo]ati]ify at average tower temperature.

The most ambitious attempt t0‘exp1ainAtheoretfca]jy‘the many '
factors that affect plate efficiency was made under the-aﬁépices.of
the Research Committee of the American Institute of Chemical Engineers
(A.I.Ch..'}E,,s 1), and as a result of this work, a design manual has been.
pub]isﬁed. However, because the design procedure is arduous, empirical
correlations will probably continue to be used wherever they can be = -

reasonably we]T'appred.



CHAPTER 2
- APPARATUS

A description of the main compohents of the apparatus is

included in this chapter.

Column

N The'column used in this study consiéts Qf eight cyifndrical
glass sections, each 4 in. I.D. and 6 in. in height (12).1,BetWeenVeach
- two sections a-bubble-cap plate is 1ocated for a total of eight plates.
. Each plate has a single bubble-cap. Four ofbthese plates are made of ~
tef]oﬁ and-are provided with iron-constanton thermocouples and sample
ports, as shown in Figure Z.I;ﬁ | B
| One sample port is for the liquid 1eaVing the plate and the
ofher is for the vapor rising from the plate below. Therthermocouple
port is placed to measure the temperature of‘the-liquid on the plate.

The feed is supplied to the column from two<cyliﬁdrica1 stain--

less. steel tanks, each with a capacity of 9 ga11ons<(34'1iters).

Condenser -
A glass condenser operating as a total condenser {is used. -Thé
coo1ant,(water) passeé through the coils while the vapor»and liquid are
in the annular spate between the boil and jécket. -The'condenser

specification are shown in Table 2.1.

22
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Table 2.1

CONDENSER CHARACTERISTICS (12)

Length.ceevivocoeonroonoasssccossaossscasasnsons 24 in
Jacket Diameter...... [EEERTP eeseecesecoe ceses 4 1in.

~ Heat Transfer Akea..j,;..;,,' .............. -,,;... 5 5q. ft;
Free Cross Sectional Area........... e eeeens .. 4.68 sq. 1in.
Pipe Equivalent to Free CrOSS'Sectibnal Area... 2 1in.

Maximum Recommended Water Working Pressure

Across Coils.cvevons SRR e eeeebeccaeceacane 30 Tb/sq. in.

WTfh,the glass condenser, care should be taken to avoid cir-
cumstances which could give rise to "water hammer". For this reason, -

v coo1aht‘(watEr);COnff01‘va]ves should always be turned on or off slowly.

Reboiler
The reboi]erbconsisté of a stainless steel kettle of approx--
imately 9 gallons (34 liters) capacity, with a éteam{coi] formed from
copper tubing 1/2 1in. outside diameter. Partial vaporization of the
bottoms 1iquid is accomplished by heat transfer fkom thé condensing
steam inside the coil. The approximate heat transfer area in the
2

reboiler is 3.1 ft™. A cutaway side view of the reboiler is shown in

| Figure 2.2.

Column Head
Column heads form therlink‘betwéen_the co]umn<and'the condenser
-and -are provided with devices for regulating and measuring the reflux

ratio.
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- Two methods are uﬁed to control the distillate rate when a

total condenser is being used. One consists éf a flow regulating
dévice, as shown in Figure 2.3, which allows a steady stream of
condensate to flow from the condenser to the rectifying section as
reflux. | |

Excess condensate flows from the condenser to the disﬁi]late
recei&er<where it is collected as prdduct, | |

The other method (Fig. 2.4) éonéists of a mechanism by whjch
all the condensate can be diverted either to the‘disti]]ate‘receivef'or
to the rectifying section. ~This mechénism is operated by a timing-de-
vice, the details of which are given in Appendix C. |

The column operates under intermittent reflux whereby fixed
intervals of operation at zéro and total reflux are alternated in time;
During the "OFF" time the column is at total reflux, all condensate is_
returned to the column through funnels F1 and F2 until the solenoid is
activated by the timer ("ON" time), pulling the funnel F2 to the left,
pivotinj on point P, and all condensate then runs through F1, F2 and
D to the distillate receiver; This is the zero reflux period.

Theoretically, the reflux ratio is equal to the time ratio.
However, studies made by Collins and Lantz (4) on this system; show
that.ho1dup in thé diverting mechanism, time Tag in the operation, and
condensation in parts of-the column other than the condenser, tend to
givefa,highervref1ux'ratiovthan the time ratio indfcaggk. '

The perfbkmance-of disti]]atfon columns under intermittant

reflux was calculated thereotically in a paper presented by O'Leary
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Figure 2.3  Continuous Control of the reflux ratio
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and Bowman (11), assuming that the decay of distillate composition under
zero reflux and the growth‘at total reflux depend exponentially on. time.
" The theoretical formulas deve]oped by 0'Leary and Bowman indicate that
'thg'mean,disti11ate»composition resulting from intermittent reflux
- operation is always Tess volatile than that obtained by continuous ré—
flux at the same reflux ratio, but only slightly so, under ordinary
- conditions. An efficiency function which gives a quantitative measure',
. of the departﬁ;e from continuous operation due to intermittent opera—'
tion:is defined in their paper. However, in all the experimental runs
made by 0'Leary and Bowman; high efficiencies were-measured and the .
cohditions-for the runs varied over the entire conventional operating
rrange; |

As a rule of thumb, it can be said that the column will operate
close to continuous operation if the total cycle (OFF plus ON time) |

does not exceed the residence time of the top plate, which is of the

" order of 2 minutes for this column.:

A careful examination of Figure 2.4-will show that the
distillate discharge port is in a region of re1a£ive1y high vapor ‘tem-
; perature. Some of this vapor condenses in the discharge port -and H
increases the distillate rate. For tﬁe same reason, a certain amount
of distillate will collect in the discharge ﬁort during the initial
~equilibration of:the«co1umn at total reflux.

The keqﬁirements_that a co]umn head Shou]d satisfy may be

summarized as follows:
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1. The reflux ratio should be easily adjusted and measured.

2. The hold-up of the column head should be small.

3. It must be possible of accuréte1y measure the-vapor
temperature. |

4. The reflux should flow back into the column at (or only:-

 51ight1y below) its boiling point.

.The reflux ratio'is more easiiy adjusted and measured, and the' .
hé]d—up in the cq]umn is much smalier with intermittent control of fhe.
'reflux.ratio than with continuous confro]° |

On the other hand, with the condenserlarrangement necessafy
for continuous control of the reflux ratio, as shown in Figure 2.5, a
 subcbo1ed'condensate is produced depending on the condenser heat
transfer area and flow of cooling water. Hoever, with the condenser
“arrangement for intermittent Contro], shown .in Figure 2.6, this kesu1ts
in the condensate essentially returning at. its condensing. temperature
independentrof the condenser heat transfer area.
| ‘With intermittenf control of the ref1uxrrati09 only the feed
and bottoms streams require continuous control, and since the disti]iate
take-off is intermittént‘ it shOu]d\bé directed to the distillate
 receiver where it is collected and measured over a relatfve1y'1ong

period of time before sending it to the storage tank.

- Data Acquisition System

The column is provided with 12 sample pdrts (7‘f0r 1iquid and

5 for vapor) and 14 thermocouple ports within and outside the column.
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Figure 2.5. Condenser arr"angerhent for .continuous
: control of reflux ratio
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In this way temperatures and composition data for the column can be
“taken. - A Gow-Mac model 69-100 chromatogréph (see Appendix B) was
used to determine compositions from sampies-taken from the column and
a recorder (Appendix C) was used to register the temperatures.

A heating tape to preheat the feed to near its boiling point
(see Appendix C) and a rotameter to measure the coo]ing water flow rate
(see Appendix C) were also installed.

‘The entire distillation column arrangement is represented in

Figure 2.7.
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CHAPTER 3
EXPERIMENTAL PROCEDURE AND RESULTS

In this chapter, a description of the experimental procedure,

results and main conclusions are presented.

Experimental Procedures

A detai1ed'procedure for. the operation of the column is included

in Appendix D. |
~In generé1, the feed tanks and the reboiler Qeré charged wfth a

feed of know benzené—toTuene composition. The mixture in the reboiler
was concentrated to a'compositioh near 20'm01efperceht'béhzene and the
column broﬁght to §tEady-stafe at-total reflux. The/numbér\of equilib-
rium plates and overall efficiency of the column were determined from
the data obtained at total reflux.

A run at partial reflux was made at a reflux ratio of 1 and the
number of equilibrium plates.and 6vera11 efficiéncy obtained from this
- run compared to the number of equilibrium plates and-OVefa11ﬁefficiency'
obtained at tota]irefTux. | - |

The column was allowed 3 hours to reach steady-state at total

reflux or after a change in reflux ratio.

Experimental Results and Discussion

" The experimental data as taken directly from the column are
reportedfin Appendix E.
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Total Ref]ux'

The reboiler was chafged with a mixture of a compésition that
varied between 55-63 percent benzene, and the mixture in the réboi]er
concentrated to a composition of about 20 mole percent benzene by
performing a batch distillation. ' '

 The time necessary for the column to reach steady-state was
approximately 3 hours. ‘This time does not inc]uqe tﬁe time required for
“heating the Tiquid charge in the reboiler to the boiling point,and{the
column to its operating temperature. The results for this run are shown
in Table 3.1 together with the operating conditions. The'equi1ibrium'

data needed was taken_from Appendix. A.

Table 3.1 4
TOTAL REFLUX RESULTS‘

Column Pressure Steam Pressure " Cocling Watér X ' g
mm. Hg . psig Flow Rate, GPM B D

700 o 8. 0.8 0.965 0.190

Figure 3.1 shows the number of equilibrium plates (including
the reboiier)lénd overall efficiency'for total réf]dx. ‘9

Two more runs-were made at total reflux with‘different initial
benzene compositions of the charge to the reboiler. The results afe

shown in Table 3.2.
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Table 3.2

TOTAL REFLUX DATA

Column Pressure Steam Pressure -Cooling Water X X
mm. Hg. : . psig - Flow Rate, GPM" "D "B - ntl_
700 10 0.8 0.93 0.10 5.2

- 7600 12 0.8 ~ 0.82 0.04 5.1

The tempgratures and composition profiles for the total reflux

run reported in Table 3.2 are shown in Figur;‘B.Z.
Discussion of Results at Total Reflux

Changing the initial benzene composition in the réboi]er does
not affect the number of equilibrium plates nor the ovéra117efficiehcy'
of the column at total reflux, as these remain constant at fhe values |
of 5.2 and 0.58 respectively.  On the other hand, the overheaHAcomposiﬁ.
fion of benzene decreased as the initial benzen composition in -the . .
réboi]er decreased,. -

Also, the necessary operating condifidns changed at the initial
reboiler benzene composition changed. 'That is, as the 1nft1a1 benzene
_cémpOsition'in the reboiler decreased, the mixture-became more con-
céntrated in toluene, the Tess volatile component, and a larger heat

anut (steam pressure) to the reb011er is required to maintain an

. acceptab1e bo11 -up rate (g." mole/hr of vapor produced in the reboﬂer)s

and vice versa. The cooling water flow rate remained constant, since
with a total condenser it is on]y:necessary'to supply enough cooling
water to condense all vapor reéching it. Excess water does no harm

~and is-.of no significance, except economically. With the type of
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condénser arrangement being used, the condensate will return at its
boiling point independently of the condenser's heat transfer area.

It is possible then, to charge the reboiler with a mixture of
- any initial benzene composition, and by changfng'according]y the opera-.
ing conditions (mainly steam pressure), obtain safisfactory operation
of the column. However, if the mixture is too concentrated in one or.
the other component, -the analysis of compositions in the column and
thé determinatidn of the number of equilibrium plates wou1dAbe'com4
p]iéated. Fdr'examp]e, ff,the'inftia1 benzene composition in the
_ rebgi]er is 55 mole percent (steam pressure - 2 péig), after the third'
equilibrium plate (approximately foruth real plate) in Figure 3.3, the
bénzene composition would be' 95 mole percent, with the remaining plates
disti]]ing a}most pure benzene and thus a very sma]]-compoéition chénge
per plate. The overhead composition would be between 999100 mole percent
‘benzene, it be1ng very difficult to determine such compos1t1on accurate]y.

Much more serious is any uncertainty or inaccuracy in-the
‘:position of the equilibrium curve. This affects the calculation of the
number of equilibrium p]ates and . produces a cumulative error of in-
creas1ng magnitude at the extremes of composition where the equ111br1um
. curve and the 45° line come close tOgether.

Therefore, even though the initial benzene composition in the
reboiler can have any value, it is desirable that it be of such a value
that a satisfactory analysis can be made. The 1nitia1,benzene”COmposi~
tion gfven in Tables.S.l and 3.2 were.found to give co]umnAperformanCev

from which a satisfactory analysis could be made.
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Another requirement that the initial benzene composition in the
reboiler must meet, is that its va]ue'during the total fef1ux‘run has
to be near the value expected during the run at partia1 reflux, so as
to .avoid complications in the operation of the column that might lead
to'f]poding or interruption of the reflux. For example, if the benzene
cdmpdsition in the reboiler ering the run at total reflux is much
than the expected benzene composition in.the-reboi1er at partial reflux,
the heat input (steam pressufe) adjusted at total reflux may be too high
for the partial reflux conditions, and the column will £100d during-the
transition from total to partial reflux. In the reverse situétion,
interruption of the reflux flow will occur.
The initia] composition in the reboiler of about 30 mole:per
VCéht benzene (Tab]e 3,1)'gaveva satisfactory ana1ysis.of the column at
total reflux and a successful transition from total to bartial'reflux
at a Tow reflux ratio (R =1, x5 = 0.24). |
| The shape of the temperature profi1e shown in Figure 3.2
f011ows closely that of the 1iquid composition since the two are related

through equilibrium considerations.

PariiaT.Ref1ux

| After selecting the column pressure, feed conditions (feed
temperature and composition);*feed plate, liquid reflux'returning at
-ifs'bubb]e point'(fixed by the design of the'overhead ¢ondénser), and
ﬁeat input (steam pressure) to~the'reboi1éf; there still remains to
jsbecify the reflux ratio to completely define the operation of the

cotumn at partial reflux.
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For a given separation the minimum reflux ratio is calcualted,

and 'the operating reflux rafio'is fixed at a value ]akger thaﬁ'this

minimum. In this case, the separafion achieved at totaT-reflux will

beedifferent from the separation at partial reflux and therefore,

“the minimum ref]uxrratios calculated at total ahd partial ref]ﬁx will

be different. However, it is possible to calculate a minimum ref}uxjf

ratio which would give a‘safe operating reflux ratio. As shown in

Figure 3.4, as the overhead composition (XD) increases thejminimum' :

reflux. ratio (R . ) increases.

m1n
Therefore, if one assumes that the overhead composition is 100

mole percent benzene and calculate the minimum reflux ratio, this would

be 1arger than any minimum reflux rat1o calculated for any other

separatlon, since it 1is not poss1b1e to obtain a better separat1on than |

- this.

* The minimum reflux calculation for an overheadfcomposition dfr

100 mole percent benzene canibe'ﬁade as follows:

Feed conditions

Ze 0.56
k

58°C.

From Appendix A

13

H. = [0.56(32.7)+0.44(37.90][59]

F

2064 cal/g mole

jm g
n
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Figure A.3 Appendix A gives
H= 11050 cal/g mole
h = 3200 ca]/gnmd1e

From Equation 1.12

_ 11050 - 2064 _

= 17050 = 3200 - 1° 145

and the Equation for the "q 1line" given by Equation:1.23 is

3.87

yq = 7.91 Xq -
so that
Xg = 0.56, yd = 0.56
and
| Xq = 0.49, Yq =0

" Figure 3.5 shows the graphical calculation of the minimum reflux ratio.
‘The value of the minimum reflux ratio is 1.13 and any operating
: refiux ratio_]érger than this value would give an operable design for
the feed cohdftions specified. However, the actual reflux ratio
selected for the partial ref1ux run was 1, as it can be seen in

Table 3 3 because 1t was expected that the separation achieves at this
ref]ux ratio would be much lower than 100 mole per cent benzene. There-
fore, the minimum reflux ratio for this separation would be much Tower
‘than 1.13,

The results for the partia]-ref]uXArun are shown in Table 3.3.
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Table 3.3
PARTIAL REFLUX RESULTS

Column Pressure, mm Hg : _ 700
Steam Pfessﬁre,‘psig . 7
Cooling Water flow rafe, gpm : | 0.8
Feed Flow rate, g mole/hr . . | 139
Bottoms flow rate, g mole/hr . - 54
Distillate flow rate, g mole/hr = - 80
Feed'temperatures °C | | 59
Feed composition, benzene mole fraction 0.56

Bottoms composition, benzene mole fraction 0.24

Distillate composition, benzene mole
fraction , 0.88

Feed plate (from the top) 5th

Time ratio (reflux ratio), off. time/on time 5 sec./5 sec.

The minimum reflux ratio for the separation achieved dqring the
frrunrat partial reflux is given in Figure 3.6

The number of equ111br1um p]ates for the partial reflux run are
shown in Figure 3.7 where the rectifying section operat1ng Tine 1is g1ven

by Equation.1.5:

SR,
R+1 R+1

For-R =1, x5 = 0.88 |
y = 0.5x + 0.44
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and at x

0.88, y = 0.88

x =0, y - 0.44

The equation for the "q line" as calculated before is

= 7.91 - 3.87
Yq Xq

For the purpose of makihg material balances, the féed‘and -
bottoms volumetric f]ow fates were measured by rotaméters and the - -~
distillate rate was measured by collecting it on the distillate receiver.
These are handled differently in making the material balance around the

column with the conditions shown.in Figure 3.8.

A correction for density change between the fluid being'
measuréd by the rotameter and the fluid used for calibration in
Figuré C.1 1is necessary.' When}the~viscosity CHange is n¢g1ig{b1e.'
the ratio of flow rates for two different fluids A and B at the same

rotameter reading is given by

wp o leg - py)e; o
R CIE L (31)
Where .
| w = fluid flow rate, g/mih
Pi2P; = fluid dénsity, g/cc

Pg = float density, g/cc.
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From Equation A.22 and Table A.6

PF = 0.833 g/cc
P

g = 0.80 g/cc
pD = 0.818 g/cc

The average molecular weights for the feed, bottoms and dis-

 tillate streams are

M. + 0.56(78.11) + 0.44(92.14) = 84:28
Mdy = 0.24(78.11) + 0.76(92.14) = 88.77
fMWD = 0.88(78.11) + 0.12(92.14) = 79.79

Rotameter correction: from Appendix C

Pf = 2.53 g/cc
pi = 0.86 g/cc
and |
F(84.28) _ (2.53-0. 833)0.833
5o = 230(0.86) (2.53-0. 86)0 56

F = 139.7 g mole/hr

B(88.77) . o (2.53-0.80)0.80
—gg = 95(0.86) - 1375370.86)0.86

B =54.2 g mole/hr

For the distillate

130(0.818)(60)
79. 79

D = = 80 g mole/hr
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Overall the matefia] balance:

F =139.7 g mole/hr
D+ B =280+ 54.2 =134.2 g mole/hr

%ggf%-= 0.961, error 3.9%

Benzene material balance:
F Zg = 139.7(0.56) = 78.2 g mole/hr

Dxg = Bxy = 80(0.88)+54.2(02.4) = 83.4—5—%%]—@-

-ég:% = of938, error 6.2%

The temperature and composition profiles for the partial reflux run ére'
“shown in Figure 3.9. | .
The Tiquid composition profile shown in Figure 3.9 is common

in binary distillation. The Tiquid composition changes-slowly at the
top of column, then changeé more rapid]y; and then slowly again as the
-feed stage is.approached,;.Be1ow the feed the same prdceSSfis,repeated:
s]ow, fastér and then more'slowly again at the bottom of the column.

The temperature composition profile-éhou]d follow that of the Tiquid
composition since the two ére related tﬁrough equilibrium considerations.
- However, the variation described above for the 1iquid composition pro?
file is not apparent in the‘temperafure'profile; This 1is probably due

to experimental error.
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The minimum reflux ratio changes with the separation achieved.

However, it is possible to calculate a minimum refiux ratio (R=1.13)
from which a sqtisfacﬁory operating reflux ratio can be se]eéted. In
this case, the operating reflux ratio was fixed at 1, slightly 1ess
than 1.13, because it was expected-that'the separation;achieved—at‘the
reflux ratio of 1 would be much less than the separation for which the
~ value of 1.13 was computed. Therefore, the minimum reflux ratio at
the operating reflux ratio of 1 would be much-less. than 1.]3 (as it can
be ‘seen in Figure 3.6, R . = 0.50), |

~ The numbef of equilibrium plates and overall efficienéy were
| 5.7 and 0.63 respectf&e]y, It should be noted that the overall
efficiency at partial reflux was approximately the same as for total
reﬂux'(EO = 0.58), Therefore,,even'though the effiéiency of the
column is a complicated function of mass and heat transfer parameters,
flow configuration and mixing effects in the column, a good aﬁproxima—
tfon in this case is to say that the overall efficiency of the column
is approximately 60 per cent independent of the reflux ratio used. -Thié
result agrees with the common rule of thumb used in the petroleum
industry where the overall efficiency for hydrocarbon distillations at
ambient preésure is seTected as approximately 60 per cent. The overall
efficiency predicted from the 0'Connell empirical corrélation (10)
with o = 2.5 and'ﬁ'F = 0.29 is, E, = 0.55. This value is in the neigh-
borhood of the experimental data reported. Furthermore, with an over-
all efficiency approximately constant'at 60 percent,” and a'constant

number of real plates (9 plates including the reboiler) the number of
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equilibrium plates will be constant at 5.4 (5.2 for total reflux and
5.7 for partial reflux), and independent of the ref]ﬁx.rétib“USed.

The assumption that the number»of equilibrium plates will re-
main constant TndependéntAofvthe reflux ratio qsed, appears to bé in
tontradiétioh with the theoretical curve of Figure 3.10, which shows
that as the reflux ratio decreases more and more theoretical plates are
. needed. However, this 1is hot éo, since 1in the,ca$e of Figure 3.10
1(co]umn design) for é given separation more and more p]ate$ are needed -
as the reflux ratio decreases, and in this case (analysis of an eﬁist--
ing column) the number of p1ateé is fixed and the separation changes
at the differeﬁt reflux ratios. Therefore, the criteria of increasing
‘number of plates with decreasing reflux ratio can-not be applied here, -
siﬁce'thé'Separétion is not constant. In both casés the .overall
efficiency will be approximately 60‘percent for the benzene-toluene
system. |

Since the column is to be used for 1aboratory instruction, it
- would be interesting to analyze the change in separation obtained with
 rchaning reflux ratio. 'However? this would make the fime for the
“experiment extremely Tong (3 hours at total reflux, and 3 hours for
each reflux ratio). On the other hand, it is possible to analyze the
7~sepafation‘at each reflux ratio every hour, and even if the column
has not really reached steady-state, the variation of the overhead and
bottom5’¢omposition would be indicative of the change in separation

with éhanging reflux ratio.
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‘Fi'g_Ure 3.10. Reflux ratio vs number of equilibrium plates
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Qualitative Analysis of the Var1at1on of Bottoms an Overhead Compos1t1on
With Changing Ref]ux Ratio

ﬂAt a Tow reflux ratio (e.g. R = 1), a specified separation will
be obtained (e.g., xy = 0.88, XB = 0.24 for the partial reflux run |
reported). As the ré;lux ratio incfeases, as in Figﬁre 3.11, the
bottoms composition increases toward the feed composition, and the
distillate composition increases accordingly, so as-to maintain n-1 = : f
5.4, until the Timit when R = é, or D = 0, the bottoms composifion will
be equal to the feed composition and the_disti]iate_composition will
have a value corrééponding to approximately 5.4 equilibrium stageé-abqve
the point Xp =.2Zp as shown in Figure 3.712. Iﬁ all of the above analysis,

‘1t'is assumed that the-feed rate remains constant.

Conclusions
The column has an overall efficiency of approximately 60 per
éent for.the system toluene-benzene. This. overall efficiency will
rémain more or less constant independent of the reflux ratio used.
It was found that the column needed approximately 3 hours to
reach Qteady—state at total reflux or after a change'in ref1uxvratio.
- For total reflux runs, the initial benzene compositibn of the
charge to the reboiler:has to be_of such a value that a satisfactory
-calculation of compositions and number ofvequi1ibrium.plates can be
méde; and at the same time be near the expected value for the bottoms
~composition at partial reflux (Tow reflux ratios). An inttial com-

position of 20 mole percent benzene met such requirements.
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Figure 3.11. Variation of separation with changing reflux ratio
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For the run, or run, at partial reflux, the minimum reflux
ratio can be roughly calculated assuming a pure overhead-composition
“and from this an operating reflux ratio can be approximated. |

If it is desired to set up an experlment in which the var1at1on
__of separation with changing reflux is to be studied, it wou]d be con-
venient to separate the experiment in two parts. Each part of 4 hours
duration. The first part for thevtotal reflux run, and the second paft
for the partial reflux runs. The second part of'the experjment can be
made without reaching full steady-state conditions. o |

Some auxiliary equipment that would be helpful for a more
complete analysis of the column performance {is a separating calorimeter |
to determine the moisture content of the steam and with this the |
enthalpy of the steam. It is also possible to: place the’chromatograph
on Tine with the College of Mines Data Acquisition Computer and in

this form determine compositions more rapidly and accuretely.
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APPENDIX A
PHYSICAL DATA

~ The fo1]oW1ng data are necessary-for distillatfon calculations;
equilibrium data, enthalpy data and essential physical properties such

as molecular weights, density and viscosity.

Equilibrium Data
The system benzéne—to1uene adhereé closely to Raoult's Taw in-
-the 1iquid phase, and at Tow pressures (such as 760 mm. Hg.) the vapor
* phase obeys Dalton's law. Equation A.T1 and A.2 represenf.Dalton's:and

‘Raoult's laws respectively.

P =Py : - [A.1]
PE=P - [A2]

The equilibrium data for benzena-toluene was determined with- these two

Eugations and with the Antoine Equation

Log]OP% = A - B/(TT+C) [A.3]

where A, B, and C are constant characteristics of each component. ‘The
values for benzene and to]dene are shown in Table A.1 and Table A.2
' which-gfves the ca1cu1ated equilibrium data. vFigure A.1 is a plot of
- the equilibrium data.
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Table A.1
CONSTANTS OF THE ANTOINE EQUATION‘:

Benzene = - - Toluene
A 6.90565 © 6.95464
B 1211.033 © 1344.800
c 220.790 | 21§;482
Table A.2 -
EQUILIBRIUM DATA
- Mole. Mole .
Fraction of Benzene Temp. Fraction of Toluene
X Yy °C X y
' 1.000 1.000 95 0.319 0.536
0.924 0.969 97 0.261 ' 0.464
0.831 0.927 99 0.207 0.389
- 0.743 0.882 101 0.156 0.308
0.661 0.833 . 102 0.131 0.266
0.584 0.781 103 0.107 0.223
0.512 0.726 105 0.060 0.133
0.444 0.666 107.76  0.000 0.000
0.380 0.603 |
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Liquid Heat Capacfty

“In order to calculate Tiquid and vapor-enthalpies it 1is
1’necessahy,tc know the heat capacities and heats of vaporization of the
‘pure components. The analytical relationship most frequently used to

“‘relate molal heat capacity with temperature has the form

€y = A+ BT+ cT? [A.4]
where A,-B and C are constants characteristic for each component.’
Table A.3 gives the values of these constants for 1iquid benzene and
toluene.

Table A.3

CONSTANTS OF THE LIQUID HEAT CAPACITY EQUATION

CE = A4 BT 4 0T
C; = 1iquid. heat capacity, cal/g-°C
T = temperature, °C
'Comgound' AY B! c'
Benzene -3 -6
-3 to 77° 0.3966 0.69(10°7) 0.69(10° ")
Toluene : v 3 . 5
5-110°C 0.3925 0.56(10°7) 0.21(10°%) -

For use of these constants in Equation A.4, each constant-has
to be multiplied by the molecular.weight of the particular component

“being considered to'obtain molar heat capacities
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= *
Cp Cp(Mw) [A.5]
therefore
A + BT + CT = (A‘ +B'T+C' T YOM) [A.6]
and | | ,
A = A' (M) o - [A.7]
B = B'(MW) _ [A.8]
C = C'(M) ; TA9]
" Since the i‘ntegra]jJ deT must be evaluated frequently in
T :
0

enthalpy calculations, it is convenience to use a short cut method for

- doing so. The integral of C_ may always be written EE(T—TO) provided

P

that the proper average value of Cp is used. If integration is per-

formed between the Tlimits To-and T we have

T

jc dT = TT-Ty) = A(T-T )+ %(TZH—T§)+ %(T3-T§) [A.10]

To

from which
| 'C"=A+E(T+T)+£(T2+TTA+T2) | [A.11]
p 2 0 3 0 o’ T

If T, 1s taken to bé constant at some base temperature such as-0°C and

- T is allowed to vary, values of Eﬁ may be calculated for the tempera-
ture interval frbm TO to the variable temperature T. »Then Equation A.11
transforms -into |

- B C :
C, =A+5T+5T | [A.12]
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From Table A.3 and Equations A.7, A.8, A.9, A.12 weAhave that

for:
1. Benzene Eﬁ = [0.3966 + —= (10 )
» 889 (10‘6)T 1[78.11]
_ -3 6.2 -
= 30.97 + 27(107)T + 18(10°%)T [A.13]
~MWC Ho= molecular weight of benzene = 78.7T1
Colle - -
| ' _ | 3,
0. Toluene T = [0.3925 + £5§§£1£L_)15 |
+ O-ZL (107°)1%][92.14]
= 36.16 + 26(107°)T + 64.5(107%)7?
Mw =

C_H molecular weight of toluene = 92.14
78 '

- Table A.4 giQes the values for the average molar liquid heat
_capacities calculated from Equations A.13 and A.14, and these are
plotted in Figure A.2.

Table A.4

AVERAGE MOLAR LIQUID HEAT CAPACITIES FOR BENZENE AND TOLUENE
BASE TEMPERATURE 0°C

Eﬁ; ta/g mole °C

°C .-~ Benzene- - Toluene -
0 - 30.98 36.16
10 31.25 36.43
20 31.53 36.71
30 31.81 37.00
40 32.09 37.30
50 32.38 37.62
60 32.66 37.95
70 32.96 38.30
80 33.26 38.65
90 33.56 39.02
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Figure A.2. Average molar heat capacities for liquid benzene
and toluene. Base temperature 0°C :
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Heats of Vaporization

It has been found that the latent heat of vaporization between
~ the boiling point at 30 mm Hg and the boiling point at 760 mm Hg is
- almost a Tinear function of the temperature. For benzene -between Q°

and 25°C the heat of vaporization can be calculated. from

H

yap = (108.79-0.2088 T) chs“s  [A.15a]

and from 25° -to 90°C

Hygp = (107.85-0.1711 TS)MWCgHs - [A.15b]
For toluene, from 25P to 130°C
'HVap = (101.98—0f1372 Ts)MwC7H8 [A716]
where . |
MWC6H6.= molecular weight of'benzene = 78.11
MWC Ho= molecular weight of toluene =.92.14

y 8

SOURCE: - Properties of Chemical Compounds, American Chemical Society,
Vol. 15 (1955).

Enthalpy - Composition

Liquid solution enthalpies include both sensible heat and the

heat of solution of the component

T
h = hso] + 1 [»xf ijm CpidI] | TA.17]
o .
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Using average heat capacities, Equation A.17 transforms into

h=nh

o] * I ['xf- Ebi(T-To)] [A.18]

Equation A.18 assumes that the unmixed liquids are heated
separately as liquids to the temperature T, and then the ‘liquids are }'

mixed.

Furthermore, 1if hso1 0 cal/g mole andf'l'_0 = (0°C Equation.A.18

- gives

h

| Z [X_i ° Cp_i T] . [Ao.lg]
-Saturated vapor enthalpies may be calculated adequately.by -

assuming that the unmixed Jiquids are heated separately to the vapor

ktemperature (dew point), each vaporized at this temperature, and the

~ yapor mixed

=z [lem (Te-T,) yTHvap;iJ [A.20]

For a base temperature T0 = Q°C Equation A.20 transforms into

= 1 [y.C

; p1 + y.Hoo o <] | [A.21]

iVap,i
The results of these calculations are presented-in Table A.5 -

and Figure A.3.

Density
For.an ideal Tiquid mixture of ‘two components the density can

be evaluated with
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5 Cp’ cal/gmoleC

Table A.5

Hvapca1/g mole

h-cal/g mo1e

" Benzene - - Toluene . Benzene _To]Uene . H cal/gmole
33.18 38.56 7389 8417 2570 - 9959
33.22 38.62 . 7368 - 8398 2657 - 10038
33.28 38.69 7342 8372 2770 10151
33.34 38.76 7315 8347 2883 10257
33.41 - 38.84 7288 8322 2996 10378
33.46 38.91 7261 8297 3108 10503
133.52 38.98 7235 8271 3220 10635
33.59  39.06 7208 - 8246 3333 10778
33.65  39.14 7181 8221 3446 10926
33.71  39.21 7154 8195 3558 11082
33.77 39.29 7128 8170 3671 - 11249
33.83 39.37 7101 8145 3784 11423
133.89 39.44 . 7074 . 8120 3896 11609
33.92 39.48 7061 8107 13953 11705
33.95 39.52 7048 8094 4009 11803

'34.01 ©39.60 7021 8069 4123 12010
-34.10 39.71 6984 8034 4279 12313

LL
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-Figure A.3. Enthalpy composition diagram for benzene
and toluene. Reference temperature 0°C
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_ ZMWixi

Py = TN
mix ZMNiXi

S [A.22]

Table A.6
LIQUID DENSITY FOR BENZENE_AND TOLUENE

Density in gm/ml for the Normal Liquid .
- Range at Atmosphere Pressure

Temp Component Temp -Component
°C Benzene Toluene °C ~ Benzene - Toluene
0 ——— '0.8854 70 0.8247 - 0.8208
10 0.8895 .~ 0.8762 80 0.8134 0.8115
20 0.8790 0.8669 90 ——— 0.8023
30 0.8685 0.8577 100 -— 0.7931
40 0.8577 0.8485 110 -— 0.7838
50 0.8469 -0.8392
60 0.8359 0.8300

For gases at low pressures (such as 1 atm), the density of

either a pure gas or a gas mixture can beAcalcu1ated

(p,/760)
p = ()W) gr 7oy - [A.23]

ml atm

The>va1ue of 82.057 is the gas Tlaw constant in-gjﬁ;ﬁ;7ﬁzﬂ

~ Viscosity
It is not possible in thé}genera] case to relate viscosities
of miscible Tiquid mixtures to the pure componeht viscosftiés alone;
bﬁt,on an empirical basis the Kendall-Monroe equation (7) appears to

be the'most successful of this type:
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W3 ., 1/3

This equation applies well to hydrocarboné whose component molecular -
‘weight and viscosity-differences_are.sma11 (say-ﬂz-u] < 10 cp). Tﬁé
accuracy of this equation has been shown to be within * 9% for binahy
mixtures.

Table A.7

“VISCOSITY FOR THE NORMAL LIQUID RANGE
OF BENZENE AND TOLUENE AT 1 atm.

V1scos1ty in Cent1po1sea
“Temp in °C Benzene ‘Toluene
5 0.8620° 0.7184
10 0.7597 -0.6698
15 0.7004 0.6256
20 0.6487 0.5866
25 - 0.6028 0.5516
30 0.5621 0.5203
35 0.5252 0.4913
40 0.4923 -0.4650
45 0.4629 0.4411
50 0.4360 0.4189
55 0.412 0.399
60 ©0.390 0.380
65 0.369 - 0.362
70 0.351 0.346
75 0.333 0.331
80 0,318b 0.317
85 ~0.302 - 0.304
90 -—— -0.291
95 -— - 0.280
100 -— - .0.269
105 -—- 0.259
110 (- 0.249

3 The values of absolute viscosity in this. table are referred to a value
of 1.005 centipoise for water at 20°C.

For the Tiquid above the boiling point, at saturatlon pressure.

Extrapo1ated value for the undercooled 11qu1d below the normal
freezing point.

b.
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For the viscosity of a pure gas, the Bromley and Wilke (2)
modification of the iheoreticai Hirschfelder method (6) fbr'tomputing '
the viscosities of Tow preSsure pure gases and vapors gives excellent

results, if the critical volume is known. In the equation

- 33.30mm_) /2

p = wiE [£(1.33T,)] [A.25]
c |

The function f(1.33 Tr) has been represented analytically with accuracy

by Scheibel (13) with the equation

0.645 _ 0.261
r (109 Tr)0,9Log(1.9Tr)

F91.33 Tr) = 1.058 T
[A.26]

| Table A.8
CRITICAL CONSTANTS FOR BENZENE AND TOLUENE

Benzene Toluene
Critical Pressure, atm _ 48.6 v 40.0
Critical volume, ml/gm 3.333 3.473

Critical temp., °C -  289.45 320.8

The viscosities of low pressure gas mixtures can be calculated

with the equation



£y us (M) /2
h. = 4 ,
mix Zyi(MWi)]/z

[A.27]

~ This equation has been well tested for hydrocarbon mixtures, and re-

presents the data within 2 percent.
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APPENDIX B
CHROMATOGRAPHY

The quantitative analysis of samples taken from the distillation
column was accomplished wifh a Gow-Macl chromatograph, model 69-100."
A brief review of ‘the theory of quantifative»éna1ysis'w1th'a chromato-
graph is included, however it is assumed here that that thé:readef-is
familar with the techniques of chromatography.

In a chromatogram the'area produced'fok'each peak 1s propor%
tional fo thé concentration of the component giving such a peak.. This
can be used to determine the cohéentration of each component. Consider

first a detector respbnding ideally to concentration, for which

r = ke ' [B.1]

where
r = detector response, millivolts
¢ = concentration of the component passing thrbugh
the detector, gm/ml
'k = constant of proportioha]ity; characferistic,of_the

 type of component mv-m1/gm
If the detector response r is plotted against, t, we get a
- curve shown in Figure B.1, and the area under the curve is
A =j rdt - [B.2]
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Figure B.l.

area

Detector response vs time
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substituting the value of r given by Equation B:1
g |
A=k [Tea [8.3]

Now assuming that the flow from the column into the detector is "PLUG
. FLOW" we get a component zone in which the component concéntrafion isj,,.,

constant as shown in Figure B.2; and Equation B.3 becomes

A= kelt, - ;) o  [B.4]
Since | | | e
7 c =NV
Then v

A=k (t - tg) | [B.5]

However V= Fl(tz_t])s where F is the carrier‘gas flow rate, and
A=ki | 8.6]

Equation B.6 shows that}the.peak area. is direct]yvproportiona1
to the total mass of component and ihverse]y‘proportiona1 to the carrier
gas flow rate. Thus for accurate analysis with this type of—detector

(therma] conductivity detector), the carrier gas-f]bw fate'ﬁﬁst be kept
constant. In this case the peak aréa will vary dikectly proportional
to the total mass of the component. It is this relationship that en-
ables the chromatographer to calculate Weight perceht compositions from

area ratios on the chromatogram.



FLOW IN

DETECTOR
CONSTANT CONCENTRATION = M/V
M = MASS
V = VOLUME

Figure B.2. Plug flow

>

FLOW OUT
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For two components we have

_ M,
Ay =k [8.7]
M.
.= k. -2
As = k5 F [8.8]
and ‘the area ratjd
| o N - IB.9]
from which ' |
éi_= K weight percent of ‘i
A. ij weight percent of j '
J [B.10]

where the combined'constant of proportionality Kis has to be calculated
by direct ca1ibfétion and is characteristic of the type of detector |
being used and of the two particular components being analyzed. In
other WOrds, for a given detector and a particular set of components
Kij'Wi1] be constant even if the operating'conditioné of the chroma-
‘tograph (such as temperatures, and carrier gas flow rate)..change.
The‘rélatibnship between weight percent and mole fraction for
a binary mixture 1is

.we?ght percenf i Mwixi : _
weight percent j ij_xj | [B.11]

substituting Equation B.11 into Equation B.10 gives

ek ) Gy 8121
—— R (L —_— 7 B.
T TS T
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This is the final expression which relates the mole fraction to the area
ratio in a-chrométogram for a binary mixture. The constant kij'can
be determined by injecting samples of known composition into the
chrqmatograph-and ca]cu1ating the area ratio directly from the

chromatogram.

Chromatograph

The Gow Mac mode] 69-100 used is eqﬁ1pped with two co]umns
and a therma1 conductivity detector. Column "A" consists of a so11d
- support (not specified in the chromatograph's manua]).and a Tiquid.
phase of Carbowax 20M, packed in-a 1/4 in o.d. by 4 feet long stain-
less steel tube, while Column "B" consists of a solid support (not
specified) plus a liquid phase of DC-200, pécked in a 1/4 ih 0.d. by
4 fget Tong stain]ess stee] tube. |

The cho1ce of co1umn to be used for the benzene-toluene
m1xture was made according to the classification presented by McNair
and Bonelli (9). They indicate that the use of Carbowax 20M as the
Tiquid phase for analysis of aromatic hydroéarbons would resujt in the
»afomatic components being analyzed are not retained by ‘the 1iquid
phése, and fréquent]y the so]ubi]ity isAvéry 1imitedQ On the other .
hand, with DC-200 as ther1iduid phase; the analysis of aromatic hydro-
carbons would result in quasi—ideél systems with the aromatic components
being separated according to their boiling points. For this reason, |
column "B" wjth DC-200 was selected for the analysis of the benzene- |

toluene mixture.
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Quantitative Analysis

The constant of proportionality kij of Equation B.12 was
calculated for benzene and toluene in this chromatograph. Samples of
known composition were injected into column "B", and thd area ratios

computed, giving

Kig = 1.0179 - [B.13]

where:

Benzene = component i

- Toluene = component j

The uncorrected retention time (time from injection to peak
maxima) for benzene is smaller than that for to1uene91which means that
the first peak to appear corresponds ﬁo benzene and- the second to
toluene.

Substituting the value for Kij in Equation B.12 gives

R [5.14]
, J J J
where
Ai = peak area for benzene
‘Aj = peak area for toluene
MU = benzene molecular weight, 78.11
ij = toluene molecular weight, 92.14

From Equation B.14

X3
— = 1.1588 Ai/Aj

J

x

[B.15]
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PEak area measurement: since normal peaks approximate a tri;ng1e,
we can,appfoximate the péak area by md1tip1ying the peak height times
the width at ha]f'height. (The normal peak base is not taken since
- Targe deviations may occur due to tailing). This was the method used
here, however direct integration by other means (e.g., using a computer)
is possible. Figure B.3 illustrates the area measurement by triangula-
tion. _
Calculation example: A typical chromatogram for benzene and-tolqene
is shown in Figure B.4 with the heights and widths at half height
evaluated in centimeters for both peaks. From this we have:

3.055 cm2 , 

6.5(0.47)

benzene peak area, Ai

toluene peak area, - A, = 13.1(0.8) .10;48 cmz

J
substituting these values in Equation B.15 gives:

*

o 3.055 _ o
-—; = 1.1588 (]0 48) = 0.3378
and from the relation xj =1 - X;
%
T-x.° 0.3378
i
from-which |
_ 0.3378 _
X; = T+ 0.3378 - 0-2%2
and
X; = (0.252, benzene
x; = 0.748, toluene
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Figure B.3. Area measurement by triangulation
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'TOLUENE PEAK

'BENZENE PEAK : ~
q 13.1 cm.
, w=0.8 cm. -

=

=

6.5 cm.
0.47 cm.

Fidu?é'B.4, Typical chromatogram for beniene and toluene

R
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Operating Procedure for Gow-Mac Model 69-100 Chromatograph

Sample injection: Thé sample should be introduced instantan-

 eously as a plug onto the column. The sample size used in the

determination was 5uL for Tiquid samples. In filling the microliter

syringe with 1iquid it is desirable to evacuate all air from the

syringe, this can be done repeatedly drawing Tiquid into the syringe

- and rapidly expelling it into the Tiquid.

To operate the chromatograph:

DO NOT TURN ON ANY ELECTRICAL POWER UNTIL CARRIER GAS (HELIUW)

FLOW IS ESTABLISHED. THIS IS TO AVOID POSSIBLE DAMAGE TO THE

FILAMENTS IN THE DETECTOR.

- 1. Check for leaks

a.

b.

make sure septum closures are tight
using 'soft rubber or tygon tubing connect the two

column exit ports together.’

. ~turn on the gas supply at cylinder and adjust pressure

regulator to a guage pressure of 30 psig, then shut

off at cylinder '

if the systgm»is-1eak—free, the pressurefshou1d remaihr
at 30 psig. If the presshre falls off, fhere is a

leak in the system. Use of Teak testing soap solution
and checking for bubb]es.is the easiest way to find
leaks. After thé system'is leak-free, remove. rubber

tubes and proceed to the next step.

. 2. Turn on helium, and adjust pressure to 30 psig.



0 N o o b

10.

11.

12..

13..

14.
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Adjust helium flow rate to 60 ml/min using a stopwatch
and soap bubble flowmeter.

Disconnect flowmeter.

Turn current knob full counterclockwise.

Turn main power "ON".

.- Turn injection heater "ON".

Turn temperature control knob ton40L;

Adjust current to 200 ma.

Set attenuator on chromatograph to «, and turn recorder

"ON". Zero recorder with “zero control™ located on re-

- corder and adjust scale on recorder at 100 mvy and chart

speed to 2 1/2 in/min.

Wait until the_chrométograph‘reaches its operating temp-
erature of approximate]yl120°c for the tempeféture control
sétting of 46 (approximately 50-60 minufés),

After thé chromatograph_réaches its operating .temperature . -
a stable zero ‘trace should be obtained in the recorder. |
Then change attenuator setting to 4., 1t may be necessary

in some cases to change the attenuation from 4 to 2 or 4

to 8 in between peaks in order to obtain a better sensitiv-

- ity or to keep a peak on scale respectively.

Set polarity switch to permit upscale drift (+position for

‘column "B").

Inject sample.



- Shut down procedure:

-89

IT IS IMPORTANT THAT ALL ELECTRIC POWER BE TURNED OFF BEFORE CARRIER

" GAS (HELIUM) FLOW RATE

1.
2.

Turn "OFF"
Turn “"QFF"

3. Turn "OFF"
4.

As long as
the helium

be reduced

IS TURNED OFF.

main power.

injection heater.

recorder.

the cell and filaments are hot (above 50°C)
should be flowing, although the flow rate can

to conserve helium.

A1l samples should be eluted from the column before they‘dre.,

cooled down.

As soon as

the temperature drops below 50°C shut off helium .

at cylinder.

For more compliete information concerning the operatiqn of the

chromatograph, refer to the manual.



APPENDIX C
OPERATING INSTRUMENTS

Féed and Bottoms Rotameters

Two rotameters manufactured by the Matheson Co., each with dual.
 f1oats of glass ahd stainless steel, are used to measure the feed and
bottoms flow rates.

Rotametér specifications:

Model No. 605

Tube, R6-15-B

Floats, stainless steel and g]ags

F1oats.sﬁape, ball

Floats diameter, 0.25 .in.

' Floats density a) stainless steel, 7.94 g/ml

stainless steel, 1.0655 g.

)
b) glass, 2.53 g/ml
Floats weight a)

)

b 'g1asss 0.399 g.

Full scale, 150 mm -
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Rotameter Reading"

Table C.1

CALIBRATION DATA FOR FEED AND BOTTOMS ROTAMETERS
FLUID DENSITY = 0.86 gm/cc; FLUID VISCOSITY = 0.54 C_ at 30°C

Ry (mm)

used to

11

18.
25.
33.
40.
48.
55.
63.

- 70.
- 88.

.1

5

o H O O

Stainless Steel Float
Flow Rate cm3/min

P

Glass Floa

80
143
205
273
339
417
478

553

631
809

Flow Rate cm”/min
28
55
84
115
144 -

- 179
210
245
280

- 363

Cooling Water Rotameter

A rotameter manufactured by the Brooks Instrument Division is

measure the cooling water flow rate thfough the condenser.

Rotameter Specifications:

Model, 1112A
Tube No. R-10M-25-7
ISA tube nomenclature: BR-1-35-G10

Float No., 10-LJ-238

Max. Flow Rate, 23.1 GPM of water

Scale, 0 to 100 divisions

Scale length, 250 mm.
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| Table C.2
CALIBRATION DATA FOR COOLING WATER ROTAMETER
FLUID DENSITY = 1 gm/cc, FLUID YISCOSITY = 1 cp

Rotameter Reading in

Arbitrary Divisions Water Flow Rate
From 0 to 100 ' - GPM
5 - - 0.8
1 . 1.8
15 | . 2.8
20 , 3.8
25 4.9
30 | 6.0
| 35 7.0
40 8.0

Feed Heating Tape

The heating tape consists of a winding of resistance wire in’

glass-cloth insulation. The heating tape is connected to a variable

transformer as shown in}Figure C.4 to provided different degrees of
heating to. the feed
~Heating tape specifications:
Width and length; 1 in x 8 ft
768 watts for an input vo1fage of 115-volts
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p = 0.86 g/cc

p = 0.54 cp.

T =30 °C
| ) | 1 | i | 1 | 1 | i
50 100 150 200 250 300 350

FL2W RATE,cc/min

Figure C.1. Calibration curve for glass float
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Figure C.2. Calibration curve for st. st. float
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Figure C.3. Calibration curve for cooling water rotameter



FEED FLOW

FEED HEATING TAPE

ADJUST-A-VOLT
VARIABLE TRANSFORMER

0-140 VOLTS a » POWER SUPPLY
w 120 VOLTS

Figure C.4. Feed heating tape arrangement
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Adjust-A-Volt vériab1e transformer specifications: |
input voltage; 120 volts
maximum KYA; 1.05
maxiﬁum amp.; 7.5

output voltage; 0-140 volts

Temperature Recorder

A Speedomax G model S recorder is used. Model S is an auto-
matically-balanced potentiometer. When used with thermocoUpTeés'the N
reference—function compensation of automatic.

It is designed to record sixteen measuring points at interva]é
'of éigﬁt seconds per point. The dfstribution of thermocouples connected
from different points of the column to the recorder 1s'indicéted in
Table C.3. The chart speed can be adjusted by a gear located inside :
the recorder to 1, 1/2, 1/3, 1/4, 1/10, 1/15, 1/30, 1/60 times 40 in/hr,
and operates with a power supply of 120 volts, 60 hertz.

For more information concerning the operation and construction
features of the temperature recorder, refer to the Leeds and Northrup

catalog.

T1mer .
As stated 1n Chapter 2, the ref]ux ratlo 1s determined by the
ratio of the per1ods dur1ng wh1ch the timer is sw1tched "ON" and "OFF."
vTherefore, the timer used for thls purpose shou1d allow any required

~ ratio to be established.



“Table C.3
THERMOCOUPLE LOCATIONS

Thermocouple Channel
Steam 1
‘Bottoms 2 .
Ly 3
L 4
Plate 7 5
Plate 5 6
Plate 3 7
Plate 1 8
Reflux or Distillate 9
V1 . 10
Cooling Water out -1
Cooling Water in 12
Feed After Heating Tape 13

"~ _Feed Before Heating Tape 14

L

NOTE: PLATES ARE NUMBERED FROM THE TOP
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The timer used is a F]exopulse HG92 timer manufactured by the
E. W. Bliss company. The full scale of the timer is 120 sec., with a

minimum "ON" or "OFF" setting of 1 sec. and an accuracy of I 1/2 sec.

Timer Operation

The timer has two adjustable arms, one for setting the "ON"
time and the other for setting the FDFF“ tfme, ‘The maximum éetting
of one arm is determined by the setting of}the other, this means that
the sum of both settings cannot exceed the full -scale (120 sec.) |

) A red indicator contiﬁuous]y osci]Tatés between the sétting_-_
of ‘the two adjustable arms. The single-pole double-throw switch is
activated (or released) each time the indicator passes "0" (see
Figure C.5). |

The flexopulse has a synchronous timing motor which is gearéd
_to drive two toothed wheels in opposite directions. The indicator
and associated cam plate has a panel which engages one of the wheels
and is rotated with it. When.the indicator reaches the dial arm |
setting, the panel is switched to engage the other wheel, thereby

reversing the direction of the indicator.

Timer Electrical Wiring

Contact 2-3 is closed for the interval determined by -setting -of
"ON" arm, and the contact 2-1 is closed for the interval determined by

sefting of "OFF" arm. Figure C.6 shows the timer wiring diagram.
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Contact Contact
2-1 2-3
closed . closed
OFF
ARM ARM

Figure C.5. Timer operation



TIMER
1

jSingle-Pole
MOTOR Double-Throw

rCh Switch

TIMER SWITCH

POWER SUPPLY REFLUX SPLITTER

120 VOLTS,
60 HERTZ
10 AMPS

Figure C.e. Timer wiring diagram



APPENDIX D
~ OPERATION OF THE COLUMN

Precautions in Handling the Benzene-Toluene Mixture

1;‘ Keep mixture away from sparks and ohen flame. The mixture
is extremely flammable.

2. When running the distillation experiment, keep all the
system c]osed; keep leaks to a minimum and runrthexexperu 
iment with adequate ventilation. Avoid prolonged breathing
of vapor and prolonged or repeated contact with skin.

Vapor is harmful and 1liquid is harmful or fatal if
swallowed. -

3. First aid: Call a physician at once
a. If inhaled: moved person to frésh.air if atmosphere

is contaminated. Apply artificial '
respiration if not breathing.
b. If swallowed: do not.induce vomiting. Call a physician

immediately.

Start-U

~ Before beginning a run with the column it is necessary to check
the condition of the rubber septums in the sample ports, rubber packings
in the Tiquid Tevel indicators, and polyethylene tubing. The mixture
of benzene and . toluene attacks the rubber and the plasticizers in the

polyethylene tubing, especially in regions where there is a high
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turbulence and a high temperafure of the mixture. However, this attack
- seems -to be negligible if the mixture is cd]d,
The start up procedure can be divided into:
1. Filling the feed tanks.
Filling the reboiler.

Concentrat1on of the Mlxture in the reboﬂer°

=~ w ~n

Operatlon at tota1 refiux.

It is advisible that the filling of the feed tanks, filling of
the reboiler and concentration of the mixture in the reboiler be made
prior to the actual run of the column by the students since these thrée_v

steps may take as much time as the actual run of the column.

F1111ng the Feed Tanks

The co]umn is equipped w1th two cy11ndr1ca1 feed tanks, each
“~tank with a capacity of 34 Titers (9 gallons) approximately.

After each run, it is necessary to refill these tank; SO
they can provide the feed to the column in the f011owiﬁg run.

As is shown in Figure D.1, an-auxiliary pump is connected
wifh rubber hoses to the storage tank and to the charging port to'pump
the mixture from the storage tank into the feed tanks.

Precedure:

KEEPS LEAKS TO A.MINIMUM SINCE THE BENZENE-TOLUENE MIXTURE
IS HAZARDOUS AND DAMAGES THE PAINT ON THE- FLOOR

1. Make sure sight glass valves are half way open in both

~tanks.



D COLUMN

VI4
rtICU > f
ROTAMETER I

RUBBER
HOSES

AUXILA
PUMP
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u VENT

FEED TANK 2 e
CAPACITY 34 LITERS

9

FEED TANK 1

CAPACITY 34 LITERS @

A%

FEED TANK
CHARGING PORT

FEED PUMP

'Vent
STORAGE TANK

CAPACITY 125
LITERS

TWO-WHEEL CART

Figure D.1. Filling the feed tanks
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2. Close valves V3 and V4 and open valves VO, V1 and V2.

3. Make sure auxilary pump hés been properly connected
(suction Tine to storage tank) and primed.

4. Start auxilary pump. During thé operation of filling the
feed tanks it is necessary to ventfthe'storagé tank. -Thfs
is due to the fact that material is being extracted from the-
storage tank, and if this is not‘vented,kthe,pressure '
inside will decrease causing the bottom and top parts of
the storage tank to bend, possib]y;démaging them.

5. When tank 1 has been filled, open valve: V3 and c1dse va]vé'
V2. |

6.. After tank 2 has been filled, stop auxiliary pump, close’

' va1vés V1, V3 and oben valve V2.

7. Disconnect rubber hose from charging port, allowing the
1iquid remaining in the rubber hoses and pumpnto return to -
the storage tank, whereup valve VO can be closed, auxiliary

pump diSCOnhected, and storage tank moved out of the way.

Filling the Reboiler

The reboiler is piped $o that the Tiquid mixture can be .
directly sﬁpp]ied from the storage tank or bypassed from the feed tanks
to the reboiler by connecting a rubber hose from the feed- tanks _
charging port to the re50i1er chafging portg‘however, thiSf]atter method
will diminish the quantity of liquid mixture available in the feed tanks
for further:use. There, it is desirabie to fi11 the reboiler directly

from the storage tank. -
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Connect the storage tank and auxilary pump to the reboiler a§
‘shown in Figure D.2. '

Procedure: make sure sight glass valves are half way open

1. Open valves V0 and V5.

2. Start auxilary pump and fill the reboiler up to the
operating level, 10 inchés from'the baéé of the reboiler
(2 inches above the steam coil inside the reboiler). The
same comment concerning venting made :in step 4 of the
procedure for fill the.feed tanks applies here. The
Tiquid volume necessary to fill the reboiler to its
operating level (10 in.) is 18.7 liters.

3. Stop auxilary pump and close valve V5.

4. For disconnecting, Repeat Stepf7fdf‘the procedure for

filling the feed tanks.

Concentration of the Mixture in theAReboi]er‘*

~ Since the holdup of the column is sma11‘compafed_to’the initial
charge in the reboiler (approximately 5 volume percent of the initial
chafge)s the initial benzene composition of the mfxture in the reboiler
will remain a]most}thé séme after the column has reached steady-state
’ai total reflux.
| As explained in Chapter 3, the initial benzene composition of
- the mixture in the reboiler must have such a value thaf an appreciable

amdunf of the higher boiling component (toluene) is found in a .sample



REBOILER CHARGING
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SIGHT '
GLASS
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OPERATING LEVEL

Figure D.2. Filling the reboiler
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~from fhe condenser, and also be near the value of the expected bottoms
benzene composition at partial reflux. ’
If the initial benzene composition of the mixture in the re-

 boiler is higher than the desired initial benzene composition

' (approxihaté1y~20 mole percent benzene), it would be necessary to
concentrate the mixture performing a batch distillation ahd supplying
- feed from the feed tanks to the reboiler through the column as necessary
“to maintain the operating level in the reboiler (10 inches from the basé :
of the reboiler). As the distillation proceeds, it would also be
necessary to increase the heat input (steam pressure) to the reboiler to

»maintainka constant vapor flow through the column.

Procedure:

1. Connect distillate and bottoms discharge lines to storage
tank. - »

2. Make sure that valves, V1, V3, V5, V6, V7, V8, V9 and V17 .
are closed, valves V2, V4, V11 and V 16 open and three way
valve positioned to disti]]afe receijver.

3. Set timer to a Tow time ratﬁo, e.g.; a time'ratiO'of 1,

5 sec/5 sec. | |

4. Set cooling water rotameter (valve V10) to a reading of
5 (0.8 GPM) Open valve slowly. |

5. ‘Open steam valve V12 and adjust steam pressure to 10 psig,

6. As soon as the column beginsfto flood, reduce the steam

pressure until a satisfactory performance is observed.



‘110

Turn on the timer when the vapor reaches the overhead

condenser so that benzene overhead can be withdrawn as

‘product.,

After reflux is obtained it is necessary to maintain
the operating Tevel in the reboiler by feeding mixture
from the feed tanks to the reboiler periodically as

required in the f011owfng manner:

- a) Open valve V6.

b) Start feed pump.

',c) Stop feed pump and close valve V6 when the reboiler

reaches its operating level.

At the same time: it would also be necessary to keep ihcreasing

the steam pressure to maintain a constant reflux in the overhead con-

denser.

10.

Continue the distillation until the benzene combosition
in the reboiler reaches the desired value (approximately
20 mole percent). The variation of the benzene composi-
tion in fhe reboiler can be followed by following the
temperature variation of the vapor produced in the
reboiler since these two are related through equfTibrium
considerations (approximately 100°C for 20 mole bercent
of benzene). | |

For shut down, refer to page 113.
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Operation at Total Reflux

It is assﬁmed here that the condition of all the rdbber
components of the column have been checked, the feed tanks and the
reboiler have been filled, the mixtdre.concenfrated in the reboiler,
and.the column shut down after concentration. However, shut down of
the column after concentration fs not nécessary if the operation of the -
co]Umh islgoing to be continued. | k

Procedure:

1. Assemble and start chromatograph (Appendix B).

2. Cohnect and turn on temperanre recorder.

3. Connect distillate and boftoms discharge lines to storage-
tank. | | N

4. Make sure valves V1, V3, V5, V6, V7, V8, V9 and V17 are
closed, valves V2, V4, V14, V15, ¥11 and V16 are open,
and the three way valve positioned to distillate receiver.

5. Set cooling water rotameter (valve V10) to a reading of 5
(0;8vgpm) Open valve slowly |

6. Opeh steam valve V12 and adjust steam pressure (7-8 psig,
for 20 mole percent benzene in the rebof1er).

- 7. Steady-state conditiohs will be indi;ated~when the temp=
erature of a given plate does not change with time. »The
same situation will occur for all the plates across the
cO]umh. The approximate time to each stegdy state is

3 hours.
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8. At steady state, record the temperature and determine
composition (see Appendix B) of the feed (in thé feed
tanks), on the plates inside the co]ﬁmn; in thevreboiler.

-and condenser. -

'Qperation at Partial Reflux

The transition between complete steady-states from total reflux -
to partial reflux will take approximaté1y53-5 hours.

Procedure:

1. Open valve V13 and readjust cooling water rotameter
(valve V10) to a'réading.of 5. |
2. Set timer - to desired ratio and turn it ON. |
3. Open valve (V6 Or-V7 or V8 or V9) at selected feed plate.
4, Start feed pump and adqut feed rotameter (valve V4) to a
keadjng of 60 mm with the glass float (black f]oét).
5. Start bottoms pump and adjust flow rate (valve V14) to
maintain a constant 1iquidr1;ve] in the'reboilef,
6. Turn on heating tapé (adjusf-A-vOTt) and adjust transformer
- to 90% of 140 volts.
7. Stéady-sfate conditions will be achieved when:
a) témpefatures remain constantAfrom_p1ate,to plate
b) flow rates are constant |
¢) Tiquid Tevel in reboiler remains éonstant
8.’.At,éteady—stateafecord teﬁperétures,_f]ow rates and defer—

mine compositions.



]15_
9. For changing the reflux ratio, reset timer. to new ratio
and adjust bottoms flow rate (valve V14) as to maintain
a constant 1iquid level in the reboiler. -Repeat stebs 7

and 8.
Shut-down Procedurez

Turn off steam (valve V12).

1.

2,v*Turn of f heating tape.
3. Turn off timer.

4, Turn off all pumps

. 5. Closes valves V6, V7, V8, V9 and V11.
6. Close water-va1ves V10 and V13.

7. Disconnect storage tank.



APPENDIX E
EXPERIMENTAL :DATA- -+

Plates are numbered starting from the top plate.

TOTAL REFLUX

Temperature Recorder Channel - ' ' 'Iiig.'
1 Steam | 1z
2 Bottoms -—-
3 EN 95
-4 VR 100
5 plate 7 : ' 89
6 plate 5 - 82
-7 ~p1ate 3 ~ ‘ 78
8 plate 1 77
9 reflux or distillate 76
10 A A 78
11 coo]ing water out 31
12 ~cooling water in o 26
13 feed after heating tape --
-~ 14 feed before heating tape o e-
g . AR L
e 0 cooting weter
plate 3 0.883 ~ rotameter reading 5
plate 1 -0.94
- reflux or _
distillate 0.965



‘Temperature Recorder Channel

1

ol AW N

o [{e] (0] ~ o .

TOTAL REFLUX

I.°C
- Steam | 14 .
Bottoms | | ——-
o, o 101
Vp : . 104
plate 7 2 96
plate 5 : o .-87-
plate 3 - 815
plate 1 . 78.5
reflux or distf?]ate 76.5
V] | 19
Cooling water out 32
Cooling water in - ‘ .27

Feed after heating tape ---

‘Feed before heating tape Cme—
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plate 7
plate 5
plate 3
plate 1
reflux or
distillate
reboiler

Steam pressure 10 psig
cooling water
rotameter 5
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TOTAL REFLUX

Temperature Recorder Channel . 7 - T,°C
1 Steam 105
2 Bottoms | ——
3 T 103.5
4 Vﬁ ' | 105
5 plate 7 . 100
6 plate 5 ' 93
7 plate 3 . | 86
8 plate 1 80
9 reflux or distillate ' 78
10 v, _ 82.5
11 cooling water out 30
12 cooling water in 28
13 feed after heating tape -—
14 Feed before heating tape -—
“Cahg
Reflux or steam pressure 12 psig
Distillate 0.82 cooling water

Reboiler 0.04 " rotameter . 5



Temperature Recorder Channel

PARTIAL-REFLUX

- A T . o S G S T, B o . 0%,

Ly
plate 7
plate &
plate 3
plate 1
reflux or
distillate
bottoms
feed

1
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—
w

14

L

000 0000 O
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T,°C
vSteam : 109
Bottoms : 90
N 94
Vo 99
plate Z"' ~ 91
plate 5 : 86
plate 3 | 82
plate 1 1 78
reflux or:-distillate 7%
vy | 79.5
cooling water out 35 4
cooling water in o 26
feed after heating tape | 59
feed before heating tape 38
steam pressure . 7 p51g 
cooling water rotamete ,
reading ' 5

feed rotameter reading 60 mm,.-glass
bottoms rotameter reading 30 mm, glass

distillate rate 130 cc/min
Adjust-A-volt ~ 90% of 140V
time ratio, OFF/ON - 5 sec/b sec

feed plate (from top) 5th
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NOMENCLATURE

bottoms flow rate, g mole/hr.

molar T1iquid heat capacity, cal/g mole~°C.
Tiquid heat capacity, cal/g-°C.

average molar Tiquid heat capacity, cal/g mole-°C.

distillate flow rate, g mole/hr.

overall efficiency.
Murphree vapor efficiency.

point efficiency.

- feed flow rate, g mole/hr.

function of reduced temperature T defined by
Equation-A.26.

vapor enthalpy, cal/g mole.

1iquid enthalpy, ca]/g—mo]e solution.

‘heat of vaporization for pure component at saturation

temperature T » cal/g mole.

heat of solution at temperature T and the prevailing

‘concentration referred to the pure 1liquid components,

cal/g mole solution.

liquid flow rate in the rectifying section, g mole/hr.
1iquid flow rate in the stripping section, g mole/hr.
molecular weight.

vapor pressure, mm. Hg.

| partial preésure, mn. Hgo

118



13

11¢

total pressure, mm. Hg.

ratio of heat necessary to vaporize one g-mole of
feed to the latent heat of vaporization of the feed.

heat removed at condenser, cal/hr.

“heat added at reboiler, cal/hr.

reflux ratio, L /D.

temperature, °C.

critical temperature, °K.

~ base temperature, 0°C.

saturation temperature, °C.
reduced temper.ature,.T/Tc°

vapor flow rate in the rectifying section, g mole/hr.
vaporAf1ow rate in the stripping section, g mole/hr.

critical volume, ml/g mole.

concentration in the liquid phase, mole fraction.

concentration in the vapor phase, mole fraction.

overall concentration in a solution or mixture,
mole fraction.

relative volatility of component i with respect to
component j.

density, gm/ml.

viscosity, centipoises.
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Subscripts

B bottoms.
D distillate.
F feed.
f feed plate.
o component -i.
J component j;.
mix | mixture,
m A plate in stripping section.
n .. -p]ate in rectifying section.
N bottom plate.
o , - reflux.
q | intersection of operating lines.

R reboiler.



L.

10.
11.

12.
13.
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