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I. INTRODUCTION

In 1972, T. Kurucsev [14] investigated the analytical approach to the
design of laboratory experiments. He explained that a student, when assigned
to do a laboratory exercise, might have either explicitly or implicitly three
basic questions in mind:

What is to be learmed?

What is to be done?

Is jt going to be interesting?
And in broad terms, laboratory exercises serve the dual purposes of teaching
or illustrating theoretical principles and teaching technical skills.
Students are then instructed what to do and how to do it in order to
achieve the above aims. Thus the concepts implied by the two basic questions
may ﬁe referred to as:

Aims or Theory/Skill

Instructions or Do What/How?

The formalism suggested here is equivalent to arranging the above units

in the form of a flowchart shown in Figure (1).

Theory/ Skill

TS
Feedback 1< Do What ? > Do How ?

Figure 1. Block Diagram for Design and Analysis of
Laboratory Exercises -[14]



According to the flowchart, the design of an exercise may begin by
defining a set of theoretical principles and practical skills that the
students are expected to acquire. A set of experimental manipulations

are then selected that serve as vehicles towards achieving the THEORY/SKILL
aims. At this point the feedback from the DO WHAT/HOW? is examined to see
what modifications of the original THEORY/SKILL set they may imply. The
process of the design thus develops into a succession of iterations until
the exercise is self-consistent. One might add that the possibility of
taking DO WHAT? rather than THEORY/SKILL as the initial point of departure
for the iterative process is not excluded.

The Marathon 0il Company [32]presented an industrial view of the under-
graduate laboratories in which they concluded that the qualities which are most
desirable for young engineers are: creativity, productivity, technical
judgement, versatility, leadership, and communicability. In order to
manifest these qualities, the young engineer needs to know:

1) What has to be done (problem analysis)

2) How to get it done (préblem solving)

3) How to explain what has been done (communications)
Therefore an undergraduate laboratory must recognizéithese qualities and
probably has to be designed to encourage their development,

Different universities have almost the same objectives and purposes
for their chemical engineering laboratory courses. Generally in the
laboratory, the basic laws and principles of chemical engineering are
illustrated by actual measurements based on experimental work. The student

also becomes familiar with the various instruments and apparatus used in
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the chémical industries. From his observations, he gains experience in

the planning and execution of experimental work to attain specific objectives.
Original thought, exercise of judgement, and resourcefulness broaden the
scope of his training and install confidence in his own abilities. Therefore
he develops valuable qualities of leadership through his direction of fellow
students in these experiments. Also his ability to write effective reports,
which adequately describe his findings and recommendations, are developed

and improved [17]. 1In conclusion, it is possible to learn experimentation-
an undergraduate engineering laboratory conrse can, and should, facilitate
this kind of learning [6].

Presently, there is a lack of experiments containing more than one
major chemical engineering operation. Most experiments are designed for
a single experimental investigation, and there is little flexibility in
their use. Therefore a new cxperiment with at least two different parts
is needed to be able to investigate different chemical engineering aspects
together or separately. Thus, the undergraduate would have the opportunity
to see a whole chemical process presented as an experiment they can study
and operate. Such an experiment must be relatively complex, but, at the
same time, it must be simple enough for easy operation and understanding.

The proposed chlorination of benzene experimé;t (described in detail in
the remainder of this thesis) seems to fulfill these requirements.-.lt is an
exothermic, heterogeneous, and catalytic reaction. A straightforward operation
(distillation) may be used to separate the unrecacted benzene and the chlori-
nated compounds. Hydrogen chloride and chlorine gascs may be stripped off and

absorbed by water in a packed column. The process is not difficult to control;



each stream may be controlléd manually and some streams can be analyzed
easily by using a gas chromatograph or approximate compositions obtained
with a refractometer. Safety aspects must be considered in the design
for safe operation and accident prevention. This experiment can be run as
two separate units -~ the reactor and the distillation column as described
in the flowsheet (section 3). Pressure, flow rate, concentration, and
temperature may be measured to obtain data that can be used to study the
process. The complete experiment involves the study of kinetics, sepa-
ration techniques, and process control which can be investigated separately
or as a unit. Classical control techniques or direct-digital control
can be used in the study of the process.

In the following sections, a literature review, the design of the
proposed experiment, the computer results, and the cost estimation will
be presented. The different experimental investigations that can be made

with this equipment will also be discussed in detail,



IT. LITERATURE REVIEW

A) Chemical Engineering Undergraduate Laboratories

Kinetics, separation, and process control are the major parts of the
proposed Chlorination of Benzene Eﬁperiment. A general review of experiments,
in these areas will be given as well as a brief description of the experi-
ments presently done in the laboratories at Kansas State,

Generally, the first experiments in kinetics are to demonstrate the
difference in the behavior of batch, continuous tank, and tubular reactors
with the hydrolysis"of acetlc anhydride as the most commonly used reaction.
Often the batch experiment consists of determining the order of reaction,
the rate constant, and the activation energy. Some of the objectives of
CST experiments are to demonstrate both transient and steady state
behavior of single stage or two-stage rcactors, and to compare the
results with theoretical predicticns, For the tubular reactor, the
exfcnt of conversion is measured at varying flow rates in the Reynolds
number range of 400 to 3500 so that the effects of transition between
laminar and turbulent flow may be investigated. A typical heterogeneous
catalysis experiment - iscpropanol dehydrogenation and dehydration - gives
the students experience with several of the important principles of
hetereogeneous catalysis and tubular flow reactors. The students examine
the behavior of the system, at a certain temperature range, for different
contact timesS,with emphasis on determining the effects of major variables

on the conversion and selectivity of reaction. At some institutions,

there are ecxperiments suych as Thermofor Catalytic cracking for the

~



study of the process of combustion of carbonaceous matter in the pores of

a Silica-Alumina eracking catalyst and for observations of the effects of
operation under diffusion-controlled, intermediate, and reaction-controlled
conditions. Usually the final kinetics experiment is the mgdeling and
simulation of one or two stirred reactors which is done by using analog and/or
digital computer [1 and 17].

In distillation, the operation of the differenf distillation columns
(such as bubble cap, packed, and sieve tray) are studied, and their behavior
at equilibrium is observed. The students have to determine the opverall
column efficiency by using Ponchon-Savarit or McCabe-Thiele methods,
the Murphree plate efficiencies for each plate, the relationship between
the composition of the liquid on each plate and the plate number, and
.the effect of the feed location. They may also examine the mechanism
of steam distillation. The analysis of transient response and feed
plate location for the ﬁubble cap distillation column is a classical
experiment. Its objective is to determine the effect of feed plate
location on operation of the column for various reflux ratios, to

analyze the system's response to sudden changes in reflux ratio,

L3
v

and to model the system in accordance with this response. Few experiments
deal with multicomponent distillation in the undergraduate laboratories.

In the typical undergraduate process control laboratory, the student first
becomes familiar with the instrumentation. In the first experiments, he examines
the response and calibration of measuring Instruments. He then may investi-
gate the characteristics of different controllers, for example the operation

of a pneumatic controller with changeable control modes. Next the dynamic



parameters, which characterize the different systems, are predicted and
determined by using a first or second order processes (two hydraulic
tanks in series is common). Also the operating characteristics for
different equipment such as distillation columns, steam jet ejectors,

or centrifugal pumps are determined and their transient behavior studied.
Analog and digital simulations are usually a vital part of the process
control laboratory. The study and simulation of the response of the
liquid level in a tank to a step changes in flow rate or of the tank
temperature to a step changes in inlet water temperature, are widely

used for computer simulation. By simulating the control system on

an analog computer, the students have the opportunity to investigate the
performance of different types of control without losing sight of the more
fundamental systems relationships. Often a process can be fully analyzed
wifhout requiring access to the system components [17].

One of the recent successful approaches to large-scale computer
conitrolled experiments has been at the University of Alberta in Canada,
where a pilot-plant sized double-effect evaporater has been controlled
and studied by a digital computer. Most of the control applications
have been based on classical, single-variable, feedback control techmniques
and have not taken maximum advantage of new apprbaghes based on modern
control theory. Some of the reasons why these new methods have not been
adopted include: lack of expericence with experimental applications, a
shortage of people trained in both the theoretical and procatical aspects

of the design of such systems, and the lack of a suitable process model.



In this experiment, a géneralized approach to the modeling of multi-effect
evaporators is presented which separates the development of dynamic
equations from the specificétion of evaporator configuration. The result
is a modular approach which is effective and convenient to use. A
tenth-order nonlinear, ﬂynamic model of a double-effeect pilot plant
evaporator was derived using this approach and then simplified and
linearized to produce a fifth-order state-space model which gave generally
good comparisons with experimental open-loop responses, Lower-order
linear models were also developed, but gave satisfactory results only for
specific applications. The performance of models in the design and
experimental implementation of conventional, inferential, feedforward,
multivariable optimal, and state-~driving control systems was also examined.
The schematic diagram of the double-effect pilot plant evaporator at the
University of Alberta is shown in Figure 2,

At Kansas State University, the undergraduate laboratories begin
with experiments in Transport Phenomena [ 7 ], which are done in Chemical
Engineering Laboratory I (spring semester, junilor yeav) and Chemical Engi-
neering Laboratory II (fall semester, senior year). The experiments
begin with momentum transport; the students determinétthe viscosity of
neéwtonian liquids, the velocity profiles in steady state turbulent flow,
the friction factor in circular tubes, and the efflux time for a tank
with exit pipe. The energy transport experiments include the determina-
‘tion of the thermal conductivity of solids, the temperature profiles in
golids, the heat-transfer coefficient in circular tubes, heating liquids

in tank storage, and the operation of a double-pipe heat exchanger. The
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determination of mass diffusivity for gases, éoncentration profiles in
a stagnant film, mass transfer coefficient in circular tubes, and the heating
value of a fuel gas are the four mass transport experiments. The theoretical
background for those experiments has previously been obtained in Introduction
to Process Analysis and Transport Phenomena I and I1I.

Chemical Engineering Laboratory III (spring semester, senior year)
is mostly a Unit Operations Laboratory. It includes fractional distil-
lation (isopropanol-water), gas absorption (water-sulfur dioxide-air),
solvent extraction (isopropanol-benzene-water), solid drying, and a
kinetic experiment for the determination of the activation energy and
the heat of reaction for the sodium thiosulfate and hydrogen peroxide
exothermic reaction in an adiabatie batch reactor.

‘Also in Chemical Process Dynamic and Control (spring semester,
senior year), the students run three experiments which are: the Analog/
Digital Simulation, the Level Control for Two Tanks, and the Dynamics
and Control of a Tubular Heat Exchanger,

The laboratory sequence at Kansas State is probably about typical
of most universities. The experiment at the University of Alberta is
more complex than what is available at most universities.

B) Chlorination of Benzene

The chlorinatién of benzene is a very well-known industrial process.
The chlorinated benzene compounds are widely produced all over the world
as they are the starting raw materials for numerous industrial products such
as solvents (phenols and aniline), insecticidgs (D.D.T.), and pesticides.

In 1920, F. Bourion [3] studied the chlorination of benzene and found
that the reaction products were not affected by the rate of feeding
chlorine to the geactor after a specific chlorination level. The products of

the reaction were considered to contain benzene, monochlorobenzene, and
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polychlorinated compounds which were separated by distillation into
four principal groups depending on temperatures, |

The chlorination of benzene from an organic chemistry point of view
was given by L. T. Finar in 1953 [9]. He explained the addition and

direct halogenation of benzene. The addition reaction mechanism is as

follows:

cnz-'l”-;-zcn'

H H
, ¢l ¢l cl Cly
@ T € ““}@L ‘——ZQQCI —<Tc > CeHeCls
. H H

Hexachlorocyclohexane can exist in eight sterecisomeric forms. Until
recently only seven of these were known: o, B, v, 8, €, n and 0. The Y
isomer is a powerful Insecticide which is very stable and acts more quickly

than dichloro-diphenyl-trichloroethane (D.D.T.)

Uu.v. . .
C, H, + Cl, — ) Ce He Clg y(12-14%)
(¢, By, Y, and §)

The separation may be accomplished by fractional crystallization from various
organic solvents. In direct halogenation, the chlorination of benzene is
carried out at ordinary temperatures in the presence of iron or aluminum

amalgam catalyst,

Fe A o
Co Be + C1, —5 Cg Mg CL + HCL (90%)

o+ p

(predominating)

+
C6 Hs Cl Cl2 Fe ) C6 H4 Clz + HC1

The amount of substitution depends on the amount of halogen used. Momno-
chlorobenzene is also produced commerclally by the Raschig process in
which a mixture of benzene vapor, air and hydrogen chloride is ﬁassed
over a catalyst (copper chloride)

§ Ya
Cg Mg + HCL + 5 0, —-——-——-) Cg Hg CL + H,0
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Buchler and Pearson [ 4] noted that the perceﬁtage of dichloro~or

trichloro-benzene isomers may be changed by the following two reactions:

1) o-, m-, or p~ C, H, CI MGy (27 motes) 54%m, 30%p and
n 2y P~ Lg M4 Y2 160°C, 30 hr or more”’ 16%0 C, H, CL,
_200°¢ 73% 1, 2, 4-, 24% 1, 3, 5-,
2) any G, Hy Cly + AIC1, + MgSO, TR and 3% 1, 2, 3-C. H._ Cl
6 6 "3
1 mole .34 mole .6 mole

J. S. Sconce LZ}], in his book, discussed the chemical reaction and
the product distriﬁﬁtion of the chlorinated benzene. The liquid phase
chlorination in the absence of metals, but in presence of molecules acti-
vated by U.V., produces additive preoducts such as hexachlorocyclohexane.
The gas phase chlorination, with or without catalyst, substitutes one or
more hydrogen atom of the benzene ring with chlorine. The substitution
in the liquid phase, which dissolves a Friedel-Craft catalyst, by gascous
chiorine, is the major commercial process in use today for the prdduction
of chlorinated benzene. The results obtained by liquid phasé chlorination
of individual benzenes with anhydrous ferric chloride as the catalyst at
temperatures in the range of 50° to 150°C are shown in Figure 3.

The chlorination of benzene as a unit process has been described by
Groggins [12]. The industrial preparation of monochlorobenzene is generally
carried out in tall narrow tanks, jacketed or surface-cooled. They are
provided with a reflux condenser and may have external circulation th;ough
a cooler. Chlorine is introduced through an iron distributor pipe near the
base of the rcactor. Dried benzene is charged to the chlorinator along

with a small quantity of anhydrous ferric chloride (0.1 - 0.5 percent).
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The operation ceases when the density is 1,28 at 15°C (=6 hr). The scpara-

tion of the chlorinated compound is done by distillation. The chlorination

of benzene plant assembly is shown in Figure 3. In the industrial prepara-
tion of hexachlorocyclohexane, benzene is chlorinated in the liquid phase in

the presence of an activation agent such as light, gamma vays, or elemental

fluorine. A mixture of five isomers of hexachlorocyclohexane is pro-
duced. The commercial reactor consists nr 13 reactor tubes in the recycle

section and five tubes in the cleanup section. Each reactLor tube consist of

+ L3 3 3 4
a concentric arrangement of a two-inch Pyrex tube inte which are inscrted twa

fi0-watt fluorescent lamps, a four-inch Karbate tube enclosing the reactor sectior

and an cight-inch steel pipe enclosing the cooling section asg shown in the

tollowinp flowshcet (Figure ).

18
17 |
5
5 |

L
| 14
{

Product
out

13 Recycle
|2 drum

Two 40w /”//// Pyrex light well
lamps ‘H\H‘€§'L

4l T L > )|
L _r.,.___,___
Chlarine 4+ Benzens A ‘
Cooling Steel cooling Karbate reactor
water jacket
) - [Cal

Flgure. 4 Two-Stage Heuxacyclohexane Photochemical Reactor (121}
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Smith [24] in his chemical engineering kinetics book, showed by an
example of how to determine the composition of the reaction mixture as a
function of the number of moles of chlorine (from 0 to 2.1) added per
mole of benzene charged.

The results section of the "Analog Computer Study of a Semi-Batch
Reactor” [2 ] gave a very interesting and important graph from which the
value of k (rate conmstant} was deduced and used for the design of the
reactor. The graph represents the reduced concentrations versus time for
benzene, monochlorobenzene, dichlorobenzene, and trichlorobenzene as shown
in Figure 6.

W. Donahue [ 8] concludnd from his results that the aluminum chloride
catalyzed batch reaction of chlorine and benzene was shown to be second
order overall, being first order with respect to each reacting species.

4

The reaction rate constant varied from 2.26 X 10 ' to 6.92 X 10_4 liter/

mole/second over the temperature range 25°C to 45°C; the activation energy
of the reaction was calculated to be 10.3 Kcal/mole.
The reaction of chlorine was found to obey the rate expression

-r K.C C
Cl2 = C12 FeCl3

for constant volume and ferric chloride catalyst where

CCl = liquid phase free chlorine concentration, g-mole/liter

2

CFeCl = ferric chloride concentration g/liter and the reaction rate

constant, K, is given by
In K = (-2.45 X lOafRT) = 42.3

with T = absolute temperature, °K,

and K = rate constant, (g/liter)_l (min)-l [22]

16
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III DEVELOPMENT OF THE UNDERGRADUATE EXPERIMENT BASED ON CHLORINATION
OF BENZENE

A) Development of the Experiment

In this experiment, the major purpose will be to obtain a reasonable
amount of the chlorinated compounds, mostly monochlorobenzene. The maxi-
mization of monochlorobenzene yield, which is desirable for industrial
purposes, 1s not required and, in fact, is undesirable since it would
greatly increase the operating costs. A small reactor will also help
reduce the operating cost by requiring a small flow rate of benzene.

A sufficient reaction will have to be obtained to allow measurement and
monitoring of the different streams, Generally a 10 to 20% reaction
conversion would be desirable - this being large enough for measurement
purposes, but still small from financial considerations. A small resi-
dence time is also preferred - approximately 1 to 1 1/2 minutes - so

that the process will reach steady state in a reasonably short time, thus
allowing plenty of time for several experimental investigations at steady
state during a laboratory period. The rate of reaction depends on the
concentration of benzene and dissolved chlorine. The solubility of
chlorine in benzene may be increased by decreasingsthe temperature as
shown in Figure 7 and/or by increasing the pressufé. An increased
.éhlorine concentraéion will, of course, increase the rate of reaction.
The effect of changing the temperature has little effect on the rate of
reaction due to the opposing results of changing rate constant and chlorine
solubility. From the graph representing the concentration versus time,
which is shown in Figure 6 (pagel?) the rate constant was obtained by
taking the slope of the curve representing the reduced concentration of
benzene. For the operating conditions: t = 55°C and P = 2 atmospheres,

the value of k obtained was:



'MOLE FRACTION Cl,

.lB

S

(@)
@

(@]
o

04

02

1 1 l 1 I

10 20 30 40 50
TEMPERATURE °C

Figure 7. Solubilty of Chlorine in Benzene at
Total Pressure of | Atmosphere [3]
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moles of benzene reacted/liter
{moles of benzene charged/liter) (minute)

.07

Due to the lack of information about the relationship between the rate
constant and the pressure of the reaction, it was assumed that the rate
constant is directly proportional to the pressure since an increase in
the pressure will increase the solubility of chlorine and therefore the
rate of reaction. The value of k obtained indicates that operating at
atmospheric pressure will decrease the benzene conversion percentage
from 10-20% to 3 - 4%.

The heat of reaction may be calculated as follows:

H + Cl » +
06 6(1) 2(g) 298°K > C6H5Cl(1) HCl(g)

"1) heat of formation at 298°K

AHC u = + 11.718 Kcal/g mole [21]
6 6(1)
= - 22.063 Keal 1 21
AHHCl cal/g mole [21]
(g)
AH =+ 2.58 Kcal/g mole [26]
C6H5Cl(1)
A - =0 ‘
l L]
C 2(g) " &
2) AHR (298°K) = & AHf(Product) -2 AHf(Reactant)

= -31,201 Kcal/g mole
The temperature of benzene feed from the feed tank and chlorine gas
from a compressed gas cylinder will be room temperature (assumed to be 25°C).
The presssure and temperature of the catalytic reactor will depend on the

operating conditions. Due to the exothermic reaction, the reactor will be
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cooled to maintain a constant temperature. The pressure of the reactor
products, which will be benzene, monochlorobenzene, hydrogen chloride, and
chlorine gas will be two to five atmospheres; a flash tank will be used to
reduce the pressure to one atmosphere and to separate most of the gases from
the liquid products. The gases will be absorbed by water in a packed column.
The liquid products may be stored in a reactor product tank or will bhe
separated to benzene and monochlorobenzene by a distillation column with a
total condenser. The distillation feed will be preheated to its saturation
temperature. The distillation column will consist of several sieve trays.
The reboiler will be heated by steam and the bottom product as well as
the distillate, will be cooled to 25°C and will be stored in product tanks.
Full details of the design of each piece of equipment is included in the
following pages and a flow-sheet of the entire process is shown in Figure 8.
In the design of the reactor, the formation of monochlorobenzene was
the only reaction considered due to the limited amount of conversion. The
concentration of chlorine will be assumed constant because a 50% excess
chlorine will be introduced into the reactor. The reaction was considered

first order depending on benzene concentration only, The equations for a

steady state stirred tank flow reactor are:

qCAo - qCA =~ Vr = - VkCA (1)

cA = CAOI(l + k) (2)

mole fraction of benzene = =1/(1 + k) (3)

CA/CAo

conversion = kt/ (1l + kt) (4)
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LEGEND FOR FIGURE 8

Chlorine Cylinder
Benzene Feed Tank
Reactor

Product Tank

Flash Tank

Heater

HCl and Cl, Absorber
“Condenser

4-Plate Distillation Column
Reboiler

Reflux Splitter
Distillate Cooler
“Reflux Storage Tank
"Bottom Product Coolef'
‘Bottom Product Tank

Distillate Storage Tank
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Generally, either a jacket or a cooling coill would be sufficient to operate
the reactor isothermally, but to have more flexibility in the contreol, both
will be used. The reacting solution will be mixed by a magnetic stirrer -
perfect mixing has been assumed for calculations.

The capacity of all the tanks (B,D,0, and P) excluding the reflux stor-
age tank (M) were calculated based on the flow rate of fresh benzene (stream
#1) and assuming flve hours of runs for each laboratory period. A resi-
dence time of at least two minutes was assumed in calculating the capacity
of the reflux storage tank (M), the flash tank (E) - based on liquid flow
rate -, and also the absorber (G) for which no special interest was given
to design due to the small amount of absorbed gases. Two positive displace-
ment, metering pumps were choosen to increase the pressure of the fresh
benzene feed (stream 1), and the recycled stream f##4, to a slightly higher
pressure than the reactor pressure; a centrifugal pump was used to circulate
tﬁe liguid products from the flash tank.

Water flowing in a 1/8" 0.D. coil will be used for cooling purposes in
the reactor (C) and the two coolers (L) and (N). The assumed ovefall heat
transfer coefficients in Kcal/mz/sec/°K

1) for coolers and reactors = .163 f
2) for condenser = .081
3) for reboiler and heater using steam at 50 psig
| = ,500
The heat transfer area was calculated from the following equation:
heat transfer area = (heat added or removed)

(overall heat transfer) (average temperaturc)
coefficient difference




25

The distillation feed will be heated by elcctric heat instead of steam due
to the small amount of. heat required.

For the distillation column, sieve trays were selected because of the
difficulties in manufacturing small-sized bubble-cap trays. The McCabe and
Thiele method, which will be described in the computer program, was used due
to its simplicity in determining the tray to tray composition. Tor the
determination of the column diameter, first the flooding constant was calcu-
lated, then it, together with the vapor flow rate, was used to obtain the
superficial gas velocity and to calculate the diameter of the column [29]

B) Computer Program {Steady-State)

A digital computer (PDP 11/10) was used to calculate the steady state,
to obtain the conditions and results for each stream in the flowsheet, and
to evaluate the column diameter. The computer program contains three
major divisions: the main program, EXPT, and two groups of subroutines,
SUB1 and SUB2.
The main program is divided into three parts:
1) The steady state calculations were obtained by using an iterative
procedure., Figure9 shows a simplified flow diagram which is used to describe

the iterations. . '

4
g i
D
i
5
P e
10 | 9
! =2 Recactor 0| &
g m
t n
i
0

=
~
t
™
o

Figure ©. Simplified Diagram for the Process
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From the concentration of stream 1 and the kinetic equations cited earlier
in this section, the concentration and mole fraction of stream 10 was
determined. The subroutine D1SB was used to calculate the composition of
stream 4 and 25. Then the recycled stream 4 was considered, and the feed
stream to the reactor was determined in this second iteration. The same
procedure was used to determine the new concentration of streams 10, 4, 25
in the following iterations until the steady state was reached when the
difference between the mole fraction of stream 10 for two successive itera-
tions was < .01.
2) Detailed calculations and specifications were made for each stream,
including the phase, mole fraction of benzene, volumetric flow rate, mass
flow rate, molar flow rate, temperature, pressure, and heat transfer area
for coolers, heaters, the condenser, and the reboiler.
3) Finally, the diameter of the distillation column was calculated.
Polynomial regression analyses were used to correlate the diffurent physi-
cal and thermodynamic properties in the subroutine SUBl. The values used
in the program are given in the tables shown in Appendix C. The reéults
obtained are as follows:
1) Subroutine DMVSB (tablé 26) calculates the density (RO) of 1liquid
mixture in Kg/dm3 at any benzene mole fraction (Pjiat 298°K,
| RO = ,8729273 + .2600657P -~ .0355391P2 + .003671&27P3
2) Subroutine TVSPB (table 29) determines the saturated liquid temperature
(T) in degrees Kelvin at any benzene mole fraction (P) as shown in Figure 10.
T = 404.4375 - 97.58L54P + 73.29699P> - 27.22487P°
3) The heat required (HB and HC) in Kcal/Kg to rise the temperature of

liquid benzene and monochlorobenzene from a reference temperature (TR) to

a desired temperature (T) is given by the subroutine HBCVST (table 27).
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2 .2

For benzene: HB = .1036839 (T - TR) + .1006199 X 10 ° (1° - TR2)/2

+ 488006 x 1077 (13 - R%)/3
For monochlorobenzenc: .HC = .05277707 (T - TR) + .9172735 ¥ 1(}_3
(r? - %) /2 - .1490487 x 10°% (13 - %) /3
4) Subroutine VAVST (table 27) gives the relation between the heats of
vaporization (HVB and HVC) in Kcal/Kg of benzene and monochlorinebenzene,
and the temperature (T).
For benzene: HVB = -1987.427 + 16.43142T - .04277849T2

+ .3665559 X 10 13

For monochlorobenzene: HVC = 205.3619 - .5364947T + .4994191 X 10—3T2
5) Subroutine DBCVST (table 28) is used to calculate the densities (DB and
DC) in Kg/dm3 of liquid benzene and monochlorobenzene at any temperature (T).

For benzene: DB = 1.44717 - .3507709 X 107°T + .773703 X 101"

- .8148148 X 10717
For monochlorobenzene: DC = 1.654298 - 3245143 X 10_2T
+ .6698303 X 107 T2 - 6854954 X 107 °1°

SUB2 contains two subroutines. In the first, LIXY, the liquid-vapor
equilibrium curve (table 29), shown in Figure 11, was fitted by linear
interplotaticn to obtain the corresponding equilibrium values of X versus Y
or vice-versa. The second subroutine, DISB, calculates the tray to tray
composition in the distillation column at a given reflux ratio, feed
composition, and number of trays. An iterative method was used in the
computation. First, a top distillation mole fraction was assumed
half-way between the feed composition and X = 1.0 which will be equal to:

(benzene mole fraction of feed + 1.0)/2.0; and from the feed mole fraction

and its conditions along with the reflux ratio and the assumed distillate
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mole fraugfon,'thc equntﬁon of the operating line in the enriching section
was delermined. Then the Mccébo'and Thiele methnd was used to determine

a caleulated digtillate mole fraction by knowing the number of trays in
that section and by starting the computation at the feed tray. The calcu—
.lated and assumced distiilare nole fraction were compared; and if the
difference between them was >.001, another trial was made until the differ-
ence was < .001. The same mothod was wsed Lo calculate the mole fraction

of the bottom product where the starting value was equal to: (benzene

mole fraction of feed)/2.0, Table 1 shows the input and output quantitics

for each subroutine.

Table 1, Subroutine Specifications

Subroutine Iuput Quantity Qutput Quantity [

DMYSPL benzene mole fraction at 2938°K density of mixturc
: (Kp/cubic dm)

TVSPIB ‘benzene mole fraction saturated liquid
temperature (°K)

HBCVST temperature (°K) heat needcd for heating
21 (Keallig
cﬁ“ﬁ and CGH5L] (Kcalfdu)
VAVST temperature (°K) heat of vaporization of
'pﬁné and C6H5Cl (Keal/Ep)
" DBCVST temperature (°K) " density of pure c M, and
86”5C1 (Kg/cubic dm)
DISB reflux ration, [ced mole fraction, liquid and vapor composi-
fraction of feed ubich is vapor, tion for cach plate in
and number of plate in the recti=- the column

fying and stripping section

LIXY vapor or liquid benzene mole liquid or vapor benzene
fraction mole fracction

The next several pages are the actual program described above.
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RT-11 FORTRAN IV VO1E--08 FAGE 001

C CONTINUDOUS CHLORIMATION OF RENZENE
c
C THE KMOWM QUAHTITIES AR
C 13THE BENZENE FLOW RATE (CUBIC CM/SEC)
L 2THE TEWPERATURE OF THE RIACTOR(C EE KELVINDY
b SYTHE HUMEER OF FLATES IM THE SVRIFPETNG Al RECTIFYING SECTION
C AYTHE TRAY SHACTNG (G2 AND THE ValUg 0F aQ
¥ BITHE VOLLME OF THE REACTOR (CUETC D
EITHE REACTIONS RATE CONSTANT AND THE REACTION PRESSURE (N/SQUARE 1.
ZIVHE MEIGHY GF THE CATALYST aUDRED &T THE STARVING FOINT
SyTHE HEAT OF THE REAGTIONM (KCHSL/ARG MOLE OF BERIENE)D
QITHE REFLUX RATIO
FOYTHE ACTURACY HEEBED IN THE FEED STREAM(A&)
THIG PROGRAM CALCULATES?
FaRT OMEITHE STEADY SYATE CONOTTIONS
FART THOSTETAILED CALDULATIONSG FOR EACH STREAM TM THE FLOMESHEET
FART THREEITRE DIAMETER OF THE DISTILLATION CGLUMN
NOTATION? :
‘ DEMCE TIME {(LEC)

—

oogaooooon

AATHE ALLGNED DIFFERENTE IN THE MOLE FRAGTION N STREaNT LG (T 5.3,
C ANIN BPEFORE 5.8
C H4D=ADTIVE AREA OF TRAY
13 Ef (FEET SaUakE)
WEHOLE  aRla FER TRAY
ARE=AREN (CENTIMETER SQUARE)
G R=LULNVERSTON
CaCOMNURENTRATION DF BEMZENE TH STREAM F12 (KO MOLEACLRLC DM
CE=CIMGENTRAT IO OF RENZEHE
CR=CONCEMHTRATIIN OF RENZ IN STREASDS ORNE ANOD FOUR
CO=CONCENTRATION OF CHLORORENZENE
CF=FLOADING CORSTAMNT
D=R1aMETRER OF THE RISTYLLATION COLUMN (CM)
Fa=MARE FLUW RaTE (KGAGSECY
GEAS FHASE
HER=REAT REQUIRED TO RISE THE TEMFERATURE OF LIQUIN LENZENE FRON
TR TO T (KRCAL/AKE)
Hd=HEAT REMOVED DR ADDED (KCAL/SGEC)
HEH=8aME AS HEE BUT FOR CHLOROGENTEME
HR=HEAT OF REACTION AT 298 DEGREE REILVIN (KECALZRO mOLED
HEF=HEAT OF VAPORIZOTLON OF STEAM (RCAL/RG:
HTS=0VERALL HEAT TRAMFER COEFFICTENT FOR RERDILER aND HMEATER
HVRE=HEAT OF VARFDRLZATION OF DENZENE (KEALRG)
HVYCH=HEAT OF VAFORIZATLION OF CHLORDVENZEME
HIG=OVERALL HEAT TRANSFER COEFFICIENT FOR COMDEMNSER
HWM=0VERALL HEAT TRANFER COEFFICIENT FOR CODLERS AND READTOR
L=l TRUTI PHASE
N=NUMBER OF PLATES
NBE=NUMBER OF FLATES IN THE STRIPPFING SECTION
NT=NUMRBER OF PLATES IN THE RECTIFYING SECTION
PuRENZENE  MOLE FRACYEION TN STREAMELZ
Pd=RENJEND MOLE FRAECTION
HRURE TN RAR
RESBURE OF THE REACTIONCEAYS
G Q=FRACTION OF FEED WHLCH I8 UAROGR=C, O
c QGH=FLOW RATE OF GAL (CUERIC FEET/WEG)
c QLAE=ILOW RATE OF LIQUID (CURIC FEET/SEC)
c R=RATE CONSTANT AT PRECORG MOLEZRG MOLE BENZENE CHARGED/REL)
RT=13 FORTRAN TV VR 1LE-08 FAGE Q02

iRl

o

nmaooGoooaoOOonooaaoonaooancns

C RAA=RATE CONSTANT AT 2 Pan aND 328 LECREE KELVIN
¢ RAA=, 0011646566 (KRG MULE/KG MOLE OF RENZUNE CHARGEL/SEC)



00061

0002
0003

0004
OO0H
0004
0007

0008
0009
0010
0011
0012

RT-11

0013
0014
0015
0014
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ROIG=DENSITY OF LIQUID BENZEME AT T DEGREE KELVIN
(KGACURYC TH)
ROCE=DENSITY OF LTQUIN CHLORODENZENE AT T DEGREE KELVIN
ROGH: HSITY OF GAYS MIXTURE (LRB/ZFEET CGURE)
ROLA- HSITY OF LIOUED MIXTURE
ROMI=DENSTTY OF LIQUED MIXTURE AT 298 DEGREE KELVIN
(RG/CURIC. Dif)
RE=REFLUX RATIO
S=HOLAR FLOW RATE OF STREAMELZ (KG MOLE/SECD)
SA=MOLAR FLOW ROTE
SIG=SURFACE TENSTON (DYNE/CENTIMETER)
S=G0L1I PHASECTN TARLE 1)
TETEHPERATURE TH DEGRIE KELVIN
TIE=THLET TE FATURE OF CODLING UNTER
TOF=0UTLET TEAPLRATURE OF CODLIMG WATER
TRE=TEMFERATURE OF THE REACTOR
VIE=UOLUMETRIC FLOW RaTE (CURILEC CHASEC)
V=UAFOR FHASE
UF=SUFERFTCIAL VELODITY OF GAS (FEET CUBE/SEC)
UFA=ACTUAL SUFERFICIAL VELOCITY OF GAS
UR=MOL R OF REACTOR (CURIC TR
Wat= A TAGE MOLECULAR WETGHT
WrE=POMER TH KILOWATT
ZEVOLUMETRIC Lo RaVE OF LIOQUIDRY (CURIC DMASSEC)
ZEUNDEUMETRYIG FLOW RATE OF STREAME GNE aMD FOUR (CULIYS DMAGEC)
ZM=COMPREGSTRILITY  FACTOR

MAIM FROGRAM

gaoaoOoaoooooagooooaoIaooooaoonaoaooaoooacaoonn

DIAENSICH FAC2E) o5 20) s BI25) s PU2T) o (2T RO2GI2CID0Y 1 202G 0
1 ZROZGY vCRC2U) 2 2A000) »5(25)
WRITEAG,20)
60 FORMATONX » "UHAT I8 THE THLET RENZENE FLOW RATEL DN Cid CUBRCASEC) 7
Zs THE REAGTOR VOLUHECYR LN CUETD 1H01) 7y
Zry THE FRESSURE TN THE REACTORCOFRRE TH EARY 7,
At THE TERPERATURE OF THE REACTORCTRR TN OEOREE FELGIM) 7
Ao’ THE ROTE CONSTANT (RAN RO MOGLEARG MOLE BEHIERE CHARGED/SEDT) 7
Zy 7 AND THE HEAT OF REACTIONCHR I KCAL/ZRG MOLED)XT )
READCGr83) VIVEYPRREy TRERAOSTHR
R FORMATCSOFL240210/0)
WRITE(S»81)
81 FORIMAT(OXy " WHAT 18 THE MNUMBER OF TRAYS IN THE STRIFPING SECTION(Z
IBY /v THE MUNMEEK OF TRAYS IN THE RECTIFYINMG SECTIONCZHTY ‘0
2 v’ THE REFLUX RATIOCRRY ‘y
3 /v THE ACCURACY NEEUED IN THE FECD STREAMOAAY T
4 /' AND THE WEIGHT OF CATALYST ALLED AT THE START(F2 IN KGXT*)
READNCSy 80 ZNEsZHV RRe AN F2
{341 FORMATCUOF1S,10/))
NE=ZNR
HT=ZNT
@=0.0

15 W

C

¢

FORTFAMN IV VO1R-08 FAGE 003
g PART ONESTHE STEADY STATE CONDITIONS
C

> 1IWITHOUT RECYCLE

21=V1/1000,

T1=296,

ALY =UR/ZY

CALL  DRCUST (T1,ROB1,ROCL)

i WRITE (S 1000) :



0017 1000 FORMATIHX»?10007)
0018 Ci=holt1/78.,12 - "
0019 RO1)=RAAKPFRR/2,0 :
D RIGR=ICL)
I WRITE(Sy3020)C1 yRRR
0020 3020 FORMAT(2(FI1S.10,2X))
C RASIS ONE SECOND
o021 112 §81=0C1%71
oona §(1)=681
0023 Ce1Y=C1/7¢1, +RI1I¥ACL))
0024 FOL)=t o /0L 4RI ANCL))
Q025 BC1d=1.-FC¢1)
b1} BIE=R(L)
i Lee=Cce1)
I FRP=F¢1)
n WitETE (e 30200000 FPEy HBR
O0NE  IOZ0 FURMAT(I(FLIS,10:2X))
C DIWLTH RECYCLE ]
n LRITE(S1001) -
0eR7 100 LunhnTpdx,'ioo1'>
OnR%E M=
ooy mu 126" I=1,20
G030 Fu=F ()
G031 CeLl DISE (FJyRIRsFPAsFISy P13y 1S e HEyNT v Qe JNLED)
LeleX u) CoLl, DEVSER (P4, RO
0033 [FYOBE IO PERANS B RS LRSS P 2 S o ¥
o034 FACY)=8A (I A (PAe78, 1L, ~PAY5112,558)
0035 2ACY)=FACY) /RO
Q024 ZECI)=Z1E2a01)
Q037 CHOLY=(G5 1 PSACTIRPAY S ZROT)
0038 ROT4 1y =RaAiPRRA2,0
059 ACTHIY=UR/Zi(T)
0G40 COLHID=0RCI) /(1 M TH LI R0 CLHID)) .
0041 BOTA 1=l aa I+ /0L bRCTHI YRACIFLY)
coan SCI41)=8814+64(T)
C0a% FATHI =051 48AC I 4PA % ~ROTH1) D /8CT+1)
0044 P12=P(T+1) -
0045 C12:=0¢141)
00446 G120261+1)
00AY7 COMN=RCI4H1I4X100,
0048 CETA=ACT+1)
0049 §G54=54(T) ‘
0050 FRA=FA(T)
00% 1 2Z24=74(1)
0052 IFCCPCLH1)=FCI) ) -An) 13051302120
0053 120 CORTINUE
0051 130 JiUMe1
005y CALL  DISE (PAsyREFASPLISyPLI3yPLAsNEsHT » Qo JIUMD
RT-31 FORTRAN 1V VO1ER~-08 FAGE 004
0054 WRITEC(S135) TyCOMNYCETA
0057 WRITE(S 1400 S129CL2eF12,P0
0058 WRITECSy 14%5) &anyrra,;zayth
0059 135 FORMAT(/ /s 2%y ‘HOF ITERATION=731352Xy CONVERSION % =/ 2F7.2:2Xy
TRESIDENCE TIME=’F7.2)
0040 140 FORMAT (/712X 7810y 10, 32Xy CL2=" yEL10, 32Xy P12 s F P4 432Xy
PaE  FY,4)
0061 145 FORMATC/Z12Xr 7 54=7 yE10.3v 2Ny ‘FA= pEL10. 392Xy ' Z4=? yE10, 32Xy 'F15=7,
1 F?.4)
c
c FART TWOLDETAILED CALCULATIONS FOR EACH STREAM IN THE FLOWSHEET
c STREAMEL
00462 F1=8581%78,12
0043 FR1I=%5,0
00464 P11t ,

33

WRITE(G 20005851, T1F1



0065 2000 FORMATCI1IE.1002X))

c STEANE4
0066 TA=298,
0047 MA=ZZAX1 000,
Y STREAME21
0048 P2i=F4
0069 F21:=FF4
0070 521=884 :
0071 CalL.  TVEFR (F2L.T21)
0073 Vai1=44q .
I WRITE(SGy2001) PRLeT21,V3
0023 2001 FORMATCIFLIG.10,2X))
> STREAMEDD (COOLING UATER)
0074 CALL  HECUST ST2Ly TAyHE21 »HE21)
C H2 '=-HI ST REMOVED BY COOLER (RCAL/BEC)
QGO7% HZ .'l 'f(i‘”’! H¥PBIDAHBEZLIE (L - .“"1 YELI2 W O%AYHG21)

0024 Ti
0077 TO:
0oV FRM-H22/10.
QO7% TRV TR -TUR2LTA-TIZ2N /2
N HER=1 472, 85 2E -7 (RCAL/SEC/SOUARE UM/TIEGREE KELVIND
GOBY Hidids L& o 80207 d
G AR OF COOLER
ool AR =H22 A HNRATE2T
R WIREDTE (Sp G000 TRIT, DD« UG » AR 2R
U082 GO0 FORNOTVOLOXy “3227 r 4(EL10.3:2X))
: C STREANELD
Q083 P12 ¢T+1)
004 S REENCF B
LOBl B 5 N e EN A e
0l s FIay=glof Piod?8, 12401, -1033112, 058)
¥ ASSUHTIHG THAE T10=208, (N0 (Ih": GETH TENMERATURE BUE TO
{ LJ\'I].\ SPRETD)
GOnz T1O=TRE '
o08y Call.  HVSEER (FLO.ROLO)D
$aeledy V10n 1 O RO O 10028,
I WRLTE(G2003) TiQe Lo V10 n12
O0W0 2003 FURNAT (A1, 10,2500)
: c STREAMELD (SATURGTED LIQUID)
0071 CALL  TUGSFE (FL125T120
In WRITE(Ge2009P12,TiY !
RT-11 FORTRAR 1V VO1R~-08 FAGE 005
QoRe 2004 FﬂhﬂlTC"(qu'IO))
Q093 12=U10
0094 Fl? K10 : .
G STREAMIIL (STEAM OR ELECTRICITY)
Q095 Call, HEOUST (T12yTi0eMul3sHMOED)
' C HL1=HEAT alJIn BY HEATER (KCAL/SEC)
Q074 HI1eSi2% P 1e%?a 108 HEL2H 0L o ~PL2Y K112, S5632HC12)
0097 WY11aHILI¥3600,¥1 0143571000,
: C USTNG STEAM AT ONE Dok ol 373 DEGREE KELVIN
H HS11=83%, 42488 (KGCAL/ARG)
0094 HSG 11 =539 043483
0099 Fll=H11/HS11
0100 T33:==373.
0101 TIab=(2 XT11-T10~TL2)/2,
C HIQ"JOO!E Z{KCAL/SEC/SQUARE CH/LEGREE KELVIND
o102 HTS=500 E~7
0103 ARTL=H1LZHTS/T1N
S STREAMFLSHCESATURATED LIQUILD
0104 S18=a12-821
01035 CaALL - TUSPE (PL5yT15)
0104 FLE=S15R CPIGE7H, 124 (1 =15 K112, 554)
0107 Call  DLROCVSET (T15:RODLES,ROCLE)

0108 Z1G=8108PIORYO A R2/ROBAGH L PG X E12  SUHE/ROCES)



0107

0110
0111
0112
0113
0114

0115

0114
0117
0118
G119
0120

0121
0122

0123
0124

Q125
012
0127
0126

0129
01320
012

100
C

.
o+

C

C

V1G5=Z1581000.

STREAMLEDS (id.&:llll.ll )

T25=298,

PaG=F14

YaGE=V135

FRu=I1%5

825=91%

STREAME2X (COOLING UATER?

CALL HICUST (T1%¢298,yHERLSHRCLD)

H23=HEAT REHOVED BY COOLER (lCat #5iE0)

HRZ=815% (15078 125HERISHCL P10 %112 D56AHREL1E)

TYI23=003.,

TJO23=313,

Faz=HI%/20,

T2AN={T15-TO 34298, ~TI2FI /2.

ARZZ=AREA OF COOLER

AR2Z=23/HMH/ T2

WRITIE (G B100) TR HAT o MUG e ARDE

FORMATLIOX: "1237 9y 4(EL0, 322X))

STREAMEY

§7=51081 —F10)-554%( 1 o)
CP7=E0L0

T7=TRIX

F7=8783640

FR7=1.0

V7=:378T788314.3/7FR7%10,

STIEAMES (WATLR FOR ARSORPTION?

67.3F K6 OF (HOL) ARE DISSOLVED TN 100 KRG OF WATER

FOCTOR=2, )
FOUF7/67341000%3,

VB=F B%1000,

TH=298,

STREAHTY (DLLUTE (HCL))
FO=F 741 8

FORTRAN Qv VOIR-08

oo

Ve==yg

ASUMING NEGLIGEILE HEAT OF S0LUTION
T9=T8

STREAMT &

Fo&=F74F 10

FR&O=H.0

Té=TRR

Va=ui0+v7/ 4.

86=8748510 . i
Fo&=F10

STREAMTS (CHLORINE GAS)

A 50X EXCESS CHLORINE IS USED
H3=8741 .5

F3=53%71,

T3=298,.

FPR3=5,0

P3:0+O

UZ=S53&TA/PRIEE314,.3%10.,
STREANSEL1? ANDN 20

RR=820/521

SR0=RRAE21

819=520+821

P20=121

F19=F21
FRO=G2058(F20%E78.124(1.-P20)%112,556)
F19=F204F21

T19=T21

T2O=T2L

VI19=UiNi( L. +RR)

Vao=19--Y2]

CENTRTY

FaGE

o 7 4
204

35



0157
0158
0159
0160
0161

0162
0163
0144

0145
0146
0147
0168
0149

0170

0171
0172

0173

RT-11

0174
0175
0176
0177
0178
0179

0180
0181

0182

018%
0184
0185
0184
o187
0188

0189
0190

01?1

0192
0123
0194
019G
01%6
0197

o198
0199

G
C

n
3010

j o)

. BTREANELT

Fi17=F1%

F17:=F19

617=8519

PR17+=1,0

T17=T19

IM17=1 .

VI7=51723T174R314, 3/PRI17%10,

STREAMEIS (CODLLTNG WATER)

Coll. VAVST (T17:HVRLZ »HVCLT)

H18=HEAT REMOVIED BY CONDEMSER (KCAL/SEC)
HiB8=G1 72 (PL7a78 L2HHVELZ+H 0L ~F 17N 12, GULKHVE LY )
WRITEC(Sy 2010 TEZyHVELZ s HVCLY v 18
FORMAT (AL 1S .85 24))

TI13=293%,

TO18=303.

Fig=Hi8/10,

TLEO= (V1782 -TIIR-TOL2) /2

Hu G801 42402 (KCAL/SEC/SQUARE CH/DECGREE KELVIND
HWG=81 , A246E -7

AR B=AREA OF CORTEIGER

ARTIB=HIS/HUG/TLEN

V5 RETEI N Sheh NCTe T

I WRITE(Gy 5001 T1ENHERy ARLS

G001 FORMAT(10%, #1879 3CE10, 3 2%0)

c STRIEANT LA

G HEAT BALANGE ON THE DISTILLATION COLUMN

FORTRAN 1Y VO1L-00

C HIA=HEAT ALLED TO THE REEDILER {(KCAL/SEE)

C BAGTS TR CTEHPTRATURE)

c H3 44H1 2= HIB4HR1HILE
CALL  HMCUST TR0y TH2HR2Ly 125D
H2I=G21% (HEILE7S 126214 0L —~F21) 81 12, 5565HE21)
CALL HECVST (T15yT12,BELGyHELS) :

HiG=SIGE ORISR I 26F 151 —P15) %112 S5ATHCLS)
HI 250, 0
H14=H1BIH21HH1S

n WRITE(Gy3011) HE21LHO21 s HA1 s HILG s HC L% o HAG 1414

3011 FORNHOT(T(FLZ.5:2%))

WI1A=H1A23400. %14 163/1000,

c USTNG STEAN AT S0 FSI AND 411,3 IEGREE KELVIN
T14:411 3

c HE14:513, 6514 CKCAL/KG)

‘ HS14=513, 4516 )
F14=H14/HS14 .
T16=T15 "3
CALL TUSPR (P13yT13)

TLIAD= (2, #T1A-T12-T16) /2,
ARIA=H1IA/HTS/T1AD
¢ STREANSELS ARD 16
8148158 (F13-P15) /(P16~F13)
§13=6164615
FR16%1,0
C ZM14=1,
V16=616XT146%0314,3/FR16%10.
CALL  DBCVST (T13,KOR13.1:0013)
2335 (P IER78 12/R0RL34 (L.~ 1304 L2, S56/ROCIZIKEL3
V1571351000,
F1a=S13%(F13%78, 124 (1, ~P13) 112, 556)
F16-F13~F15
c STREAMED (FERRIC CHLORIDE)
c gEHHEIGHT OF CATALYST ADDED AT THE STARTING FOINT
25299,
c STREANES (COOLING WATER)
TI5=291,

FOGE

(GM)

Goy

36



0200
0201

0202
0203

0204
0203
0206
0207
0208

020%

o210

RT-11

0211
o212
S 0213
0214

0215
0214

0217
02ie

219
O?f.‘O
0221
0222
QR332
024

ryr
025

R T

0207
0228

0229
0230
0231
0232

0233
024

c Bl=NUHDER OF KRG MOLES OF BENZENE CONVERTED T0O CHLORORENZENE
Bii=87 '
C REFERENCE TEMPFERATURE=298,
Cc Ha=HEAT REAOVED BY COOLER
CaLL HROUST (TREy 293, s HELOHC10)
H10=G1 0% P L0781 281104 (1.~ 10 X112 5546XHC10)
c THE MEAR MOLAR HEAT CARACTITY OF HEL FROM 298 TO 340 DECREE
C KELVIN I8 &,95K0CA /K0 MOLE/ZLEGREE KELVINY
H7=875%8 . PUXRLTRE-298, )
HE = HRE#BR-H1O~HF :
FS=HS/(TOG-TIH)
Us ":1(.‘(;‘0-
T Y M TRR=TOS-TIEY/2
G AR hf\l A DF REACTOR COOLING COILS
ARG MG A HWH L/ TSD
I WIRITE (..3*{1"3'\.#:"”‘!#!:] SeH10sH7
Y002 FORMATCLOXs 45y ACE10.352X) )
£ COMMENTS 0N TllL"' RESULLTS {TARLES)Y e
c FHABE L IOUT =L, e GAS=G r VAR DHE=2Y I'N‘-UJ S0 TD iy :
FORTRAM IV - VO1g--0d FAGE 008
M VOLUMETRIC FLOW RATED CCURTIL CH/ASED)
¢ MASS FLOW RATEI(RG/SEDR)
C TEHFERSTURE L (NEGKEE KELVIND
¢ FRESHURE T CHARYD
c FOWERS (KK
C
C
& THE WRITE STATEMENTS
C
C
VRITECS» 158)
158 FORMAT( A2/ 772777270485y " TABLE LIMATERTAL RBALAKRCED )
WRETE(S 180D
140 FORMAT(Z» Xy 8TREAR e 2H e I"l IGEE » 2Xr "THNOLE i“lul[ THON OF BENZEIE
12X-)'U(ll“?!f TRIC FLOYW RATLE” yHASS FLOW RATE? ")'
2MMN.AR FLOY RATE»24s 'TFJ?} UH'HUI\L P RAAy P RESSULE
UI\TTL(.J'-J &1)
141 FORMATLABX sy (CURIC CMASED) “2 89Xy 7 (RG/BED) "2 OX» " (KG MOLE/SECY
1 AXy (N, RKELVINY s34 7 (EARY ")
WRITE(S 14201112551 TLFRY
142 FORMATCAN 17 7%y L7 p 1100 F9, 45 10X ELO 38X E10. 3y BXAYEF . 2y
1 &XeF70 194X FoV LY
WRITE LGy 244272
144 FORMATCAX 727 o 2% 78 58Xy 'FERRIC CHLORIDE y30XEL1Q T K 225 F7.1)
WRITE Sy l&&INIF3r 83 TSy IS
146 FORMAT (A2 "3 1 7Xs "B w8y’ (UlLUl\lNL GAB) “» 13X EL1IQ.3)8XsEL10, 3y
j BXIE‘?::} {\ ."F(lqu\”pditj)
WRITECOr 168 P4y VA FF4,8%549 T4
148 FORMATCAX» 747 27X L s 1 AXoF 2 Ay 19X ELQOe 39 8XsELO J18X 5P, 2y
1 4X¥F7Pe1)
WRITE(S» 1700P6sVAyF& 842 TH PR
170 FORMAT(OHXy O v OXy Ly B2 v X FQ oA 1%y "AND HCL GAS »PXyE10 384y
1 E10.3e8XvER 29 &XsF7, 108X Fé 1)
WRITE (G 172IVUT7eF 72872 T7yPR7
172 FORMATCEX s ' 77Xy G s 9N "HYLROCHLORIC ACID’ y9XrEL1Q0,3,8Xy
1 EIQ 398X v B9 228Xy F7: 004X F&. 1)
WRITE (O 174930HF 8 TH
174 FORMATCEXy "8 v X r L s 13Xy "UATER v 17X 1E10. 32 BXyEL10, 39 23X F74 1)
WRITE(Gry 178Ny FPTY
176 FORMATCOX 79 e 70y ‘L7 912Xy "HCL DILUTE p13XrE10,3rBXyEL1O0. 35 23Xy
I F7.1)
WRITECSy 178 JOrUIOvFlC‘viHO! TLO
178 FORMAT (X 2107 s 7Xe "L/ v LAXIFD o 45 15X EL0 e 308X0 1003, 8X1E7 42y

37
TOG=301,

1 6XeF7.1)



38

0235 URITF(5:190?P1?|U]“vF1"ru!?vT12

02%6 180 FORMATCGXy 127 97Xy L v LIX FP4 40 15X E10, 398X E10,3,8X0EP4 2y
1 4XsF7.1)

0237 WRITE(S 182)P13y VI3 yFL3513,T13

o238 182 FORMAT(EX » 7137 o 7Xy "L s LIXyF P4 Ay 15X E10. 398Xy E10.3:8XrED 42y
1 &Xs[F741)

Q239 WRITECS, 18410y VIGyFIG,815,T10
240 184 FORPATCOXy 15 7% L 2 LIXyFR oA 1GX 10, 308X E10. 38X ER . 2y
1 6XsF7.1)
0241 NR]TF(WrIHn)PlérUIérflér 16»T14FR14
0242 186 FORMATA(SXy 16 s 780"V 0 L1AFQ o 49 18X 1003y BXELO0 . 3y BXsED 2y
1 &6XsF7, 114XrF6.1)
0243 WRITECS 18P L7y V171798179 TL79FRLT
RT--11 FORTRAMN 1V Yo1B-08 PAGE 009

0244 188 FORUAT(EX» 217 7Xp 'V s 11X FR 045 100 EL0 . 35 8XyEL0, 398X ER . 2y
1 6X0FZ7.1354XyFbH. 1)

0245 WRITEC(S»190IF19:VI9vF19,51%9,T19

02446 190 FUhVﬁT(ﬁKr'lr’ ZRr Lyl LA FD 49 15Xy FJOou!dX ELO3sOQXsED 3y
1 &XsF7:12

0247 WRITE (G 1920F20 V20 F20,820,T20

o248 192 FORMATLOXy 207« 7X e ‘L 2 11X FR AP 18X ELD . 328X E10. 30 02X E9. 2y
1 4X0F7.41)

o2e WRITE(D e 19AIF21 V21 »F214521,T7T21

GRG0 194 FDnHﬁI(Jkr'?]'r/fv’f’r]lArl? Ay 1OXEL10. 38X E10. 38K 92y
1 &¥sF7.1)

0251 WRITE(G 195 P25, V2L FRG, 823, T25

0252 195 FORMAT (S 26975y L9 11X FR 043 1UXOELO Ze8XrEL10. Je R4V ED,

1 GXsFT7.1)
053 WRITE(G, 191D

oloa 191 FURﬁhT(/!EX!'* STREAMED 18 THE CATALYST ADDEDL AT THE START OMLY )
250 \]IL(,I';”.‘S)
Q256 196 FORMAT2Xy OTREAMIS TS COMFOSED QFILIQUID (RENZENE AHD CHLOR ’
JTORENZERE)Y A GAS (HELY )
oRG7 URITEASG,»197)
0RSE 197 FORMATOON y S TREAME2A TS THE NON-COMDENSARLLE GASES(HIL AN CHLO
IRIHE Y COMIMG FROM THE CONDENSER’)

02u% WRITE(Gy 198)

0260 198 FORSAT(ZX "STREAMER2S6 IS COMPOSED OF STEAME24 aAND 27)
02461 WRITE(S»199)

o2&y 199 FORMATC/ 25 A00 “ TOHRLE 3<H£ﬁT BALAMCE) 7))

D243 WRITECDGy 200)

0264 200 FORMAT (/s 240 GTREAM %4 2Xs INLET TEMFERATURE S »2Xe *OUTLET TEMPERA
ITURE 22X 7COOLING  WATER p&Xy ‘STEAN v 10Xy “AREA 10X "IFOWER ")

0265 WRITE(G201) i )

0246 201 FORMAT (S0 “MASS FLOW RATEZ #2Xs “MASS FLOW RATE?)

0267 WRITE(S,202)

Q268 202 FORMAT (12X " (DEGREE KELNVIMY 24Xy 2 (DEGREE KELWINY ‘27X "{KG/SEC)Y
18Xy P (RG/SEC) “»OXy F (BUUARE CMY 7 23Xy 7 (KWWY )

269 WRETE(G 208 TIGTOG Sy ARE
0270 203 FORNMATCAXy "G o ONe P20 1y LNy F 73 10 10X 10,3 22X1ELD, 3)
0271 WRITE(Sy 20D F L1y ORI L WTLL
0272 204 FORMATIEXy 7115 50X ELO 3v X9 E10. 352X F &4 2)
0273 WRITECS 206014 AR1AWT L4
0274 206 FORMATCUXy 147 v G0XYELO 306X 10,3y 2X0F 64 2)
0275 WRITECG» 2083TI18»TOLGy I8y ARLE
0276 208 FORMATCOX y 2387y GX0F7 e Ln 12X F7 e 1p 10X E10. 31 22X0E10.3)
0277 WRITE (N 210 TI2Ly TOZ2FADyAR22
0278 210 FORMAT(GX 5 * 227y 8XsF 740 11 12X9F7, 19 10X sE10.3222XsE10,3)
0279 WRITEC(S»211) TI23:TO2S5yF23y0R23

0280 211 FORMAT (S5Xy "237y8BXyF7. 10 12XyF71210X:E10,3222%2E10.3)

0281 WRITE (5 212)

o282 212 FORMAT (/94X *HENTING 1S UDOME BY STEAM AT OHE ATHMOSFHERE OR BY
1 ELECTRIC FOWER’)



RT~31

0283
0204
0285
02846
0287
0288

G289
Q290
291
02
07
0254
Q295
oRPE
0297
0298
0R99

0200

0391
0302

0303
0304
Q305
0304
0307
0308

0309
0310
K°C

mTOoOnNoO0n

aoaon

3100
217

216

300
312
C

¢

3101

320

PART THREE:THE.HIAHHTER OF THE DISTILLATION COLUMN (CM)

USING A SIEVE TRAY [291.
STREAMELZ 15 THE DISTILLATE

ORTRAN TV VOo1h~08

STREAMELS IS THE RESINUE
STREAM®12 18 THE FEED

BEASIS ONE. HOUR

WAL7=78, L2 L7401 ~F1734312 . 554
WAl3=78 12RP 13+ 01, <P L3112 . 558
ROGLZ=WALZR273, /3524 /T17
ROL13=F13/21 356244
QGL7=Y17/1000,/28.3146
QLIE=Z13/28.314

WRITECSy 2100 ROGLI7sROLIZYQGL7,QL13
FORMAT(Z /v 4 F 15, 82X))
WRITE(G»217)

FORMAT A/ 0¥y PWHAT 18 THE UALUE OF THE TR&Y
REGTH Sw 258) T8

FORMAT 19,532

£7=QL13/0G] 7*99“7(&”113/ﬁﬂh17)
IFCZZ~e 12300300312

A :

TE51=T8/2, 54

A= O06RTS 14,0388

BR=, 002535 TS 1. 00

39

FAGE 010

SPACTNG(TS

CFﬂ(ﬁriﬂlUH(I./22)+[K)°(( SIGA20 YR, 205 oRAHAADRE V5D

SIG 15 ASSUMER TO NE 22.9 (DYNEZCH)
Aliznal IH ASGILIED TG WD 1275

Cr=CARAALUGL L ZZ2) 4RI SRR, 5720038 . 2 2, 1270+, 0)

WRITESS 21010 BR Y OF

FORMAT C3(FEG,822X%))

VE =D SR T CROL IS Z7ROGL7 -1, )

USING 80% OF FLOONING

VE A= BAVF

AF=Q01L7/VFA

O=12 kSRRTCAFEA. /T 1415924042 ,.59
N=NBENT ’
WRITE(Sy 320Xy TS e

FORMAT(SX 2 TOUER DIAMUTER= yF7,29 2 (CMY 2 4% s Ti

1 F8.3  (CM) 724Xy "RUMBER OF llﬁ?L&ﬁ'rIS)
sToP
END

IN CMaen)

RAY SPACING='



000%

TTRR=T/Z1000%T

40

RT=-11 FORTRAN TV VOo1B--Q8 PAGE 001
C SURROQUTINES USED IN THIS FROGRAM
0001 SURROUTINE LMUSFR (FsRO)
C FOR CALCULATINMNG THE DENSITY OF LIQUID MIXTURE AT CERTAIN BRENZENE
c MOLE FRACTION AT 298, DEGREE KELVIN(KGAZCUBIC D)
- I WRITE(Gy1002)
0002 1002  FORMAT(SXy "IMUSPR?)
Q003 - DR=PRpP
0004 BT ebidy
0005 RO=B7292734,. 26006575 F -, 03553913024+, 003671437413
0006 FETURN
0007 EMI
RT-11 FORTRAN IV VO1E~0G8 FaGE Q01
o011 SURROUTINE TUSFR (T2
C FOR CALCULATING THE SATURATED LIQUID TEMPERATURE AT A CERTAIN
C BEMZENE MOLE FRACTION
‘ I WRITEC(S 1003)
Q00 100X FORMAT(SXy  TVSFR)
0003 Fad=rx
G004 FaZ=A2LE
0005 T=404, 437597 S81LS94XF+73 . 29629%5PA2-27  22487%F N3
0006 RETURMN
0007 END
RT--11 FORTRAN 1V VOIER-08 FHGE Q01
o001 SURROUTING HECUST (TeTRyHRHO)
(o Fore CALCULATING THE HEAT MEEDED FOR HEATIMG LIGUID BEMZEHE
C AND LIOUID CHLOROBENZENE FROM TR V0 T DEGREE RELVIN(KCALZRG)
I WRITE{Sy 1004)
Q002 1004 FORMATCSXy THICVET )
Q003 TAZ=T/300,%T
0004 TRA=TRALOD.ETR
0005 TAS=TAZ/10.%T
0004 TRA=TR2/100%TR
0007 HE= . 1036839%(T~TR)++ 100461 99%k(TA2~-TR2) /2,
I +.488006E-3X(TAS-TR3) /3.
Q008 HG= « OUR27277078T~TRY+ ., 091 72735K(TAZ-TR2) /2,
I 1209487 ~2K(TA3I-TREI /3.
0009 RETURN
Q0L0 ENI ,
RT~11 FORTRAN IV VOILR-08 : FAGE 001
0001 SUBROUTINE VAVST (TsHVByHVC)
' C FOR CALCULATING THE HEAT OF VAFRORIZATION OF BENZENE AND
C CHLOROBENZENE AT T DEGREE RELVIN (KCAL/KG)
n WRITE(S»100%5)
Q002 1005 FORMAT(GXy VAVUST )
0003 ’ TR2=TALO0 T
0004 TRI=TR2Z100.%T
00085 HUlt=—= 1987, 4294146 431428 T-4 . 277849RTR24 s 34HEGEHORTRE
0004 HYG=205 361903642478 T+. 0492419 L%TR2
0007 RETURN
Qo08 END
RT-11 FORTRAN IV VOI1E-08 FAGE 001
Q01 SUBROUTINE DRECVST (TeDHLDC)
c FOR CalLCULATING THE DENSITIES OF LIGUID BENZENE AND LIQUID
c CHLLOROGENZENE AT T DEGREE KELVIN (RKGACURBIEC DiM)
n WRITE(Gy1007)
0002 1007 FORMAT(GXy 71IRCVET )



0004

0005
0006
0007
0008

41

TOZ=THR/100 . %T

IR=1 o 4471 7= OOZE07 7094+ 7723703E -3 TH2~, 81LAB140BE 4% TH3
IC=1,654298~, 0032451 43X T+ 46PBI0IE-ZKTNI2~, 4OFAPFAE~AXTIDS
RETURN

ENDI

DX SSURZ s TTE=NX1ISURR/L 1L W

0002

0003
0004
Q005
00046
0007
0008
Qo0Y
0010

RT-11 FORTRAN IV Voin-08 PAGE 00)
000, SUBROUTINE DISE (XFrRsFPAsFIGyFIZsPLASNBsNT» Fy JIUM)

C FOR CALCULATING THE MOLE FRACTION OF THE ROTTOM FRODUCT AND

S THE DISTILLATE COMROSITION

C BINAGRY NDISTILLATION USING MC CABE-THIELE ASSUNMPFTIONS

G FURFOSE S

C THE TWISTILLATE COMPOSEITION I8 DETERMIMED USING & TRIAL aAND ERROR

C TECHRIQUE, THEM THE ROTTOM COMPOSITION IS DETERMIMNED BY ANOTHER

TRIAL AND ERROR CALCULATION . REGULTS FOR EACH PLATE ARE PRIMNTIED
DESGCRIPYION OF IMPORTAMT VARIARLES?

D USETDD IN THE TRIAL aAMND ERROR CALCULATTIOMN TO REFR
THE ERROR TN THE FINAL SULT AFTER EACH TRIAL GTHE OBJECT
IGC TO DRIVE THLS VARTAR TO ZERQOLIN THE RECTIFYING ?FCTT”N T
REFRESENTS THE DIFFERENCE BETWEEM THE COMPUTED. DXSTILLATE COMP,
AND THE ASSUMED DISTILLATE COMb, IH THE THE STRITPING uhLIiUNyIT
IS THE DIFFERENCGE BETEYEN THE COMPUTEDR BOTTOM COMP, ANl THE
ASSUMETR ROTTOM COMFOSITION.

LEENT

Fi THE FRACTION OF THE FEED WHICH I8 VAFDR.,

NE NUMBER OF IDEASL PLATES IN THIZ STRIFFING SECTIOM(EOT.)
NT: NUMBER OF IDEZAL FPLATES IN THE RECTIFYING SECTIONCTORM)
R REFLUX RATIU

SL.3 SLOFE OF THE OFERATING LINE IN THE STRIFFING EECTION.

X AND AaX: AN ARRAY TO REPRESENT THE LIQUID COMPOSITION LEAVING
THE FLATES.
XE3 RESIDUE COMFOSITION.

XIg COMFOSITION OF THE OVERHEAD FROIUCT. .
XF3 MOLE FRACTION OF THE LIGHT COMFONENT IN THE FEEI,
Xs! ©OTHE X=COORDIMATE OF THE INTERSECTION OF THE FEEDR

LINE aND THE OFERATING LINES.

Y ANII YY! AN ARRAY TO REFRESENT THL VAROR COMPOSITION LEAVING
THE FLATES.

QUTFUT ,

1. ECHO FRINT OF INPUT VARIABLES (ReXFeF e NEyNT)
2. VALUES OF THE GUESSED UaARIABLE (RECTIFYING SECTIONIXI

STRIFPING SECTIONG XBy ANDI CTHE ERROR FOR EACH TRIAL )

Je« THE flUUID AND VARFOR COMFOSITION FOR EACH FLATE.
LIMITATIONS: THE TOLERANCE FOR D HAS BEEN SET TO 001
HAIN thGhﬁH.

DYMENSION X(ES0) s Y(EOI o XTHCGO) s AX(S0) o YY(GO) v CCEO) 1 XE(HO) v
1 XX S0y v SISOy D(EOY

WRITE(G1008).

FORMAT (OXs “NTSH)

FORMATC/Z1IQHIRECTIFYING SECTIONS)

FORMAT CALHOOFERATIMNG LINE YINTERSECTS FEED LINE AT =¢F7,4)
FORMAT CLISHONISTILLATE COMF W sF10ArAXy SHERROR Sy FL10+5)
FORMAT C1OHOPLATIE X Yr/lIAyFQedrF9e4))
FORMATC(/ZiSHISTRIPFING SECTIONS)

FORMATCLIIHOBOTTOM COMFI yF10+49AXr SHERROR: 2 F10%)
FUORMAT(Z10HILATA ECHOASH B =sF 7.4 30 s AHXE myF7 cAr/S5H F meFéd o3y
1 /5H NB=eIZXs7XyAHNT =¢13)



0011
0012
0013

0014
0015
0014
0017
RT-11

0018

0019
0020

0021
0022
0023
0024
0035
00246
0027
0029

0029

0020
0031
00232

0033
. 0034
0024
" Q0346
0037
0038
0039
0040
0041
0042
0043
0044
0045
00446
0047
0048
0049
0050
0051
oon2
0053
0054
Q0SS
Q054
0057
0058
Q0%

0040

0061
0042
0043

42
IF (IIUK-2) 5G4957957

b6 WIRITE(SH 1) ReXFeFyNESNT
a7z CONT INUFE
C RECTIFYING SECTION
IFCINUM-2) S8r59+ 59
i1 WRITE(S 2D
a9 CONTINUE
XKIn€1d=1. .
FORTRAN IV VO1R-08 FAGE 002
XDy = (1 b XFY /2,
no 41 J=1,%50
Y{HTY=XAN()E1)
C THE NEXT STATEMENT CHECKS Fo IF IT 18 ZERD THEN X5 I8 SET
c EQUAL TO XF AND TReHSFER 1% MADE TO STATEMENT 1%, THIS av0ins
C NIVISION BY ZERD IM STATEMENT 4.
IFCF) 14:10+14
10 XG=XI
G0 TO 19
14 XG=(XF/F=-XDCD ZCRALONI/IRACRAL 4L =FI/F)
14 JECINUM-2) 40v61 1 Hd
&0 WRITE (L ¢3) X8
41 CORT 1ML
X€1)=XG
C NEXT &:T(ﬁ‘“ﬂf HTS PRERFOEM CALCULATTIONS UP‘ THE PLATES IM THE
C RECTIFYING SECTIQM,
no 20 ]'-'-=1rHT
C THE EQUILILERIUM RELATIONS
XRK=X ()
CALL LIXY (XKEKs¥YYYrO)
Y(I)=YYY
C FOLLOWING STATEMENT ISIEQUATION FOR RECTIFYIMG OFER. LIMNE
XCI43 =YX YRR 2 AR=-XN(41 A
20 CONTLiE
XNCH1)=XI( g+ 1)y-X5
D1 )mXX(2)
BOJEL) =X ANTHFL)=X0(I41)
IFCARSCUCILI) I=0,001) 2792725
25 IFCJDUM-2) 629863460
4 WRITE(GyA)Y XNCJ+I) o DCIERLD
&3 CONT YRS
A=XIC L) =X
AA=ALRG(N)
IF(XX IR0+t ) 90,98,99
¢8 XDCJH 2 =X0C LY Hans2,
GO 10 38 i
e IFCNCDH1) 142 131»112,112 e
132 GO TO 42
111 CONTINUE
IF{H(J'J)) P5yP5 97
3] XDCIF2)=XD{J+F1)-An/2.
GO TO 38
w7 XDy =X+ 1) 0B/,
34 IF(XNCIER2Y-1,) AlyA2r42
A2 KOG IE2)m (1 +XDCIELY ) /2,
11 CONTINUE
27 IFLIDUR-2) 64165145
64 BRITEC(G YTy (LpX(NT~141) s Y(NT-I+1) s I=1NT)
&5 CONTYNUE
Pag=XI(J+1)
C
c
C STRIFFING SECTION
IFCINUN-2) &b61867 267
66 WRITE 2 6)
67 CONTINUE
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0064 AX(1)=XE :
RT-11 FORTRAN 1V VO1E-08 7 FAGE 003
0045 XB(1)=0.0
00466 XB(2)=XF /2,
0047 YT=RZCRHL ODIRAXCLYHXTICIHELYZ(RE1 )
0048} Do 52 Js=1y00
00469 40 ELOD) = YT=XI (1)) 7 (XE-XBCJH1) )
c HEXT STATEMENTS FERIORM COLCULATIONS DIOWN THE FPLATES IN THE
C STRIFFING SECTION.
0070 Do 4% I=1yNGEHL ‘
Cc HEXT STAHTOHMENTITHE EQUATION OF THE STRIFFING OFERATING LIME
0071, YYCIH1)=AX Lo ASL G AXBOUHID 0L o =51LC00 )
C THE EQUILIEBRIUM BELATIONS
0072 YYK=YY{(141)
0073 CalLl LIXY (MXKyYYRe1)
0074 YA G E D T AN
Q070 A5G CONT L
0076 COIY=AaX (N 3 -XBECI41)
- Q0%7 IF (ARSI O Y=o Q001 ) BUe D050

0078 LG IF(JOU-2)48: 6% v 67
007% &6 WRITECGy 7Y XB(UHL.C00)
Q080 4% CONTIRUE

0081 : FaX RO 1) XR D)
oog2 ER=ARG (1)
opps TECCCIY-XR() ) 1302231 -131

oGs4a 131 GO TO 120
008l 130 CONTINUE

0084 IF(CCIY) 1005120121

0087 120 b OLEGIESCD ERD 9 LRGN E & AN ) LF e '
ooey GO 10 L2

0039 1213 P ENERED ED VI ES D E B () IV ec

0090 L2 COMNT Y

0091 G5 YGTART=RTH]

00972 TEND: =N EBANT

0093 IFCUNUM--2) 73572472

0094 71 WRITECHS) (FetXCY=NTH1Y s YYCT-NTHLY 0 X=I8TART » TN
GOPT 2 CONTINULE

0094 PLG=XE(J41)

0097 FLE=YY (N1

0098 F13=aX (N

0099 WRITE(Gy 28 AF«PALF10

0100 75 FORMAT (/7 2%y “FEED COMFOSITION =/sF8.4r2Xy ' XIsF4=7 1 8, 4y 2%y
1 XE=P1G=¢3F8.4)

0101 RETURN

0102 END v
RY-11 FORTRAN IV VO1E-08 o FAGE 001
0001 SUBROUTINE LIXY (XErYEsK?

0002 DIMENSYION XC23)yY(20)

0003 XCLy=—-100,

0004 X(2)=0,

0005 X(3)=,003

0006 XC(A4)=,103

Q007 XY= o 1G

0008 (&)=, 192

0009 X(7)=,20

0010 X(8B)=,296

0011} X(9y=,3%

o012 XC10)=, 399

0013 X131 )=,45

0014 X(12)=,514

0015 : XO13)= 55

0014 X(14)=,0591

0017 X{18)=,643

0018 X(14H)=.604



0019
0020
0021
0022
0023
0024
0025
0026
0027
0028
G029
0030
0031
0032
03¢
0034
0035
0034
00u7
[o]43687]
00»! ’
[eloX:1¢}
o041
0042
0043
0044
00As
00446
Co47
0018
004y
0050
041
QOn2
Q053
Q0L
00uS
0056
00L7
RT-11

0058
QoLY
0060
0041
0062
0063
0064
0045
0044
00467
0088
0049
OO0
*

X(17)=.703
¥(18)=,786
X(19)=,804
X(20)=,884
X(21)=,90
X(23)=100.,
Y(1)=--100,
Y(22=0.0
Y(3)=417%
Y(4)=.31
Y(\.;)' (4»’
Y(4)=,48
Y(7)=.57
Y(B)=,4629
Y(P)=.69
Y(10)=,731

CY(11y=,.777

Y{12)=,819
Y(13)=,84
YC1A)=, 840
Y(I\J)“’l {JI_J.Z:
Y(16)=.904
Y(317)=,214
Y(18)=2,943
Y(19)=.901
Y(203=,972
Y(213=.,99Y1
Y(22)=1.0
Y(23)=300.
IF(RY 15152

] no 130 =10 21
TFCXE=-XCJ))Y 132¢3114130
110 COMT ENUE
111 YE=Y (.
GO TO 200
112 IFC(RE=X()=33)=,001) 10-10+11
30 YE=Y {(d~-1)
GO TO 300
fUhThﬂH Iv Voi1n-08
i1 YE=Y (=104 (YD) =Y (=10 )/ (X0 ~XOS- 10D I RAXE-X (J-1) )
GO TO 300
2 ng 210 J=1.21
IFCYE-Y (D)) 212,211,210 ,
210 CONTINUL 3
211 KE=20(J) P
GO TO Z00
212 IFCCYE=-Y(J-13)-.001) 20:20,21
20 KiE=X -1
GO TO 300
21 KE=XAd-1 )+ XD X J- 1))/(Y(J) Y A-1D H(YE-Y (1))
300 RETURN

ENT

FOHGE
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002
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C) Results of Computer Simulation

The results obtained, from the mini-computer, for the different
investigated computer runs, are shown 1in the next pages, and followed
by Table 2 which represents a summary of operdting conditions and
results for those runs. In the result we have:

1) The input data presented as questions;

2) The feed, distillate, and bottom product compositions given for
each iteration;’

3) The trial and error procedure, for determining the composition of
the enriching and stripping section, presented with the fipal tray
to tray composition at steady state;

4) The distillation feed, distillate, and bottom product composition
given with the number of iterations, coaversion per cent, residence
time, concentration, and mass flow rate of stream 4 and 12 at
steady state;

5) The material and heat balance, which describe each stream in the
flowsheet, shown in Table 1 and 2, respectively;

6) Vinally, the tower diameter given with the tray epacing and the

number of plates - including the reboiler.

-



RUN 1

RUN TX13LOAD

ik MR TN CLURIC INd)
ME REACTORFRE TR BARD
OF THID REACTORCTRR Xel )
STAMT ORAA KRG MOLEZRG MNLE L

THE
THE
THE e
THE hh 'E S

S RELUVIND

AND THE HEAT OF REACTIONCGHE TN KCALARG MOLE

B4

o2

A,
318,
L0011
$1201.

THID NUMBESR OF TRAYS TN THE

lJIMT }‘

3}

T THE FEED STREAM

AL THI WETGHT OF CATALYST ARLED AT THE

\-JG
"?

e
.&3
SO0
00{)4’ ]

FEEZN CIBIMUEITION = 0,4089  XD=Pds ],
FEED COMPOGSITION = 047463  XD=Fa= G,
FEEL COMPOSITION =  Q.7876 XD=fd= (.
FEED COMOSITION = 0.7890 XI=fdas 0,
FEED COMPOSITION = 0.804% XD=F4= 0,

FEED COMPOSITION = 0.8157 Xh=kP4= 0O,
aTs ECHD

Ko ©.2800 XF o= Q.8157

F o= Q.000

NF:= 3 . NT = 2
RECTIFYING SECTION

OFERATING LINE IHTERSECTS FEED LINE AT
DISTILLATE COMP.$ 0.9079 ERROKS
QPERATING LINE THERSECTS FEED LINE AT

DIGTYLLATE COMP. 2 0.903% FRROK S

SVRTFE TG SECTION M)
(TS TN THE RECTIFYING SECTIONOAMT

RIe W)

UHﬁ IS Thr IMLET BENZENE FLOW RATE(VL IN CM CURE/ZBED)

CHARGIEO/SED)

START N2 ITH KOY¥

0000 Xk=Pins
PEGY NP1l
QHGF T Xfp=p s
9458 xampy&m
Q702 XE=fl1%5=

9723 XB=F 18w

= (,8157
O A&047
QL8157

0+ 23033

D BOCT

Q5309

0.3418

0.34083

03940

044031
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OFERATING LIHE INTERSECTS FEED

DISTILLATE COMF

OFERATING LINE

NISTILLATE COMP

OFERATING LINE

DISTILLATE

OFERATING LINE INTERSECTS FEED

MISTILLATE CONF

OFERATING LIMNE

DISTILLATE COMF,

DFERATING LIME

DISTILLATE COMF

OFERATING LINE INTERSECTS FEED

FLATE X

10,8820

2 0.8157
STRIFFING SECTT
CBOTTOI CONF
BOTTOM COWE
EOTTOM
BOTTOM COMP S
ROTTOM
ROTTOM COMFS
BOTTOM COME!
BOTTOM COME:
PLATE X

3 0.7802

4 0.8574
O 0.4030

CoMe

009770
INTERGECTS FEET
W 0.9654

INTERSECTS

% 09718

. 0.974i

THRTERSE

INTERSECTS FELED

.t 0.9719%

Y
Q2724
Q9542
O

0.4079

0.2039

0.3059

0.33546%9

0.3824

03901

0. 4010

0.4047

Y
0:+9410

0.8947
0.7346

CTS FEED

0.9726

RUN 1 (CONT'D)

LIN
ERR
LIM
ERF
FEED LIN
ERR
LIN
ERR
LIN
ERE
LIN
EFR

l.1H

ERROR
ERROR S
ERRORS
ERKOR:
ERRORS
ERRORE
ERROR

ERROR G

E AT

(R

E AT = 0.

ORe

E AT = 0.

o2
E AT =
O e

E AT

s

EoaT = 0.

(B}

E AT

=04 0050
022740
Q. 1139C
0.05508
0.02488
O 00908
0.00184

=0.00204

= 0.

= 0,

2157

~0.04034

8157

0.07220

8157

G0.01209
0.8157

=0.,01811

8157

= Qe QOIG0

8157

0.004508

= QL H1G7

FEED COMFOSITION = 0.8157 XD=P4=  0,9723 XE=Ri%= 00,4031

FOF YTERATION=

= 0 297E-04

84= 0.202E-04

&  CONVERSION % =

Cizs

FA= 0160E-02

0. 106E-01 P

L=

16.00

L5t

REBIDENCE TIME=

O.8242

0.1446E-02 P11

P4

L=

09723

04031

B& U7
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RUN 2

RUN DIX1:i.0aD

WHAT IS THE INLET BENZENZ FLOW RATECSL IN CM CURE/SER)
THE REACTOR VOLUME (VR TM CURIC DN
THE FRESSURE 1H THE REACTORC(FRR IN BAR)
THE TEMFERATURE OF THE REACTORCTRR IW DEGEUE KELVTND
THE RATE CORSTANT (RAA KG HOLE/KG MOLE NE CHARBE/8EC)
AND THE HEAT OF REACTIDNCHR TN KCAL/ZKG MOLE)®

80
@

31201,

WHAT I8 THE RUMDER OF TRAYS TN THE STRIFFING SECTION(ZNE)
THE MUMBER OF TRaYS IN THE RECTIFYING SECTIOMNCZHT)
THE REFLLIY RATIOCRKD
THE aCCURGSY NEEDED IN THE FEED STREAM(AAD)
GNDD THE WELXGHY OF CATALYST ADRED AT THE START(FZ IN KG)IT
3.
2.
o5
+01
+00135

[
4

0.46589 XU=F4= 0.94464 XB=P1l5= 0.1802

il

FEED CUﬁPUSITIUN
FEED COMPOSITION ﬁﬂ Q7294 XD=P4= Q.94625 XBE=P10=  0.20052
FEED COMPOSITION = 6.7?14 XnﬂPﬁﬂ 0,9701  XR=P1d= 0.2230
FEED COMFOSITION = 0.7988 XD=P4= 00,9754 XBE=P1S= 0.2403
FEED COMFOSITION = 0.81§7 Xp=fF4=  0.9791  XB=P1G=  0.,2%575
FEER COMFOSITION = 0.3335. XD=Pam Q. 981G XE=P1Ss  0,2719

FEED COMPOSITION = 0,8450 XD=fF4=  0,92830 XbB=F1%= 00,2804
LATA ECHOD



RUN 2 (CONT'D)

/o= 0.5000 XF = 00,8450

F o= 0.000

NE= 3 NT = 2

RECTIFYING SECTION

OFERATING LIME INTERSECTS FEED LINL AT = 00,8450
. DISTILLATE COMP. 3 0.,9228 ERROR Q. 23247
OFERATING LINE INTERSECTS FEED LINE AT = 0.8440
DISYILLATE COMP.? 094612 EFRO 0.11623
UFERATING LYINE INTERSECTS FEED LINE AT = 0.8450
DIGSTILLATE COMP.? 0.98067 ERRORS 0.01114
QFERATING LLIME INTERSECTS FEED LINE AT = 0.8430
DISTILLATE COMF .3 0.9203 ERRORT  —0.03374
OFERATING LINE INTERSECTS FEED LINE AT = 0.8480
DISTILLATE COMF. 09855 ERRORS  -0.,01131

OFERGTING LINE INTERSECTS FEED LINE AT = 00,8450

FLATE % Y

1 0.9207 0.9830
2 0, 8450 0,9623
STRIFPFING SECTION

ROTTOM COMIE 0.4220 ERROR: =0Q.15%962

BOTTOM COMF? 0.2113 ERROR$ 0.07602

BOTTOM COMP e 0.2146%9 ERROR:  -0.03924
ROTTOM CORE S 0.2641 ERRORS 0.01808%5

BOTTOM COME: 02905 ERROR?  =~0.01007

BOTTOM COMFE  0,2773  ERROR:  0,00442 .
BOTTOM COMI':  0.2839  ERROR: ~0.00281
PLATE X Y

3 0.,746879 092270
4 0.55640 O.B486
5 0. 2814 G 6102

FEED COMPOSITION = 0.8450 Xh=P4= 00,9830 XHE=P15= 00,2804
$OF ITERATION= 7 CONVERSION % = 13,48 RESIDENCE TIME= 70.84
§13= 0.370E~04 C13= 0.112E-01 Fi12= 0.8543 Fa= 0.9830

G4= 0 2706~04  Fas 0.217E-02 Z4= 0.1$7E-02 Fi15= 0.2806



51

- doit

6 =SALYT 40 YSHWON {KD)OFB TT  =ONIDVSS AWML (W23)£9'%  =MILINVIO NIMOL
ogeeT
(WO NI SL)SNIOYAS AUNL 3HL 40 3079n IHL SI ivHM
MIMO4 JIMLDZT3 A9 MO IMIHJSOWLY INO 1Y WYSLS AZ INGT ST ONILYIH
TO 3IS08'0 ZO-FACST0 0*ETE 0*£6T £E
£0 ASTT*O _ DO =Rl 0°£08 0'26T o
£0 IVLLO TO-H70£* 0 0'50% 0rrer ot
0£* T £0 ITLI'O £0-3909°0C 1
zT'0 2O 3£6T°0 v0-3696°0 ‘ 1
£0 ALGEO TO~FETT*O 0*108 0°'T4T g
(M (WO INVNOS) (338783 (DIF/OM) (NINTEN 3FNEID (NINTEY 33¥O3M
TIYM MDTS S8YW  FLYH MOTIH SEYM
y3Mod CENY WYIILE NMILYM  ONITO0D  IMOLVNIZNFL 13TAN0  INNIVNILWIL LIINI  # WY3NLS
CIANYTIVE LYIHIE 3TEVL
£ INY PEAWVILS 40 1H504W00 ST fTiWuIMNLS
MISNICNOD FHL NOMd ONIWDD (INIMOTHO NV TOH)ISIEWH ZHEVSNIINGI-NON ZHL SI vTEWVENLS
(734) SYS NY (INIZNITONO0THI ONY INIZNIED) GINDITL40 TIS04HCI SI $HHYIMLS
ATND LN¥WLS 3IHL LV II00Y LSATWIVD 3HL SI THAYIHLS %
0*B6T 50-356° 0 £0-3846°0 TO 3FEOT'O FOHE*0 1 52
crece t0-2BT 0 To-2LIZ00 10 3£6T°0 0£86°0 1 1z
ST ERg FO-20 100 C0-3801°0 00 F£846°0 © 0£B6*0 5 0z
C*ESE rO-3JTY 0 ZO-20TE°0 IO H$6T° CEES*D . 1 &1
o1 GeEng FO-ZTE 0 ZO-HGIE'0 v HAIELC0 GERSEO ' A LT
0°'% AR PO-HBG' 0 TO-ALEG70 $0 ARHT0 TOTS 0 N 91
T*Tee 50-36L4°0 £O-TBL5°0 10 ASOT*0 GOET* O 3 5T
8*L98 rO-345 0 TO-ATES O TO F66900 ovPi* 9 £1
908 : TO-AZOE O IO HLBECO £U0R10 7 ZY
0*8IL £O-IR0LT 0 . 10 3/88° E¥58°0 gl oY
0°86C £O-INTL 00 ASEL*O 3LNTIIT T3H T é
0 86T G0 00 0 ML 7 8
0°1 CBTE GO-3ét 0 $O-5081T £0 HOET'O Q1Y SIMOHIOMIAH 8 ¢z
0% 0*]IE PO~ETH 0 FO-FOTE0 £O ACEL0 SYQ TTOH NV £vEE°0 947 ?
0Bz YO=HABT* 0 I0 IL46T°0 0EEG*0 g v
0's 0 86T GO~AVL*O TO FSFL'O (SYH INTMDTHD) ] ¢
0° 84T ATINOHD IIHYTL £ z
08 0° 86T BO-354°0 00 HOSR*0 0000° T 1 I
(MUY (NTATEAN ) (335/370K 9M) (338700 (JuS/K3 JTAND)

JENGE3NLd  FUNIVUALWIL  Zlwd RO H9TI0W Fivd MO0 S3VW 3L 074 JIMLIWNTI0A  3INIINIT . 40 NOILOVHA 370K 38YHL & WYIYLS

a,INOD b
(IONYTIVE TYINILIW T ITEYL (@ ) T N



RUN 3

RUN LX) LOAD

WHAT 185 THE INLET BENZENE FLOW RATE(L IN CM CURE/SEC)
THE REACTOR VOLUME(UR IH CTUBIC D)
THE FF Helm THOTHE READTORCPRE DM BAR)
THE TEMFERATURE OF THE REACTORCTRE Y UEG
THE RATE CONSTANT(RAS EG MOLE/RG MOLE BETE
AN THE HEAT 0F REACTION(HR IN RCAL/RG MOLE
85
el
4
318.
Q011
J1201 .

KELYIH)
B CHARGENSSEC)
»T

WHAT 18 THE NUMEER OF TRAYS IR THE STRIFFING SECTION(ZNE)
THE NUREBER OF TRAYS IN THE RECTIFYIHG SECTIUNCZNT)
THE REFLUX RATIOGRR)D
THE ACLORALY MEELED IN THE FEED STREAM(AA)
ANT THE WEIGHT OF CATALYST ADDED AT THE START(F2 IN KGY¥
3,
2,
« 73
.01
+O015

FEED COMPOSITION 0.86589 XD=F4= 0.92547 XE=F13= 00,1274

L
L

FEED COMPOSYITION = 0.7332 XD=F4= 0,94682 XE=F15= 0Q.13735
.FEED COMROSITION = 0.7789 XD=P4=  0,.9758 XB=F18= 0.1533
FEED COMFOSITION = 0.8058 Xi=P4= 0.9810 XB=F10O= 0.1873
FEED COMPOSITION = 0.8243 XD=P4= 0,9834 XE=F15= 00,2017
FEED CONFOSITION = 0.8412 Xo=f4= 00,9851 XE=F15= 00,2152

FEEDR COMFOSITION = 0.8530 Xi=P4= 0.98468 XNE=FiO= 0.2364
DATA ECHD

R 07500 XF = 0.8830
F 0000
N 3 NT = 2

nop

B

[



RECTIFYING SECTION

OPERATING LINE INTERGECTS FEED

DISTILLATE COMF.$

OFPERATING LINE INTERSECTS FEED

DISTILLATE C0OM. 2
OFERATING LINE
DISTILILATE COMP.
QFERATING LINE
DISTILLATE COMF.
OFERATING LINE
CIISTILLATE COMP. ¢
OFFERATIMG LINE
DISTILLATE COMF.«3
ODFERATING LINE

BISTILLATE COMF.2

OPERATING LENE TNTERSECTS

PLATE X Y
1 Q9347 0.99
b 0. 8530
STRIFPFING SECTION

ROTTOM COMFE

BROTTOM COMF3 0.21
0

BOTTOM COMF
ROTTON COMF:
BOTTOM CONMPI
PL?TE X Y

0.7472
05014

[ 4 IS 44

FEED COMPOSITION =

$0F

ITERATION= 7

§13= (.3931-04

§4= 0,299E-04 Fé=

INTERSECTS FEED

INTERSECTS FEED LINE

INTERSECTS FEED

INTERSECTS FEED

INTERSECTYS

0.2664

0.2399

Cid=

RUN 3 {CONT'D)

LINE AT = 0,833

0.9245 ERROR S 0.171%

LINE AT = 0,853

09632 ERROFR 0.,0857

LIME AT
ERROR

0.9814 0.016%

AT =
0,9908 ERFOR
LINE AT = 0,852
0. 9842 ERROR !

LINE AT = 0,853

0. 9835 ERROR:  -0.000

FEEDR LINE aT
0.9874

ERRORE  -0.0017

FEEQD LIHE AT =

&8

0645

ERRORE: =0.21903

32 ERROFR 0.01504
ERRORT -0.,09981
ERRORE -0.04198

ERROR: -0.01338

0.9294
0.8108
Q2274 0535

Q

08330 XD=P4= 0,9068

CONVEREION Z = 12,86

0,114E-01 FPl2=  0.8627

0:234E-02 Za= ¢,213E-02

= 0,853

0
2
O

4

= Q,8530

3

0.8530

=0.013270

0

0.00192

{

39

0

4

Q. 83530

XHa L G

RESITENCE

[BF/E

P15

02268

TIME=:

0.9868

02266

67,09

53
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RUN 4

RUN 13 LOAN

AT IS THE  ITMLET BEMZENE FLOW RATE(YL IN CM CURE/SES)
\ CTOR QOO 1IN CURIC LD

CHsURE TN THE REACTORCFRR TH BAR)

THE TF eHTURE OF THE REACTOR(OTRR IH DE CORELVIM

THE ROVE COMSTENT OREs KRG MOLESRG MOLE BEHGENE CHARGELDASER)
ANDE THE MEaT OF REAGTIONCHE IN KCALARKG #MOLE T

[ 1

4,

J18.

001

21201,

THE
THE Il

WHAT T8 THE MUNEBER OF TRAYS IN THE STRIFFING SECTION(INR)
THE RUMBER OF TRAYS 1IN THE RECTIFYING SECTIOHCZNT)
THE REFLUX RATIOCRID
THE ACCURACY MERTED I THE FEED STREAM(OAA)
AND THE WEIGHT OF CATALYST ADDED AT THE STARTF2 IN KRG ?
3
2
1.
+ 01
001G

il

FEEL COMPOSITION 0.6589 XD=F4= 0.2887 XbB=P1G= 0.1081
FEED COMFDEITION =  Q.7347 XD=fP4=  (,9715 XE=P1G= 0.120%
FEED COMPOSITION = 0.7788 XD=P4=  0.9784 XE=P1l35= 0.1308
FEED COMFOSITION = 0,8081 XD=P4w 0,830 XBE=F18= 0.1421
FELT COMPUOSITION = 0Q.829% XD=P4sm Q. .9BEE  XB=P1G= 0,1491

FEEDN COMPOSITION = 0.8451 XD=P4=  Q,9873 XB=Pil= 0,1717



RUN 4 (CONT'D)

FEED COMFOSITION = 0.8574 XD=F4=
DATA ECHO

R = 1.0000 XF o= 0,8574

F = 0.000

NIt= 3 NT = 2
RECTIFYING SECTION

OFERAGTING LINE INTERSECTS FEED LINE A
DISTILLATE COMF. 0.9287 ‘ ERROR G
OFERATING LINE INTERSECTS FEFD LIME A
NDISTILLATE COMP. 3 0.94643 ERIEDR
OFERATING LINE INTERSECTS FEED LINE A
DISTYLLATE COMF. 0.9822 FROR S
OFERATING LYMHE INTERSECTS FEED LINE A
NBISTILLATE COMP, 0.9911 ERFOR
OFERATING LING INTERSECTS FEED LINE &
NISTILLATE COMP, ¢ 09846 ERFEIR
OFERATING LINE INTERSECTS FEED LINE A
FLATE X Y
1 09430 0, 9890

2 08574 09657
STRIFFIRG SECTIONM

0.9

T =

T ==

T =

889  XEw=F1Gm

0.857
0.1424
Q.87
0.071%
0.857

Q0172

4

4

0

4

1

T = 0.8574

~0+ Q0G4S

T =

T =

0.847
0.0058

0.857

BOTTOM COMP: 0.4287 ERRORY  ~0.27870

BOTTOM COMES 0.2143 ERROR:  -0.02102

BOTTOM COMPS 01072 ERRORS 0.09192

BOTTOM COMPE 01608 ERRORS 0035468

BOTTOM COMMI 01874 ERRORS 0.00739

BOTTOM COMF 0.2010 ERROR:  =0.004680

FLATE X Y
3 0.7291 09231
4 0.AG78 O.7821
] 0.1946 044840

FEED COMFOSITION = 0.8%574 XD=F4=

$OF ITERATION= 7 CONVERSION %2 = 12,53

512= 0.406E~-04 C12= 0.115E-01 P13=

S4= 0 311E-04 F4= 0.,244E-02 Z4= 0,

0.9

noo
A e e

a89 XE=fr g 5

0.8472

E-Q2

4
5

4

RES I DENCE

Fa=

BEE

0.1943

0.1943

TEME=

0.9889

0.1943

65414

56
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RUN

RUN DX1:L0OAD

WHAT X8 THE INLET BENZEME FLOW
THE RECACDTOR QOLUME VR TN CURITC IM)
THE FIt PRE W THE REACTORCFRR TH
THE PTLHRE OF THE REACTORCTRR
THE COMSTAENT (RAS KOG MOLEARG MO

ANTI THE"HEQT OF REACTION(HE I RCal.siG MOLED)Y T

«OG1L
J1L201,

WHAT 1% THE NUMRER OF TRAYS TN

THE REFLUX RATIOCRR)

THE ACCUHRACY NEEOED IN THE FEED TR
AND THE WELIGHT OF CATALYST ADDED AT
2y
3

¢ 25

+ 01
JOOLE

FEER COMPOSITION 0.60582 XD=F4=

I

FEED COMFOSITION = 0.712% XD=pPas
FEED COMFOSITION = 0.7445  XD=pas
FEED COMFOSITION = 0.7649 X0=F4:=
FEED COMFOSITION = 0.7790 XD=F4=

FEED CONFOSITION 0.7890 Xh=P4=
naTa ECHD

o= 02700 XF o= 00,7870

F = 0000

Niz== 2 NT = 1
RECTIFYING SECTION

il

5

BOTEV]

B4R
I 1

.E RENZ

IN CM CURE/SES)

. KELVIN)

NE CHARGED/SEC)

THE STRIFFING SECTLIONCINED
THE NUMEER OF ThkaAYS IN THE RECTIFYTHG SECTIOHCZNT) '

FaM Can)

THE STARTF2 TN KGO T

0. 8954

05175

0.9267

0.93457

0.9404

0.R444

X B 15
XRFip ] S
KB 15
KB 1 5
X1 G

X Ry 5

OFERATING LINE INTERSECTS FEED LINE AT = 0.78%90

DISTILLATE COMP. S 08945 ERRO

e 0.2

A917

0.353%9

0, 3980

042464

04437

0,457%

0.471%

58



RUN 5 (CONT'D)

OPERNATING LINE INTERSECTS FEED LINE AT = 0.7890
DISTILLATE QOMPE. 3 0.9472 ERROR: =0.01461
OFERATING LINE INTERSECTS FEED LINE AT = 0.78%0
DISTILLATE COMP.? 0.220% ERROR 0.11728
OFERATING LIMNE INTERSEC}S FEED LINE AT = 0.7890
DISTILLATE COMM.? 0.9341 ERROR 0.05134
CPERAGTIHNG LINE INTERSECTS FEED LINE AT = 0.78%20
DISTILLATE COMF. 0.2406 ERREOR 0.01837
OPERATING LINE INTERSECTS FEED LINE AT = 0.78%0
DISTTLLATE GO, 8 0.%243% ERROR ¢ 0.00188
OFERATING LINE INTERSECTS FEED LINE AT = 0.7890
DISTILEATE COMM.t O.9404 ERROKD 0, 005634
OFERATING LINE INTFRIVCTS FEED LINE AT = 0.78%90
DISTILLATE COMP. ¢ 0.9448 ERRORE:  —0.00224
OFERATING LIRE INTERSECTS FEED LINE AT = 0.7890
FPLATIZ X Y

1 G FE20 09443
STRIMFING SECTTION
ROTTOM COMF S 0.394%5 ERRORS 000747
BOTYOM COMEMY 0.5917 ERRORS:  ~0.14911
BOTTOM COMF 2 0.4931 ERROR: ~0.02518
EOTTOM COMPS 0.4?38 ERROR? 0.03215
BOTTOM COMPS 0+4685 ERROR 0.00379
ROTTOM COMMS 0.4808 ERRORE:  -0.01041 "
QUTTGN COME 2 04744 ERRORS -0.0033%
FPLATE X Y

2 . 7013 0.9133%
3 0.4717 0.7913

FEED COMPOSITION = 0.78%0 XO=F4= 0.94494 XR=P1%5= 00,4715
F0F ITERATION= & CONVERSION 4 = 17.43 RESIDENCE TIME= 95,92
§12= 0.2863E~-04 C12= 0,101E-01 F12= 0.7%464 Pa= 0.2444

§4= 0.168E-04 Fa= 0. 13GE-02 Z4= 0124E~02 F15= 0.4715
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RUN

RUN DX1 L0040

6

WHAT I8 THE INLET BENZENE FLOW RATE(UL IN CM CL_Ei—':IE.'/EZ-iIE.'C‘.J

THE REACTOR VOLUGME (YR IN CURIEC i)
THE F sLRE TN THE REACTORCFRRE T
THE TES T URE OF THE REACTORCTRR
THE RATE CONSTANT (RAA KG MOLEARG MO

S
o

44
JLG .
0011

31201

WHAT Y& THE NUMBER OF TRAYS IN

THEE REFLUX RaT IO R

THE ACCURACY NEEDED TN THE FEED §TR
ANIY THE WELIGHT OF CATALYST aADDEDR AT
N

e

23

01
Q013 e

FEEL COMPOSITION = 0,4389 Xh=P4=

FEED COMPOSITION = Xi=afr e
DATAH ECHD |
R 02500
Fo= 0,000
Nlg= 2 NT = 2
RECTIFYING SECTION

0.7463

il

XF = 0.7443

Bl
N DEGREE
LB BENZET

RELVING
ECHASRGE D SEC)
AND THE HEAT OF REACTIONCHR IN KCAL/ZKG MOLE)T

THE STRIFFING SECTIONCZNRD
THE NUMBER OF TRAYS IN THE RECTIFYING SECTIONCZNT)

EAMOAMD

THE START(FZ IN KRBT

1.,0000

Q. Q059

Xb=pP1%G= 00,0000

XE=F1%5=  0,5422

OFERATING LINE INTERSECTS FEED LINE AT = 0,7443
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RUN

DISTILLATE COMF. 3 0.8731
OFERATING LINE INTERSECTS FEER
DISTILLATE COMF ¢ 0.9344
OFERATING LINE INTERSECTS FEED
DISTILI.ATE COMP, 0.94683
OFERATING LINE INTERSECTS FEED
DISTILLATE COMF.G 0.9524
OFERATING LINE INTEREELTS FEED
DNISTILLATE COMF. S 0.9404
OFERSTIMNG LINE INTERSECTS FEED
DISTILLATE COMF.Y QP04
OFERATING LINE IMNTERSECTS FEED
NDESTILLATE COMP .S 0.9544
OFERATING LIKE INTERSECTS FEED
DISTILLATE COMM. 0.9554
OFERATING LINE INTERSECTS FEED
FLATE X T
1 0. 9220 0P560
2 07463 09291

STRIFPING SECTION

BOTTO COMP S 03731 ERROR

BOTTOM COMP? 00597 ERROR

ROTTOM COMPS 0+4bb64 ERROR

6 (CONT'D)

ERROR 06343
LINE AT = 0,744
ERROFR 0.2030
LINE AT = 0,746
ERROK:  ~0.1500
LINE AT = 0.744
ERROR S 003467
LINE AT = 0.744
ERROR:  =Q.0487
LINE AT = 0.746
EREORS -0, 0049
LINE AT = Q.744
ERRORS 0. 0159
LINE AT = Q.7446
ERROR 0. 005HE

LINE AT = 0746

: 0.19%515
o-0.02399

: 0.09121

BOTTOM COMF3 0.5131 ERROR: 0.03601

BOTTOM COMFS 0.5364 ERROR

BOTTOM COMF 0.5481 ERROR

FPLATE X Y
3 0.7029 0.9140
4 0.5414 0.8350

FEED COMPOSITION = 0Q.74463 XD

FOF ITERATION= 2 CONVERSION

812= 0.173E-04 (C12= 0,912E-02

G4 Q778E-05 Fa4= 0.619E-03

: 0.00475

0 ~0.,00840

wPAs 0 9HEY  XE=F e

o= 23,49 RESINENCE

F1a= 0.7479

Z4= Q.G4H7E-03

0
3
il
3
&
3
3
Kt
8
3
O
3
1
]
1

3

F1

Fd

el

pu ]

0,540
TIMES 147,15
0. 9559

05422

62



63

c OO
T -

.
Ll

05
(MVUH)
JHNGSaM

Q' 846c
Prvan
VDM
SN
¢ . ? ne
£°avE
L*ETS
FreTe
T*I98
O*8IC
0*8s6c
o :r,uﬁ
o.
0° &ﬂﬂ
TnaT
0*'B4C
0840
0BT
(NIATIZIN

f

JUNLPHEGRAL  FLVH MO HOTIOW LV ADTIH SHuH

T£0
I1°0

(M)

MEM0d

‘I

-= Jd0LS

v =3B2LVTd 40 MIEHON {W330F8°EC =ENIJVJE AYML (W3IEP*T =MILIWYIO M3IMOL
eg*ce
4{WT NI SIDIONIOWLES AYML ML 40 307N FHL 81 LvHA
MIM0< JIHADITT AL MO IMIHLAB0LLY END LY WYALS A 3FNOE SI SNILIVIH
TO 3F56%*0 E0=3Eel ™0 ARSI 5N 0°'£6T eg
oo JETT* E0-40LT°0 0*'20g GrLeT ot
o0 IgsT CO=-Gvaet0 (VRS NI 0r8se 31
cl Freg-o £0-3EVT0 vI
<O FIPTI*O YO=-3005°0 T
0 FAYTE*0 TO-3I2TT°0 D08 0 T68 Q
(W3 AMYNDS) (237930 (3A579M) (NIATIEN 33MD3T) (NIATIN 33M831)
ALEM MG S5UH HLUME MOTd SEVH
YAMY WU3Ls MILEM ONITIC0D w:FQLLuLu» 137100 3MNLIVEZAN3L 13TINI & WY3ULS
CASNYIRE LYAHD T ATV
L ONY vCTWEHRLS 40 U3S04U0D 85I 9TIWVIMLS
HASNZINDD IFHL WOMZ ONINOD (GANIMOTIHD INY T0HIERBVD JTHEYENIONOI-NON IHL 81 vI&WvIMIS
(T0H) 8YD ONW (ANIZNITOMOTHI ONY ZINZFZNIH) GINNITIE0 I3804dW03 ST FERVIND
ATING LMULS FHL LY J200Y LSATIRAIYD IHL SI THHVIYLS X%
LO~HG56°0 7O-JT6E 0 00 2EB4°0 il M a o
S0-334t0 g£o-351%" 00 L7950 &£556%0 Rl Ic
SO-361°0Q molmnn Y Q0 HZpITQ L6 0 i ce
S0-3AL6°0 LO-3vL4°0 00 IJ&0L'0 ELLACO T &7
SO-HLS60 EO~ALLL20 £0 ATECt ) : 0 LT
FO0-38T°0 CO-J5746° 0 £0 ILL8°0 it ?1
S0-3L80 MJIJJ&m 0 00 IZE6°0 ECTEE°0 1 5 4
$O-ATE0 £0- TO HTTT'0 GLGLTO 1 £T
YO-FALTO .ﬂcin TC 2LHT0 HLVLT0 R <t
O~ Q SO-Z0 TG aZeT*0 SHLVLTO 1 ot
£Oo-z JLN1TT T1OH 1 6
£0-4 MIALGH 1 8
GO-30t 0 £0=4 I3¢ AIMOTIHICHIAH g £
FO-FIC*0 Co-35 0 308C*0 SV TIOH NV ALkL°0 9¢7 k4
GG-A84*0 EI-HEET 0 G0 dLTE°0 HLG6T0 1 ¥
SO-3090 eOI*\N¢ o O FEBATTO (890 ANTMETIHDD g €
XTO-H05 FITHOTHI JIUM3A S <
L0-456°0 Molurq 0 00 3FGE8'0 QoG L 1 ¥
ﬁuuL\uJai gM) (JA5/79M) (J38/Ka 2TAN3)

Aled MO DIMLIEMATION  ANIZNAD 40 NOTLOWML JTI0W  JSVHA  $ HYINLS

(IINYTIYT TYINILYW) T ZEvl (@,IN0D) 9 NN¥



RUN 7

RUN IIX11L.0na0

WHAT 18 THE YHLET RBEMZENE FLOW BATE(VL IN OCM CUBEZSEC)
THE R : VOLURE (MR TN CURLTG Il
THE ks TN THE REACTOROPRR TH BSRD
THE TEMFERATURE OF THE REACTOROTRE TN DEGRFE KELUVING
THE RATE CONSTANT (RO KO AOLE/RG HOLE BEMZENE CHARGEDAGECT
AN THE HEAT GF REASSTIONCHR LN RCALZRG MOLEY™
5
o2
4
318.
0011
FL201.,

WHAT I8 THE NUNMBER OF TEAYS IN THE STRIFFING SECTIQNCENE)
H

CTHE NUMBER OF TRAYS IM THE RECTIFYING SECTIONCZHT)
THE REFLUY RATIOCRRD

THE ACCURACY NEENCG AN THE FEED STREAM(AR)

AN THE WETGHT OF CATALYST ALDED AT THE STAKT(F2 1N KG)T
2e

3

o5

o1

L0015

FEEIN COMPOSITION = 00,6589 Xl=FA= 1.0000 - XB=F13= 0.0000

FEED COMFOSITION = 0.7463 XD=P4=  0,94649 XU=PLI%= 00,6034
DATA ECHO . B

K = 00,2500 XE = Q.7463

F = 0.000

NE= 2 NT = 3J
RECTIFYING SECTION .
DPERAGTING LINE INTERSECTS FEﬁH LINE AT = 0.7443
DISTILLATE COMF.3 0.8731 ERROKS 0.63430
OFERATING LINE INTERSECTS FEED LINE AT = 00,7463
DISTILLATE COMP, ¢ 0.9384 ERROR 0.31715
OPERATING LINE INTERSECTS FELED LINE AT = 0.,7463
DISTILLATE COMF4 2 02683 ERRORS  ~0.044687

OFERATING LINE INTERSECTS FEED LINE AT = 0.7443
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DISTILLATE COMP. 3
OFERATING LINE INTERS
DISTILLATE COMP. S
OPERATING LINE INTERS
DISTILLATE COMF«3
OFERATING LINE INTERS
NISTILLATE COMP.Y
OFERATING LIME IMTERS

DNISTYLLATE COMPLS

OPERATING LINE INTERS

DISTILLATE COME, 2

RUN 7 (CONT'D)

0.9024 ERRORS

ECTS FEED LIME A
0.9604 ERFOR
ECTS FEEN LINE A
0.9643 ERROR $
FCTS FEED LINE A
0.9643 EREOR

ECTS LINE @

FEED
0.24653 ERROR
ECTS FEED LINE A
0.94648 ERROR

LINE A

0,23786
T = 0,7463
0.10354
T = 0.7463
0.01437
T = 0,7463
-0, 02701
T = 0.7463
~0. 00708
T = 0.7463
0.00205

T 0.+ 7443

5
]

OFERAGTING LINE
DISTILLATE

OFERAGTING LINE

COMM. ¥

INTERSECTS FEED
05601

IHTERSECTS FEED LINE

ERROR

~0.00210

AT = 0.7443

FLATE
1

2
-
STRTF
HOTTOM
BOTTOM
BOTTOM
BOTTOM
ROTTOM
BOTTOMN
X0 TOM
FLATE

4
G

X

0 BEGD
07207

07483
IMG
COMF Y
COHE
CoMP
EOMre
Cowr
COMe2:
COMP S
X

0.7236
0+6034

Y
O.26T0
0.9
09291

SECTION

0.3731
0. GHeY
0.48530
0.6064
0. 530
0. 5747
0. 600%
Y

0.92212
0.8708

ERROR
ERROR
ERKOR !
ERROR
ERFOR
ERRORS

ERROR S

024844
O O5799
=0 0764
=0.00399
0.0330#
0.01239

0.00429

FEED COMPOSITION =

0.2649 XR=P1G=

$OF ITERATION=

§12= 0157604

2 CONVFRSION ¥ =

CiZ= Q.891E~-02

Pl

25246 REGIDENCE

0.7370 FP4=

84= 04623E~-00  Fa= 0. 494E~03  Za= 0 4URE-03  PL1lO=

0.4034

TIME= 13343

0.6034
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RUN 8

RUN X1 $L0AD

WHAT IS THIE INLET BENZENE FLOW RATEC(VL IN CM CURE/SEC)
THE REALTOR VOLUNME (YR TN CURBTC LMD
THE FRESSURE I THE REACTORCPRR IN BAR)D
THE TEMPERATURL GF THE REACTOROTRER IH DEGREE
THE RAOTE CORHSTART (Rad KOG MOLEZKG MOLE BENZ
ANIY THE HEAT OF REACTLOMCHR IN KCALARDG MOLEYT
e
4.
318,
0011
31201,

1 RELVIND
CHARGEDASEC)

WHAT 18 THE NUMRER OF TRaAYS M THE STRIFFING SECTIONCZMNR)
THE RUMBER F TRAYS IN THE RECTIFYLHG SECTIONCINT)
THE REFLU. RATIOIRRD
THE ACCURSEY NEENED IN THE FEED STRESMAA
ANDL THE WEIGHT OF CATALYST ALUED AT THE START(F2 IN KGYT
3
3y
¢ 25
+O1
G015

FEED COMPOSITION = 0,40589 XU=Fd4=  1,0000 XE=FLld=  0.0000
FEED COMPOSITION = 0,72443 XD=F4= 00,9649 XB=Fi1%= 00,4242
FEED COMPOSITION = 0.7832 XD=P4= 00,9489 XB=P1S5= 00,4457

FEED COMPOSITION = 0,7789 XD=F4= 00,9721 XE=F1S5= 0,4610

[
(]

FEED COMFOSITION = 0.7899 XD=f4= 11,0000 Xﬂﬁﬁiﬁm 0. 0000

FEEDN COMFOSITION 0.8277 XD=P4=  0,9810 XE=P13= 0.4720
naTa LCHO

R o= 00,2500 XFE o= 0.,8277

F = 0.000

WE= 3 NY = 3
RECTIFYING SECTION

OFERATING LIME INTERSECTS FEED LINE AT = 0.8277
DISTILLATE GOk $ 0.9138 ERROR 0.43082
OFERATING LINE INTERSECTS FEEH‘LINE AT = 0.8277
DIﬁTILLﬂTE COMF & Q.9049 ERRORS 0.21541

OFERATING LINE INTERSECTS FEED LINE AT = Q.8377
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RUN 8 (CONT'D)

DISTILLATE COMP. ¢ 0, 9785

OFERATING LINE INTERSECTS FEED

DISTILLATE COMF, 3 0.9892

OFERATING LINE INTERSECTS FEED

DISTILLATE COMP. 0.90308

OFERATING LINE INTERSECTS FEED

DISTYLLATE COMP. 3 Q2912

OPERATING LIMNE INTERSECTS FEED

DISTILLATE COMP. S 0.97983

OFERAOTING LINE INTERSECTS FEED

DISTILLATE COMP. 3 0.980%

OFERATING LIHNE INTERGECTS FEED

DISTYILLATE GO, ¢ 0.9808

OPERATING LINE INTERSECTS FEED

ERRORE
LINE aT
ERROR?
LINE AT
ERRORS
LINE &T
ERROR
LINE AT

ERROR?

LIME AT =

ERRORS

LIME AT =

ERRORE

LINE AT =

0.04500
= 0.8277
~0.140894
= 0.8277
=0.05149
mo Qe BATY
=0.00334
= Qe BAV7
0.02083

0.327?‘
0. 00875

0.8277
0.00270

0.8277

FLATE X
10,9130
2 08624
3 0.8277
STRIFFING SEGTI

BOTTOM COHF:

BOTTOM COMEe
ROTTOM COMMY
BOTTOM COMF3
BOTTOM COMR?
BOTTOM COMPE
FLATE X

4 0.8025

5 0.710G

-] Q4729

FEED COMPOSITY
FOF ITERATLOMN=

E123= Q.284E-04

Y
0. 2809
Q9674
(SRS vl
Or
0.4138
0.6208
0.5173
04604
0:.4914
0, 47835
Y
0., 9503

09164
0, 7920

ON =

& CONVERSYON X =

Q.8377

ERRORS
ERFOR S
ERROR
ERROR §
ERROK ¢

ERROR$

C1ad= Q. 104E-01

KLz ay o

0.07464
- 21 47G
=0 06115

0.00932
=0 Q2011

=0.00772

L&454

P, g

08240

049810  XRsp1Gs

RESIDENCE

2

S4= 0.191E-04 Fd= 0,150E~02 4= 0.137E-02 P15=

-

04720

TIME=

0.9810

0.4720

?0.09
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! RUN 9

RUN X1 :L.06D0
WHAT T8 THE INLET BEMZEME FILOW RATE(VL TN CM
THE REACTOR VOLUME (VR EN CUBIC )
THE FRESSURE I THE REACTORFER TN BAR)
THE TE

ATURE OF THE REACTORCTRE TN DEGREE RKELVIN)

CURE/SER

THE RATE COMSTAMT(RAN KRG MOLEARG MOLE PEMNZENE CHARGED/ZSEC)

AND THEE HEAT OF REASTION(HE TN KCALAZARG MOLED®?
B3

o2

4,

J18.

L0011

FLE0OL.

WHAT T8 THE HUMRER OF TRAYS IN THE STRIFPFING
THE BUMEER o5 7

THE REFLUY 3A
CURALY HET LHOTHE FEED STHEAM(AA)

AT THE WEIGHT OF CATALYST ANDED AT THE STakT(E2

Gl
GOLN

PELET COMPOSEITION =  0.4%58% XD=Fa= 11,0000  XE=P]lh=

FEED COMPOSITION = 0,7443  XD=Pa4s= 0.964%  XRB=f1S5=

FEET COMFOSITION = 0.7746 XD=P4=  0.9715 XB=f1U=

FEED CﬂMPﬂSITIDN s 07997 XDEFA= 1,0000  XEeplSe

FEED COMPOSITION = 0,83%04 XD=f4:= 0.9821] Xﬂmpiﬁm

DATA ECHE
LR o= 02500 XF o= 00,8354
F o= 0.000
NE= 4 NT = 3
RECTIFYING SECTION

OFERATING LEINE INTERSECTS FEED LIME AT = 0,83%54

DISTYILLATE COMP. 0.2177 ERROR S 0.41148

OFERATING LINE INTERSECTS FEED LINE AT = 00,8354
DISTILLATE COMP 3 0.920589 ERROR 0.20574
OFPERATING LINE INTERSECTS FEED LINE AT = 0.,8354
DISTILLATE COMF. ¢ 0.97¢4 ERROR3 0. 04759

OFERATING LINE INTERSECTS FEED LINE AT = 0.8354

SECTIONCENR
IN THE RECTIFYING SECTIONCEIMNTY

NG RGYT

0.0000

02341

0.2572

¢ 0000

02545
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RUN 9 (CONT'D)

DISTILLATE COMF. ¢ 0.9897 ERROR?  —-0.13756
OFERATING LIk IHTERSECTS FEED LINE AT = 00,8354
DISTILLATE COMF, ! 0.9846 ERRORE  ~0,04476
OFERATING LINE INTERSECTS FEED LINE AT = 0.9354
DISTILLATE COMF.3 0.,9820 ERRORE 0.00141
OFERATING LINE INTERSECTS FEED LINE AT = 0.8354
NISTILLATE COMP.? 0.9833 ERROR:  —~0.021468
OFERATING LIHE THTERSECTS FEED LIMNE AT = 0.8354

NIGTILL AT COMPl 0.9824 ERROR:  -0,01012

OFERATIMNG LIMNE IMTERSECTS FEED LINE AT 0. 83054
DISTELLATE CORMM, S 0.9823 ERROR:  =0.00436
OFERATING LINE IHTERSECTS FEED LINE AT = Q.8354

DYGTILLATE COMP. 0.9822 ERRORY  -0.00147

it

OPERATING LINE INTERSECTS FEED LINE AT 0.8354

PLATE X Y

1 0.9177  0.9971

D0 0eE0 0.9491

3 0.8354  0.9594
STRIFPING SECTION
ROTTOM GO ¢ 0.4177  ERKOR! -0,20086
LOTTOM COMP S 0.2089  ERROK:  0.05306
ROTYON CONP 0.3133  ERROK! ~0,070%56
BOTTOM COMP Co2611 ERRORY =0, 00835
BOTTOM COME 0., 2350 ERROE  0,02268 .
ROTTON COME? 0.2480  ERROR  0.,00723
FLATE X y

4 0.8103 0,957

50,7277  0.9224

é 00212 0.8252
7 0.2540 0.5701

FEED COMPOSITION = 0.8354 XD=pP4= 00,9821 Xh=Fil= 0.23545
FOF ITERATION= § CONVERSION 2 = 14.91 RESIIENCE TIME= 79,465
512= 0, 327E~04 [12= 0.109E-01 P123= 0.8401 F4= 0.9821

4= 0 232E-04  Fa= 0,182E-02 Z4= 0.166E~-02 FPlG= 0. 2545
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RUN 10

RUN I3 1L0AT

WHAT IS THE THLET BENZEHE FL.OW RATE(YI IN OCM CURE/SEC)
THE REACTOR VOLUMECUR TN CLUBIC TiM)
THE ¥ HRE TR OTHE REACTORFRR TN BARD
THE TEMFERSTURE DOF THE REGCTORCTRER IN DEGREE
THE RATE CONSGTANT (RSN KG MOLEARG MOLE BERE
AND THE HEAT DF REACTION(HR IH RCHL/ZRG MOLEY Y
o B

]

KELU LMY
CHARGEDASSED)

318,
JO001
JI208.

WHAT I8 THE NUMBER OF TRAYS XN THE STRIPPING SEDTION(ZNE
THE NUMBER OF TRAYS DH THE RECTIFYING SECTIONCINT)
THE REFLUX RATID{RR)
THE GCCURACY HEELDER TN THE FEED STYREGMOAA)
ANIN THE WEEGHGT OF CATALYST ADUEDL AT THE START(FZ IN RGP
T
S
WA
01
«O00LS

FEED COMFOSITION = 0.6589 XD=fdas  0.9747 XE=P18Ss 0.142%

FEER COMNPOSITION =  0Q.73486 Xbh=Pa=  0.90461 Xu=P18= 0.1683%

FEED COMFOBITION = 0.7801 XO=f4= 0.9897 XE=F15= 0.,1%81
FE&H CONFOSITION = 0,8077 XD=P4= 0,9952 XB=FiS= 0.2161
FEER COMFOBITION = Q.8285 XD=P4= 0.99921 XE=P1S= Q,2427
FEED COMPOSITION = 0.B43%9 XI=Fd4= 0.92997 XB=f18= 0.2588

0.8545  XD=Pd=  0.9997 XE=F1%=  0.2672

FEETD COMPOSITION =
DATA ECHO
R = Q.,7400 XF o= Q.85E49

F o= 0,000
NB= 3 NT = 3
RECTIFYING SECTION



RUN 10 (CONT'D)

OPERATEING LINE INVERSECTS FEED LINE AT = 00,8549
DISTILLATE COMP. 3 0.?275 ERFOR S 0.14923
OPERATING LINE INTERSECTS FEED LINE AT = 00,8549
DISTILLATE COMF, 3 0.98637 ERROR S 0. 08442
OFERATING LINE INTERSECTS FEED LINE AT = 0,8549
DISTILLATE COMP. Y 0.%819 ERRORS 004231
OFERATING LINE INTERSECTS FEEDR LINE AT = 0.8049
DISTILLATE COMF 0.9909 EFeROHLS 002115
DFERATING LIHE INTERSECTS FEED LINE AT = 0.80549
ISTILLATE COrF .3 09950 EREORE QeR1L05GE
OFERATENG LINE INTERSECTE FEED LINE AT = 0.8049
DISTELLATE COMPY 0. 9977 ERROR ¢ OQul2e
OPERATIENG LINE INTERSECTS FEED LINE AT = 0.8549
DISTILLATE COMHP. 3 0.9909 ERROR G 0002464
OFERATING LINE INTEREECTS FEED LINE a7 = 0.8049
DISTILLATE COMP. Y 09994 ERFOR Y 000132
GFEHﬂTING LINE ITNTERSECTS FEED LINE aT = ¢,8549
FLATE X Y

1 0,595 140000

2 0.%187 0.9825

3 O.8G4% 0.9450
STRIFFING SECTION
BOTTOM COMPE QeA27E ERROR: -0.17879
BOTTOM COMF 0.2137 ERRORS 0.05827
EQTTOM COMF 043204 ERRORSY  -0.05831
FLATE X Y

4 0.2707 09377

vl 0.0G27 0.8416
[ 0.2678 0.5%208

FEEL COMFOSITION = Q.8349 Xi=F4= 0,999/ XE=F1lI= Q.2672
FOF ITERATION= 7 CONVERSION Z = 13.61 RESIDENCE TIME= 71.61
H12= 0.34YE-04 C12= 0.114E-01 P12= QeBE37  Phm 09997

B4= 0,274E-04 F4s 0,214E-02 Z4= 0.194E-02 P1S=  0.2672
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RUN 11

RUN DX1iLOAD

WHAT I8 THE IHLET BEMNZENE FLOW RATE(VL IN CM CURE/SEC)
THE REACTOR QOLUME (VR IN CURIC M)
THE 1R SURE TN THE REAGCTORCPRR TH TARD
THE ATURE OF THE REACTORCTRRE TN BEGREE KELNIM)
THE RATE CONSTANT (RAA KE OLEZRG MOLE BENZENE CHARGED/SEC)
ANIT THE HEAT OF REAGTION(HR IH KCAL/KG MOLE)T

+ B

J1&,
0011
31201,

WHAT T& THE NUMHEER OF TRAYS IM THE STRIFPING SECTIONCTNE)
THE MNUpRZE OF TRASYS TN THE RECTIFYING SECTIONCINT)
THE REFLUS RETTOCRRD
THE ACCURAGCY HEELEDN 1IN THE FEED STREAM(AH)
ANYD THE UELIGHT OF CATALYET ADLEI AT THE STARTFZ TN KGH?
4
3.
73
+0O1
«OOLS

FEED COMPOSITION = 0,6G89  XD=P4= 0,767 XP=PiUG= 00,0053
FEETD CONPOEITION =  0.7400 XDI=F4= 00,9863 XE=P185= 0.04%94

FEED COMFOSITION 0.7858 XD=F4=  0.9204 XR=pPLO=  0.0737

i

FEER COMPOSITION = Q.8158 XIs=[4= 0;996? XB=[F13= 0.0840
FEEDI COMPOSITION = 0.8387 XD=FA4= Q.9997 XBxplﬁm 0., 0950
FEED CONPOSITION = 0.8056 XI=P4= 00,9997 XEﬁPi%m 0.0784
FEED COMPOSITION =  0.847% Xbk=F4= 0.999¢7 Xbp=P1&= 00,1017

FEED' COMFOSITION 0.8780 XD=F4= 0.9998 XR=pF1%= 0.1029
natha ECHO

F = 0,000

NIt 4 NT = 3

RECTIFYING SECTION

il

OFERATING LINE INTERSECTS FEED LINE AT = 0.8780
NISTILLATE Conrs 3 0.9390 ERROR S 0414237

QFERATING LINE INTERSECTS FEED LINE AT = (¢.8780



DISTILLATE COMF.
OPERATING LINE
CDISTILLATE
OPERATING LINE INTERSECTS FEED
DISTILLATE COMP,
OFERATING LINE INTERSECTS FEED
DISTILLATE
OPERAT ING
DISTILLATE
OFERATING LINE
DISTILLATE COMF, !
OFERAT NG
BISTILLATE COMF, ¢

FERATING LINE INTERSECTS FELRD

FLATE
i
¥

ny
e ]

X

0.%408
G 7334

Q. a780

O, 2

LINE

COMP .t

INTERSECTS FEED

COoMP. 0.9847

INTERSECTS FEED

THTERSECTS FERI

Y
1,0000
) o PESE

G.9713

STRIPFING SCCTIOM

CROTTOM
KOTTOMN
EOTTOM
ROTTOM
ROTTOM
ROTTOM

PLATE

Nom A

FEED

COMF
COMP ¢
COMP &
COMP ¢
COMF$
COMF ¢

X
P63

05804
029135
0.1024

0. 4370
Q. 2195
0.10%7
0.004%
0.0823
0. 0950
Y
Q9474
0. 8585

0.6233
0.30085

COMFOSITION = 0.8780

0.72695

0. 9924

0.2962

0.9990

09990

RUN 11 (CONT'D)

LINE INTERSECTS FEED L

ERROR
ERROR:
ERRORS
RO
ER&UR:

ERRORE

EF

RO 0.07118
LINE AT = 0.8780
ERRORS 0.03559
LINE AT = 0.8780
REOR S 0.01780
LINE AT = 00,8789
ERROR 0.008%0
LINE AT = 0.8780
G998 ERRORS G, 004407
LIME AT = 00,8780
ERROFRS 000222
THE AT = 0.,8780
ERRORS 0.00111

LINE AT = 00,8780

~0.346170
-0.12278
=0.,00740

0.04930

0.020469

Xl 4:= 0.,9998 XR=F1d=

17

TOF ITERATION= 8 CONVERSION & = 11.34 RESIDENCE TIME= 0B.17

S1d= 0.440E-04 Cl18= 0.1L9E-01 P12= 0.8844 P4= 0.9998

G4m 0,365E~04 Fa= 0,285E-02 Z4= 0,259E-02 FlS=  0,1029



78

T
AR 4

0*5

O
(M)

. - *
i 0

o

3
k)

.
[T R R I I ¢ 8
Hr R L N A

- L] *
3 1y o
af

SRS

.

JO
2]
Ly3

SO OO O A0

n?HDJﬂz

co°Z
@0

o

MIANOL

“iI)

(73S
IMNSS3Md  INNLYNIALNIL  ZLYY 39J& <CJG£ AWy 3

TO FZEisto

oo TeRnTe

&k

v rmom¢o

£0 2CEY*Q
oo FEnero

£¢ JLPE0

(W3 Jxvnbs) (O35,78)
LB i74 SEYR
YaMe VEELS
HISNIANCD
{T10H)
L0=-3540 £0-3%01'0
YO-I9E0 CO-HEREE0

yYo-ZLC0
PO-AER 0
0?0
waluﬂq+0
Sh TG
0
PO-dYT 0
FO-ZTR 0

r\_r\...:lnldm...wo

YO-ALE 0
IGE O
AR

O
CO=IE

L

=GV 40

LO—F0F& 0
FO-H4LTI00

CO-HFE0 0

TO~FE0T0
TO-33TT*0
S0-3LL8°0

.co:ﬁhxm G

LJL SRVN

MIHINON

MAMGE DIMLOHTH AS MO BHIHSE0WLIYV IND LIV WYILS AR

19y
HIALYA

(H3IOPECT

4 (W3

TO-308Tt0
A8/
BRI E

SEYH
ONETIOOD FUALUNIIWIL

=ONIOVAS

NI SIIONTOVIE AwML

ARML

o*EIE
GCTECE
0E0E

0168

(NIATEN J3¥930)

(HONYTIYE LWEHY S 2TEVL

8¢9 ONV (INIENIE0

Mhaﬁ

(ZINYTE

A

6 H9G1°0
10 FsuSt0
0 Hvaito
TGO FESEC 0
YO HigT*0
O Aare’ o
TO FFCI0
oo FELTQ
TO AOLE*O
10 Fonge

00 AyFae
{80 A0
20 HUET'0
o o
it ] e 4]
co wwm 4]

S0 INLE°0
TG/ MWD

WIMALGWIT

MOTIHD

J18033
M4 JTHLI3WNT0A  INIZNIE

gL

£OANY PORHUVELE A0 dIS04HOD
HHL WOMA ONINOD (INIMOTIHIS ONV-TIOM ) 8ESVO

LS50 IHNLYNISNEL

- d0L5
=NILIWWIA MINGL

T

‘J

¢a

1 40 3INT9n IHL 8T 1¥HM

INQL ST GNILVEH

Q*E6C £g
QTEsT fitd
QrE6E et
L3
T
O*TéHE &

(NINT3Y 334930

HNJZH * WY3YLS

51 9CEHY3IMLS

ATAVSNIINGI-NON FHL ST $I#H UMkm
NG INZZINIT) JINOITTIA0 J3804M00 81 FEWYINL
NG LYWLS FHL LV OZIAY O LEATWIYD 3HL SI ZHNVIHLE %

6ZOT*0 7 52
B&66°0 7 T
866670 7 0T
86440 ! o1
BELE O n 43
GEOE'O N 27
60T "0 7 a1
ST4E*0 1 £1

voBa" 0 1 £T
1 ot

1 6

7 g

DIOY DIM0THIOMTAN g £
EVWO TEXH OHV ¥F88°0 547 9
Ba64°0 1 r

(SWH ANTHOEHI) 9 £
IATHOTHD ITHUIA 5 %
oBO0" T 1 T

J0 NOILLOWMd 270W  38vHd £ ME3MLS

{@,IN0D) TT NOY¥



79

umw\mEu cg = 91R1

peaj UOTIBTTTIISTP oYyl JO uOTIOBIJ SToW duUIZTaq

uog3oas GuyL3I3991 Syl ur s4£BI3 IO Iaqunu

uoy3ldes 3upddrals ayl

MOT] Du2zUBQ Ysai] puw ¥ .81€ =

uojiael]

arow

w> UT urNTAD JO IDISWEEP = (
a3 « I
ayy = Iy
a3 = %x

2yl = IN

uy sfea3 Jo laqunu

uoTIdL1j dtcw =2Ldzuag Junpoxd wolzog

suszU3q SIBTTFISIP

94yl = gw

CERERTY

danzeaadusy ‘siaydsowi® § = JINSSIIIy

(876 | 6201°0 86660 081870 | wE-1T 1186 £ £ 5.0 1T

10°¢ 249770 namﬂ.o 6Ly 0 m:.ﬂF 19°1L € € €L70 01
100 | §%<z°0 1286° o870 | 16791 561 € y 5770 6
57°% | 02L9°0 018670 Li7870 | w9t 60" C6 ¢ ¢ $7°0 g
Ttz | soeto 69960 €99270 | 9772 59" €T £ z $z°0 L
4 7 A TS0 64566°0 t9vL°0 65°¢te ST I%1 Z A €z'0 9
e ¢ STLY 0 VRL T 0680 IA-AFA 26766 T Z YA S
©CL°¢C £56T°0 GREGTC 2LCRTO0 €671 71°69 Z £ 01 i
5z°s | 99zz°0 3986°0 0£58°0 | 98°2T 60729 z £ s €
19°y | 908z°0 0E85 "G 0Sv8 0 | 8veCl 98" 0L z ¢ <0 z
ss-¢ | 160770 £206°0 161870 91 9-98 z < 570 1

< % o, & luorsamsuoy | ‘oosspress | M € wmrgoy | #0E

¥S1INS01 puw pPajeldisvAUT SUOTIFPuUOO Burimiad) z SIqel




80

From Table 2, it was concludéd that runs 5, 6, 7, and 8 have to be
rejected due to high benzene mole fraction in the bottom product which
means that a large amount of benzene will be lost and therefore the cost
per run would be high. Runs 10 and 11 show a distillate benzene mole
fraction of approximately one which is undesirable because in that region
the concentration measurements by the refractive index will be inacecurate,
and also because in the iterative procedure described earlier, if the
calculated top compggition was > 1.0, the next assumed value will be
taken as 1.0. This'means that in the proximity of 1.0, the iterative
procedure is relatively unefficient and inaccurate. Therefore a four plate
column - two in the stripping section and two in the enriching section -
seems reasonable for the purpose of this experiment. The results of
numerous computer simulation for different operating conditions, were
examined carefully to select the appropriate equipment size for the design
purposes, which fulfill the requirements cited at the beginning of this
section. From those results, a fresh benzene feed flow rate of about
1.0 cm3/sec was selected, with an approximately 200 cm3 reactor. Also a
5 cm (2") internal diameter distillation column with a 23 cm (9") tray
spacing and four plates,would ﬁe appropriate for the selected benzene flow
rate and reactor volume. The distillation column will sepafate the
reaction products to approximately a 987% distillate benzene mole fraction
which will be recycled. For the assumed five hours run for each laboratory
experimental investiagation, 19 dm3 (5 gal) tanks will be used. Tor
design purposes, a safety factor of at least 1.5 was used in calculating the

actual heat transfer area (AHTA), from the éverége heat transfer area




(HTA) taken from the steady state computer results. Table 3 shows the
specifications of the heaters, coolers, condenser, reboiler, and reactor.
The effective reactor volume was calculated as follows:
1) volume of cooling coils = 39.849 cubic cm
2) the volume of the accessories in the reactor is assumed
to be 15% of the cooling coil's volume, therefore it equals
5.976 cubic cm
3) the total volume of reactor (2.87" I.D., 2.5" height)
= 265.:cubic cm

Therefore the volume of reactor used for the reaction =

265. - 29.869 - 5.976 = 219.175 approximately 220 cubic cm.

81
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D) The Transient Equations for the Reactor

Figure 12 shows a simplified diagram for the reactor where the inlet

and outlet streams are shown.

et

AR1Ags VR
Tl ,V'
Y > Reactor’ >

- - T

Figure 12 Simplified Diagram for the Reactor

The suffixes R, F, 0, and 1 réprcsent the recycle, the fresh feed,_the
inlet, and the outlet streams respectively. The transient mass and energy
balance are as follows:

1) Mass Balance on Benzene

rate of accumulation = rate in - rate out - rate of consumption-

VdA :
a8 " Y9fo T 9hy T KAV
where
8 = time in seconds

; : ; ' 3
A is the concentration of benzene (gm mole/em™)

L0118 gm molc/cm3 at 0 = 0 (veactor is full of benzene)

>
H

flow ratc‘(cm3/scc)

Kal
il

qp depends on reflux ratio (R.R.)
Yy = 2.13 cmafsec at R.R. = .75

g = 2,22 cmslsec at R.R. = 1.0
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= .85 cm3/sec

99 © Ip + QR

-
u

.01118 gm mole/cm3

{gm mole benzene/cm3)

.00117

-~
Hi

(gm mole benzene charged/cm3) (seconds)

V = volume of reactor = 200 cm3

The recycled stream is assumed to be pure Benzene, which is approximately
the case.

2) Energy balan?e
rate of accum,= (fléw in - out) + (generation) + (heat exchange)

dT1
pCV 45~ = QOOCP (T

p d )

- Tl) + (-AHl) KAV ~ UA(Tl -.T

0 1 W

where

T] is the temperature of the reactor COK)

T0 is the inlot temperature = 298° K

'1'w is the cooling water temperature

p is the density of benzene = .87 gm/cm3

Cp is the heat capacity of benzene = .4178 cal/gm/oK
le is the heat of reaction

U is the overall heat transfer coefficient
= 162.852 x 107* cal/sec/cn’/® K

A is the heat transfer area v 360 cmz'



85
E) The Transient Equations for Distillation Column [15]

The derivation of the equations that govern the transient behavior

of the column 1s based upon the following equations:

1) Unsteady state total material balance for each tray

2) Unsteady state material balance for the more volatile component on
each tray

3) Definition of Murphree tray efficiency

4) Equilibrium vapor composition as a function of liquid composition

5) Liquid reflux flow rate from a tray as a function of tray holdup.

The equationé.are linearized about an arbitrarily chosen set of steady
state operating conditions. All of the dependent variables in the equatioans,
such as tray compositions, liquid and vapor flows, etc., are replaced by
their deviations from the steady state. This results in a set of linear
differential equations in which all dependent variables are perturbations
from a steady state, and in which all coefficients are determined from
the steady state operating conditions. The linearized perturbation cquations
are listed in the next pages, followed by the notation and a simplified
diagram (figure 13).

a) Enriching Section
1) component balance

dx
n

de
2) total balance

- (xn+l - xn) (£n+l B vh) + (xn+l - xn) - ;(yn - yn—l) S

dg
n

_n_ 1 _ .
@ "B g ~ &) (2)

3) phase equilibrium

- ‘ —
yn En¢n *a 3 En) Ya-1 (3)



b) Stripping Section

1) component balance

dx
T S R Pl M R
- O = Ypy) )
2) total balance
dlm 1 .
—_—= e (1 - %) ' - (5)
ds Bm mtl m
3) phase equilibrium
= [ ' : -
Y Bmem xm +Q Em) ym-—l (6)
¢) Feed Tray
1) component balance
dx
B e = (% 23 6. *F Ve - §8
F do F+1 ~ 7F’ "F+l1 T YF-1'mm T Y#'n"n
+ (zF - qFxF)Lf + (xF+l me)
- (vnyF - vmyF-l) -+ fZF - foqF (7)
2) total balance
_odn, N o
for liquid phase, GFEm ronde £F+1 - R.mJLF + qFff + qu (3)
for vapor phase)vnvn = vy + (1 - qF) ff - qu (9)
3) phase equiliﬁrium
= H ' - i
Yp = Bpbp xp + (1 - Bp) yp | (10)
d) Condenser
1) component balance
dx v
N+l _ n - :
do & .(YN 1) | (11)

c



2) total balance

v, -2) | (12)

1
a6~ " B, e

e) Reboiler

1) component balance

dx
bp 36 (x) - xo> by ~ W~ %y ¥
+ mxl (RRXO vmyo) (13)
2) total balance
_odn, ) )
bePr @6 = Wt T OV ARYR) (14)
3) phase equilibrium
' (15)

Yo T % %o
Notation
1} Column region is indicated by a subsecript: n for enriching sgection, m
for stripping section, N for top tray, F for feed, C and (N+1) for

condenser, and R and 0 for reboiler.
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2) An overscore indicates a steady state quantity. No superscript indicates |

a perturbation quantity.

3).B(Lf) function giving liquid tray hold up HT in terms of liquid flow

rate L° leaving the tray

B' = (dB)/(dL) where B B(Ln)

E = Murphree tray efficiency

F = feed flow rate (moles/unit time)

£ = feed flow rate relative to steady state value = F/F

f = steady state feed flow rate relative to steady state liquid

flow in enriching section = ?/fn
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liquid hold up (molés)

liquid hold up relative to steady state liquid flow in en-
riching section = H/ﬁn

H/H

liquid flow rate (moles/unit time)

liquid flow rate relative to steady state volue = L/L

L/L

heat required to convert 1 mosle of feed to saturated vapor
divided by the molar latent heat of vaporization

vapor flow rate (moles/unit time)

vapor flow rate relative to steady state value = V/V
steady state vapor flow rate relative to steady state liquid
flow in enriching section = V/in

time

liquid mole fraction

vapor mole fraction

@ B9/

vapor mole fraction in equilibrium with liquid on sam tray

mole fraction of feed

.
L

function giving equilibrium with liquid on same tray y* in
terms of'iiquid mole fraction x

(a$) / (ax)

(LB')/(H)

dimensionless time = (int)/(ﬁn)
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= Lo

Steam

Figure I3. Simplified Diagram for the Distillation Column

the steady state and mass balance calculations, the following results

obtained where L, V, and F are the molar flow rate(gm/mole/uin) for run#3

1.418 X, = .9868 Ly = 1.891 X, = 9868
1,415 Xy = 97 v, = 3.309 y, = 9868
5.25 Xy = .853 . Vg = 3.306 yq = 9645
5.25 X, = 7472 v, = 4.68 | y, = 29294
5.25 X, = .5014 v, = 4.68 y, = .8108
.57 X =274 vy = 4.68 yo;n .5350

2.34 X, = .853
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The distillat?on column was operated at atmospheric presﬁure with a reflux
ratio of .75 and a saturated liquid feed.
Assumptions

1) A linear relationship is assumed between in and Hn'

Therefore BR = Bl = 82 = BF =8, =8 f 1

= 10, and h, = h, =1

2) hc =2, h 2 1

R

3) 9p = 0 (saturated liquid)

4) From figure 14 we have: ¢ ' = 1,495, ¢1' = .64, ¢2f = ,377,

0

by = .292, and 8, = 245

5) Murphree efficiency = 1

By using these assumptions and equations (1) to (15) we get the
folibwing differential équations which describe the dynamiec chavacteristics
of the distillation column

1) for the condenser

dx

D 2.9
i -2 O T L
das
..-.—.‘:":- = vy - R ' (17)
da 4 (o4 i!

" ds .

a2y _ _ . (18)
5 .0521 (zs V) o Oxy - ox,) -.2.9 (v, = ¥y ‘

de, , |

v S5 b | i

¥, = <245 x, B 1))
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B 11&95
0.3 ¢1 = 0.64
¢5 = 0.377
0.2 .
0.192
’ =
, ?3 0.292
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‘ =
¢, = 0.245
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(0] ol 02 03 04 05 0.6 Q7 08 05
MOLE FRACTION BENZENE IN LIQUID

Figure 14. Calculation of Slope .at Equilibrium for Run #3

o



3) feed plate (plate 3)

dx

3 - .0817%, + 3.074v

== . , - 2.334ygvy + 1.411f

3

+ (x, = 3.71x;) - (2.337y, - 3.307y,)

+1.6542,, (21)
ds,
3.71 377 = %, - 3.712, (liquid phase) (22)
2.336v, = 3.265v, + 1.654f (vapor phase) (23)
yy = -292x, (24)

4) stripping section {plate 2 and 1)

dx ‘

2 = — - — —

G 4393 (4 = vp) £ 371 (kg - x,) - 3.265 (y, - y,) (25)
d!.z
o " h (26)
v, = +377x,
de
Fral .912 (iz - vl) + 3,71 (x2 - xl) - 3.265 (yl - yO) (28)
d£1
e "2 h | (29
Yl = .6lux1 (30)

5) reboiler (plate zero or R)
dxo
10 =i 1.01721 - 1.004\.’1 + 3.7lxl - .4037{0 - 3.265}'0 (31)
‘dﬁR

403 " 3.7121 - 3.265v1 - .403E-R (32)

Yo = 1.495x0 r (33)



Equations 16 to 33 represent the linearized perﬁurbation equatibqs
for the transient behavior of the column. In these quations, the six
variables that can be perturbed separetely are: the feed composition,
the feed flow rate, the feed quality, the distillate composition, the

reflux ratio, and the bottom product composition,

93
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IV SUGGESTED EXPERIMENTAI, PROCEDURES

Process control and safety considerations are discussed in detail in
this section along witﬁ their effects on the choice of equipment, acces-~
sories, measuring instruments, valves, and controllers. A brief study
of optimization aspects will also be presented.

Due to the educational nature of this equipment, the operation and
control must be easy to understand and yét it must provide the desired
learning experiences - ranging from manual operation to the modern
techniques of automatic control and computer simulation and control.

A) MANUAL OPERATION

Each stream may be controlled manually by valves, measuring instru-
ments, and accessories to reach the steady state values already listed in
the computer results. Manual operation will be used to study the steady
state and the dynaﬁics of thé two major pieces of equipment (the reactor
and the distillation column); therefore the effect of changing the opera-
ting conditions on the operation of the system and on the steady state
can be investigated easily. Manual control will provide a way to operate

the reactor and the distillation column as one unit or as two separate

.
+

operations for experimental investigations. The equipment installed for
manual operation include the essential and basic equipment in additiom to
the manually operated, measuring, and contrﬁlling equipment and accessories.
Even under manual operation, some aspects of the system (liquid level and
temperature of the reactor) will be under agutomatic control at all times;
the temperature of the reactor will be kept constant by a feedback control

system - a pneumatic valve, an automatic controller, a transducer, and a
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valve operator - which will be-used to control the flow rate of cooling
water in the reactor and the jacket. The reactor, therefore, may be
considered to operate at a constant temperature.

The kinetics of the reaction and the dynamics of the reactor can be
determined by operating the reactor batchwise or continuously. The distri-
bution of the reaction products with time, or as a function of chlorine
concentration, for a batch or continuous reactor may be determined with a
comparison between their behavior. The determination of the rate consﬁant
for the production éf monochlorobenzene and dichlérobenzene at different
temperatures and pressures along with the effect of agiration and mixing,
can also be obtained. A very interesting and challenging investigation
5bC1 AlCl

would be to find the effect of catalyst - Fe, FeCl SbCl

3’ 3! 5! 3!

or SnClA -~ at different concentrations and temperatures on the product
distribution. The methods that can be used to improve one of the dichloro-
benzene isomer yields, can be investigated and discussed. In reactor control,
the student can determine the effect of the reactor operating conditions -
temperature and pressure - on the product distribution; the dynamic chara-
cteristics of the different operating valves and the temperature stahility
can be examined too. |

The distillation‘column ls designed to separate the quantities and
materials available from the reactor which consist of benzene and chlorinated
benzene compounds in a binary or multi-components system, depending on
the operating conditions of the reactor. The detefmination of the effect of

feed location and feed quality on the operation of the column, along with
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the effect of changing the reflux ratio are classical experimental Inves-
tigations 1in distillation. The individual tray and overall efficiencies
can be determined easily. A typical process control experiment is the
control of the overhead éomposition by changing the reflux ratio. Also
the control of the bottom product or both products may be investigated too.
Many investigations concerning the interaction between the reactor and
the distillation column may be planned; for example one may study the manual
control of the whole process at steady state, the effect of changing Ehe
value of some variaﬁie on the stabilitf of the process or for a specific
purpose such as minimizing the use of fresh benzene feed and maximizing the
monochlorobenzne yield.
The measuring instruments were chosen to give complete information
about the most important variables needed in monitoring and controlling each
stream in the process during experimental investigations. The temperature
and pressure of the reactor with complete information - temperature, flow
rate, pressure, and concentration - about the feed streams to the reactor
has to be known to predict the kinetics of the reaction and the concentration
of the liquid product. Information concerning the gaseous products is not
so important except for safety purposes. Check valves will be used to restrict
the flow of chlorine and hydrogen chloride to the absorber only. The
concentration of the iiquid products must be imcasured along with the tempera-
ture and pressure of the ditillation feed. In the distillation column,
the temperature of each each tray will be an indirect measurement of the com—
positions. The flow rate of the distillate, and bottom product, and the
reflux ratio are the variables that will be used to control the operation

of the column. Electric signals from thermocouples, will be converted to
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temperature or conéentrationlreadings by a multi-point recorder. The
pressures in the process will be measured by gauges and pumps will be

used to clrculate the various streams at the desired pressures. Rota-
meters are proposed for measuring the flow because of their simplicity,
direct readability, and the moderate pressure used in the system. Generally
in the commercial chlorination of benzene process, the concentration

is determined by measuring the density or the refractive index of the
reactor product; in the proposed experiment, the concentration will be
measured by a differential and continuéus refractometer which will contain

a standard solution in one of the two cells, and its continuous electric
signals will be converted to concentration measurements which will be

used to control the reactor or the ditillation column. Also samples

from the various sampling ports will be analyzed by a gas chromatograph
(using 'SE 30' as the stationary phase) for accurate concentration measure-
nents, including that of the isomers. The flow will be regulated by

needle valves. Solenoid valves, receiving signals from automatic liquid
level controllers, will be used to control the flow of streams 10, 4, and 15
from the flaéh tank, reflux storage tank, and rebuiler respectively. The
reflux ratio controller will comsist of a round chart temper:zture controller
with proportional and integral control, manual-automatic transfer switch
with built-in air preésure regulator, and set point operator., In oper%tion,
the controller will operate the reflux splitter on a l2-second repeating
cycle, energizing the splitter coil for some portion of each 1l2-second cycle.
When the coil is energized, product will be taken off; when de-energized,
reflux will flow back to the column. Figure 15 shows the various valves

and ﬁeasuring instruments which will be used to control each stream manually.
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LEGEND FOR FIGURE 15

Flow Measurcment
Liquid.Level Measurement
Concentrafion Measurement
Pressure Measurement
Temperature Measurement
Temperature Controllef

Temperature Regulator

®O 00 6e06 06

Reflux Splitter

L]

Pneumatic Converter

B L[4

Steam Trap

Pressurc Regulator

Valve

Check Valve W
3-Way Valve

Solenoid Valve

3-Way Solenoid Valve

» PR v % [

Pneumatic Valve
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B) Automatic Control

Numerous automatic control investigations can be done with this process,
for example the effect of changing the flow rate of fresh benzene on the
composition of the reactor product, distillate, and bottom product and also
how the changes in reflux ratio can affect the composition of the distilla-
tion feed and bottom product, etc. Only three cases concerning the reactor
and the distillation column were investigated. The first one demonstrates
how to use a feedback control system to maintain the composition of the
liquid reactor product constant; the second one shows how a constant distil-
late composition can be obtained by varying the automatic reflux ratio
controller; and finally the last one represents how the changes in the
operating conditions of the reactor can be detected by the distillation
column, Those three cases cover some control aspects for the reactor, the
distillation column, and the interaction between them. The following are
the descriptions of the three suggested cases:

1) Feedback control for reactor

The objective of using the feedback control system would be to maintain
the composition of the reactor product constant. Generally its composition
may change depending on the composition of the recycled stream and its flow
rate, on the flow rate of fresh benzene, and on the residence time in the
reactor. The concehtration should be measured after the liquid-gas products
are separated in the flash tank because the refractometer can only analyze li-
quids and at atmospheric pressure. Figure 16 shows a simplified diagram for

the reactor with the feed back control.



S
Benzene Feed
‘ = REACTGR Reactor
Chlor;’ne Feed Product
f ‘l
1 =
Recycled
Stream
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Gaseous

Flash
Tank

|
Produgt {
I

{
Liquid

Where @ Concentration Controller { 3 mode)

)
2/

Product

@ Concentration Measurement (Continuous Refractometer).

Figure IG. Feedback Control for

2) Constant top product- composition

Reactor

The reflux ratio may be adjusted to obtain a constant top product

composition. The reflux ratio contreller can be operated manually or

automatically and the concentration is measured by a thermocouple at the

top plate. The reflux ratio controller will energize or de-energize the

reflux splitter depending on the corrective action.

the control of top product composition.

Figure 17 represents
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Cooling Waler

Vapor Top Product

Liquid Top
Product
‘?@_ ______ >{Reflux
- Splitter Distillate __
Reflux o

Where @ Concentration Controller (Automatic Reflux Ratio Splitter)

@ Temperature Meaosurement

Figure 17, Reflux Ratio Control

_}1 Theiinteraction between the reactor and thé‘diétillation-column

In this case, the distillate composition will be maintained constant
by adjusting the reflux ratio only, but the set point of the reflux ratio
controller will be controlled by changes in the composition of the distil-
lation feed which is a function of the operating conditions of the reactor.
Figure 18 and 19 show the wrocedure used to control the distillate composition.
The benzene composition will increase when the concentration of the feed stream
increases, thcrefore the temperature will decrease and the reflux ratio set
point has to be reduced in order to keep the top product composition constant,
Also ome can investigate the effect of changing the Lemperature or pressure of
the reactor on the distillate composition by a similar procedure.

The additional equipment needed for automatip control are: air operated
necdle valves, electric to pneumatic transducers, valve operators, and

automatic controllers (3 mode).
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€2 1
\\/Ik\ T Reflux
[ D Splitter|

: Where @ Temperature Measurement
| l ) —

@ ‘Concentration Measurement
@ Concentration Controller

Reflux Ratio Controller

Figure 18. Feedback—Feedforward Combination

C
Feed | cone, +
Sensor e b

Cre
RC D.C. |m?

Temp. |
Sensor 'S

.
L)

- Where Creeq . Represents the Concentration of
- Feed Distillate ‘

Crop Represents the Conceniration of
Top Product

D.C. Represents the Distillation Column

‘Figure 1S, . Block ' Diagram for the
Feedback-Feedforward Combination



104 -

C) Computer Control -

The PDP 11/10 digital computer, which accepts + 5 DC volt electric
signals, may be used for computer data logging and contrel. For this
reason, amplifiers for the signals from thermocouples, turbine meters,
~and pressure transducers, have to be installed in order to provide apro-
priate signals for the computer. The effect of the different variables
on the operation of the process can be investigated, with computer control
of the whole process. The computer program for tﬁé.simulation and control
of the different streams is beyond the dbjective éf this research, however,

the cost of the basic signal conditioners and transducers has been included.
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D) Optimization Aspects

The optimization of the design of the proposed process was not considered
because the objectives were mostlyleducational as opposed to commercidlzproduc~
tion. The three different types of control (manual, automatic, and computer)
will be used for teaching purposes as cited earlier.

The optimization of the operating cost will be unrealistic because it
will be difficult to calculate the utilities (water, steam, and electricity)
cost due to the small amount of raw materials used in the process; and if
the utilities cost-ére assumed, the optimization would be no different than
a 'paper-and-pencil' problem. As a resulé, overall economic optimization
experiments will be difficult to plan or investigate with this proposed
process.

A reascnable amount of reaction with 10 to 20% benzene conversion,

a residence time of one to two minutes, and the use of a small amount of

raw materials were the only considerations examined in designing the reactor.
No partlcular concern was given to the yield of any of the other chlor-
inated compounds (other than monochlorobenzene), but one can optimize the
production of a particular component with the present equipment and operating
conditions., The following represents some design aspects and procedure used
to maximize the production of monochlorobenzene and para-dichlorobenzene:

1) Maximization of Monochlorobenzene Yield

Since monochlorobenzene is the essential intermediate in the production
of phenol, aniline, and D.D.T., R. B. MacMullin [18] studied the distribution
of the reaction products in benzene chlorination. The fundamental equations

are.;
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CeH, + C1, ——-—~) CHCL + HCL
K,

CgH L1y + CL, —-~f>- CgH,CL, + HCL

Cei,CL; +C ——-ﬁ) CgiyCl, + HCI

If A 15 the mole fraction of CBH6,

B is the mole fraction of 06H5CI

C is the mole fraction of C Héclz,

D is the mo}e fraction of 06H3C13’

x is the total atoms of Cl2 per mole of benzene constituent,

r = K1/K2' and s = K2/K3

therefore A+ B+ C+ D=1 (equation 1)
and B + 2C + 3D = x (equation 2)
The results that he obtained, for the maximization of monochlorobenzene
yield, for batch and continuous single stage reactors, are presenﬁed in
Table 4,

Table 4. Maximization of Monochlorobenzene Yield
for Batch and Continuous Reactor

Steady State Single

Batch Chlorination Stage Chlorination
=1/ (x-1) _ /2, .\2

max., max. x/(x +1)
=1F(r=1) 1/2 2

x=2-(1+ 2/0)r 1 -1/(r + 1)
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Therefore the batch chlorination produces higher yield of C6“5C1 as

shown in Figure 21(next page). For all values of r between 4 and 32 the maximum

occurs within the narrow range of x = 1.05 to 1.07 as shown in Figure 20.

r= X
- 5 10 15 Ki 29 25 30 35
f-——.-""‘_“-__-_-_
e~ | _saTcH
.05 / I
.00
. ¢ STAEE CGNT""UOUS
. . SMGLE S
//’
.80 A
lx'. "
Figure 20.
.85 Locafion of Maxima —
vaLues of X fFor wrien CeHgCl
’80 15 A MAXIMUM FOR VARIDUS VALUES -
ofF 1
75 —]
70 L
65

After investigating a two-stage continuous chlorination, he concluded
that the greater the number of stages, the closer the approach to batch
distribution. The distribution of reaction products for the chlorination

of benzene by substitution is given by Figure 22,
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2) Praétical nmethods used to increase para-dichlorobenzene yield

At present, the paré—dichlorobenzcne is becoming a valuable byproduct;
it i1s used as solvent, insecticide, and pesticide. Weigandt and Lantos {31]
discussed the different practical methods that can be used to improve the

p - C6H4012 yield. They found that SbCl_ seems to be the best among the

5
catalysts and it is followed by iron (as shown in Figure 23) and the lower the
concentration of catalyst, the better the yields percentage of p - CGH_!‘GI2
Figure 24 indicates that the para yield increases af low temperatures (30°C).
Higher vields of pafé are obtained when polar solvents like anhydrous acetic
acid (.25% mole), trichlorocacetic acid, or ethyl sulfate are present even in
small quantities as indicated by Figure 25; it is possible that such com-
pounds influence the orientiation not because of their effect on the
dielectric constant of the solution, but by actively entering into the
catalyst complex. Addipg fresh charges of catalyét during the chlorination
has no effect on the yield as shown in Figure 26, Trom Figure 27, 28 and 29
it can be deduced that adding small amount of © - C_H,Cl, in fhe feed, in-

6 472

creases the p - C6H4Cl2 yleld. Generally for a given chlorination, at con-
stant temperature, the concentration of para in the dichloro fraction increases
as chlorination progresses as indicated by Figure 30. Above chlorination
level of two chlorine atoms per benzene molecule, the percentage of para in-
creases even more rapidly, which is due to the fact that the o - 06H4012
more rapidly than the para and therefore disappears much faster.

Some optimization problems, concerning the chlorination process, are

presented. These problems will help the students to understand the kinetics

of the reaction and the process.
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Problem 1: Batch and single stage continuous reactor.

For the Chlorination of benzene the following reactions occur:

K J ' .
1
S S C = e
C6H6 + 012 C6H5 1 + HC1 ﬁHl 31 Kcal/mole
K "
2
Cl % = o
cﬁH5 + c12 06%612 + HC1 AH2 25 Keal/mole
K,
CGH401 + c12 — ;:GHBLls + HCl AH3 = =20 Kcal/mole

and R = K, /K,, § = K, /K,
Calculate the mole fraction of the liquid components in the.product

stream, which are d6H6’ C_LHCl, CH Cl,, and CHCL when a maximum

65 6 4 6 3773
yield of C6H5Cl is required for the following cases:

a) batch reactor
b) steady state continuous reactor

where R = 8.5 and. 8 = 33

Problem 2:
For the Chlorination process, the prices of raw materials and

products are:

C Hﬁ = §5.7/gal (density = .873gm/cm3)

6
C6HSCI = $14.15/1 (density = 1.lgm/cm3)
o - 06“4012 = $8.15/Kg P - Cell,Cl, = $1?.10/I§g
m - 0611401,2 = $6.65/25gm
1, 2, 4 C,LHCl, = $8.75/Kg

633

Cl2 = 22¢/1b

119
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From the mole fraction obtained in the first problem, calculate the

profit for:
a) batch reactor containing 100gm mole benzene initially
b) continuous reactor with a molar benzene flow rate of 100gm mole/min

(basis 1 min) if the C6H4C12 is composed of 59% ortho, 40% para

1 4 Cl .
and 1% meta and the 06H3C 3 is considered pure 1, 2, 4 CGHB 5

Disucss how to increase the yield of p - € H,CL and its
64 2
industrial use. .

Note: The prices were taken from "Fisher 77" catalog.

Problem 3:
The following table shows the relation between the ratio of the rate

constants and the temperature for the reactions described in problem one.

£ R = Kl/K2 s = KZ/K3
18 9.3 34,8
25 8.4 32.5

35 8.1 31

45 7.8 30.5

Calculate the temperature which maximizes the dichlorobenzene yield

in a batch reactor.

Many problems concerning heat transfer area, cooling water, and operating

cost for the reactor and the distillation column can also be easily formulated.
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E) Safety Considerations

Most processes of commercial value have some safety hazards - high
temperature or pressure, toxic or flammable material, or mechanical dangers.
_Generally in the educational environment, attempts are made to eliﬁinate,
as far as possible, all safety problems. To some extent this was the case
in the present design, too. However, for a moderately complex process such
as the one proposed, some hazards are inevitable and, perhaps, even a
benefit. Part of the educational value can be the.dealing with the safety
aspects - 1if they aé; not too severe, It is felt that this process will
provide experience with moderate temperatures and pressures, as well as
handling materials which are somewhat toxic. The toxic materials involved
can be physically sensed long before they become dangerous and, as a result,
they are pot considered extremely dangerous. The following table shows the

potential hazards for the different chemical compounds used in proposed

chlorination of benzene process.
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Note (1)

Note (2)
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Threshold Limit Value (TLV) refers to air-borne concentrations of
substances and represent conditions under which it is believe that
neariy all workers may be exposed, day after day, without adverse
effect. Prefix C denotes ceiling limit which means that the
concentration must not exceed the ceiling limit and suffix §
denotes skin, which means that appropriate measures must be taken
for prevention of cutancous absorption.

The hazard signals listed were established by the National Fire
ProtectioA;Association as set forth in their publication,
"Identification System for Fire Hazards of Materials" 704-M,

1966 which identifies hazards as follows:

Health

4 - can cause death or major injury despite medical treatment

3 -~ can cause serious injury despite medical treatment

2 - can cause injury, require prompt treatment

1 - can cause irritation if not treated

0 - no hazards

Fire

4

very flammable gases or very volatile flammable liquids

3 ~ can be ignited at all normal temperatures

2

ignites if moderately heated

1

ignites after considerable preheating

Reactivity

4 - readily detonates or explodes

3 - can detonate or explode but requires strong initiating

force or heating under confinement
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2 - normally unstable but wiil not detonate

1 - normally stable, unstable at high temperature and pressure.
Reacts with water

0 - normally stable. Not reactive with water.

Note (3)

Extinguishing agents:

1 - water

2 - foam

3 - carbon' dioxide or dry chemical

4 - agents for gas fire

5 - approved dry compound for metal fires
Table 6 gives some safety information which must be followed in case

of handling and spilling of the chemical compounds in question.



125

*a7qaem paddyyo

#8102 WITA PATTT pur Buylew a3ayiosload yiya paujyy sq uea
iCFe 9yl ‘vopInedaxd peppw u® BY -a23ea SUJTUNI &8IOXI
©3 uUQpINTOS PITT[VIINIU PPY DUl PIATIS puw Ysw vpos

3o uopInyos pajelrsv jo ewnyoa Bawy w o1 Aymors ppy

‘uoTINT08 wpos

HITM IIT8 YseM "IIJIEA 883X YIiA UFRIp AYI

Unop ysem puw Axanis dn doodg cAxanTe e w10y

©3 A1¥§§332u IJ] 1al®m ppe puw XN *{06-05)

BINIMIE SWET PIABIS-YSE Ppos ¥ 30 a3jruoqaedyq
TNIPOS YITA 2I0JINS PIIBUFMEIUOD YT 13nQ] ™on

I13qQqnade PUF BIIUINGIIIIP YITA I0IRISUFIUT
UR 3O 19qUWYD 8173 8yl oluf pakeads puw (°933 ‘auazuaq

*uorinjos deos

8uoxis yipa A7y¥nozoy: 23179 ysey rsiajupide

poon puw aaded patdunid 8 yans Tang asp

*37d vado uw UT 37 vang pue uolied zaded w

U} 8Tyl 32wideq -pues 10 2IPU0GIVITq mnypos
f9IFINOTWIIA YITA XTE 10 qiosqy  :eyride a%ien (g

‘uopintos deos Buoiis yiym

ATy3noioyl ajys syl ysey *S3TqewmzeTy 1ayjo

Jo 33udBGR BYI Uy 3IF[NOTWIAA 10 added By

uang -alviodeaa 01 mOTI® pue pooy IWNJ Byl Uy

ued uoly uw uo Ing -iaded ojuo ®I11de pytoe

daamg !317noymisA 1o 81an03 aaded vo syide
PINBIT qao8qe :i100F o sayqe3 uo s1yide T1ewg (7

*112n asury  “A{23vjpommy

f1oyeate) jJusafom ajqumuey] ® YITN pRXIm BY APm BIRPA YL uogInfon duos Buoiis yiga ysem :upys ug (1 Nmmeou
*ucjinjos
dwow yita 2378 yseq -33FINojwIaA 10 1aded 9yl uang nuua:ou n'z't
‘@)eiodeas 03 mOT[V ‘pooy ® UT ASIp atiserd 1o 9 9. aiene
(I1®11¥) 32qqnids puw 1surngrsije Yy paddynba 1039IIUTIUL Uw 8se18 ‘uoly ue U0 @JETd *IITTNIIWIAA YITA 10 IBMO3 TR sttt
© 30 X0q Iayy Wyl o3juy LAwadg *IUIATO8 I[qewe]] ¥ U IATOSSIQ J3ded uo qiosqy -uorjudy jo sadanos e ajeuymyTy Nﬂu

. *i3lea Jo 8832x3
@81eT YyITM UyEIp 0JUT YseM uUOTINTOS Byl ¥ZITRIIN3U 03 pyoe
I1I0TYd0apAY IINTTP 10 Yse epos ppe 23a[dmod sy UOTIINPALI uayy

.ﬁqomﬁminn Yita KJTPOw pur ITES SNOIIAJ ® 10 ITI[NSIq ® *oddy)
132npal JO UOTINTOS PIIEIIUSIULI Jo swnfoa a3iel ¥ 01 ppy

PoOY uny w 03 10 IPFEINO UIYXWI aq UIY) UBD

YoTym 20puiid 2yl jo pesy Iyl i3ao pavaisey

2q uen 8¢q J73iserd v ‘AJquasse 2ATEA 2yl uy

8% AP2T 34l JI 330 paI[q ©3 333[ pus pooy smny

¥ 01 juade[pe 10 uy pajeld aq pynoys JIPUTTAD aya

‘aucp aq jouued sJYl 31 -Iepujrda Yl o3ufy yoeq

pa%ans 3uraq uoyInyos 3yl uasaid 031 BupyT =yl uy

dex3 v apnyouy 031 ains g -uojanjos 23PUOQ1IBITQ

WATPOS 8520X3 puw (IIFJINS wWnjpos) A3snpax v

Y8noaya parqqnq aq wed sed ayj ‘pasord aq Iouued .

I¥ @sn¥daq Bupyeal sy satea sed ay3 jJy HEay sey Ndu

JUIATOS ITqPWEET) 210w ¥ yiya Suyxjm Lq paacaduy

9q Avm UOTIENGEOD *10IVIIUTOUT UR 0IUT IZJWely PFNbIY Y (z

: .hurn wing 03 IF AoTTY puw 31d ® 0Juy I3m0] 20
*30le13uydul 3yl oiluy seld syi adyy :se8 y (1

*3aded ay3 wing ‘pooy ® uy ued
uoly uw uo ajpiodeay ‘aaded uo qrosqe :pInbiT ¥ 9.9
s2Tqerwe[] PuU® uoT3yud} Jo S302In08 [YE BlTUFmIYR WD

83731F3uenh ATng jo [Esodsyg

sT1Tdg pimoduo)

[61)] ZFe0a3IO084 TVSOASIA 9 ITqeL



126

ASince benzene, monochlorobenzene, and dichlorobenzene are_flammable
liquids which can be ignited at normal temperature, all heat sources should
be separated from the vﬁrious storage tanks. The distillation célumn or
reboiler could also cause a fire hazard if any leakage occurs. Fires can
be handled with a 002 or dry chemical fire ektinguisher which should be
located in close proximity to the equipment,.

Chlorine and hydrogen chloride are more toxie than benzene or the
chlorinated benzene compounds; they can cause sevious health hazard due
to their lower thr%ﬁhold limit value. As a result,any leakage must be
detected as soon as possible. Generally, ammonium hydroxide can be used
as a detecting compound because of its fast reaction with chlorine, hydro-
gen chloride, and hydrochloric acid to produce white fumes of ammonium
chloride, Both chlorine and hydrogen cﬁloride are e#tremely pugnant,
which is an aid to safety in their handling.

Explosion hazards do not exist due to chemical reaction, but the
chlorine cylinder could explode if it is not handled properly. Mechanical
and electrical hazards exist due to the use of pumps, motors, and electric
power for the various controllers, amplifiers, and heaters., The moderate
pressure - 2 to 6 atmospheres in the reactor and feed streams will cause
minor pressure hazards in operating the process, but they are not considered
dangerous, ' |

For safe operation, the experiment should be installed in a fume
hood which has an explosion proof door. A CO2 or dry chemical fire ex-
tinguisher must be available for immediate use in case of fires, and the
plpelines have to be inspected to detect any leakage of chlorine or hydrogen

chloride, 1In case of spills or leakage in one of the storage tanks, the
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instructions for disposal procedure given in the last table must be
followed carefully. Check valves were provided in the manual control
operation to eliminate any.backflow of chlorine or hydrogen chloride.

" The chlorine cylinder should be secured to a wall or other firm support,
or chained in place, or placed in a cylinder stand (bench~clamp-type or
floor-stand-type cylinder support) to prevent it from falling over and

breaking the regulator.
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V. EQUIPMENT SPECTFICATIONS AND COST ESTIMATION

A) Equipment §pccificat10n$

In this section, the eq;ipment and accessories that will be installed,
based on the chlorination of benzene flowsheet (Figure 8) and the control
of the process, are described in detail (Table 7 and 8). All fittings,
ﬁounections, measuring instruments, and valves are included. The specifi-
cations and cost of each item was taken from representative manufacturer's
catalogs. Detalled drawings for the reactor, absorber, ditillation column,
and digtillation unié are shown in Figures 31, 32, 33, and 34 respectively.
Sometimes more than one tybe of valve, controller, equipment, or accessory
is installed on the same stream. This is due to the fact that some streams

will be controlled manually, or automatically, or by computer, depending

on the educational objectives,.
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Figure' 32.
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The distillation column, shown in Figure 33, will consist of four
cartridge mini-trays - special sieve~type used in 2" column. The cartridge
assembly fits easily into standard glass pipe.or tubing. Because of the
extremely limited space in the column, the spring is designed with a special
spacing and height so that it acts as the liquid-vapor contact area of the
tray. Vapor bubbles up through the spring coils and efficiently coﬁtacts the
liquid above. The overflow weirs, downcomers, and throughbolts are placed
in the center of the tray. Spring seals are normallf teflon-covered fér
maximum corrosion rééistance and tight sealing. Materials are normally
stainless steel. Tests show that these tréys give the same performance

as regular sieve trays.
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LEGEND FOR FIGURE 34

Distillate Storage Tank

Condenser |

Rotameter

Reflux Splitter

Solenoid Valve For Reflux Splitter
Distillate Cooler

Reflux Storage Tank

Metering Pump

4-Plate Distillation Column

Glass Tee 2" x 2"

Glass Pipe 1 X D, = 6" x 2"

Metal Tube Connecting Parts 11 And 13

E1l 90° Reducer 4" x 2"
Reboiler

%" 0.D. Pyrex Glass Pipe
Glass Pipe L x Di = 18" x 2"
90° El1l Mitered 1" x 1"

Conecentric Reducer 1" x 2"

Metal Tube Connecting Parts 18 And 20

Glass Pipe L x Di = 6" x 2"
Reducer Tee 2" x 1" x 2"
Rotameter

Bottom Product Cooler

Bottom Product Tank
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B) Cost Estimation

The equipment cost for manual operation includes all basic equipment
and accessories along with all manual valves and measuring instruments
which are listed in Table 8 under type 'b' and 'm'. For tube fittings,
an average price of $9.00 per piece was assumed based on the prices from
Crawford Fitting Company catalog (Swagelok). The average price for manual
valves was taken to be $20.00 as per - Imperial Eastman Corporation catalog.
The cost of glasswar?, which includes the distillation unit shown in
Figure 34 (page 147{ was obtained by adding the price of each part as listed
in the 1976 Corning Glass Works catalog, plus a 10% price increase. The
price of items such as pipes, tubes, sheets, rods, bolts, and nuts was
estimated to be $600. The cost for manual operation was obtained by
adding the price of all items listed as type 'b' and 'm'; the total cost
was $15,000,

The additional equipment and accessories neceded for the automatic

control investigations, which are listed as type 'a' in the last table,
include the automatic controllers, transducers, valve operators, and
pneumatic valves. Their estimated cost was $1,000.

Type 'c' equipment are transducers and conditioners to produce
+ 5 D.C. volt signals required as input for the PDP 11/10 for data logging
and/or control. This includes amplifiers, indicators, pressure transducers,
and turbine meters. The additional cost for computer control was estimated
to be $6,000.

The estimated cost for manual control is higher than the cost for auto-

matic or computer control because it includes the cost of the basic equipment

(distillation column, reactor, and piping) in addition to the cost of that
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required for manual operation. Therefore the total cost for the proposed
experimental equipment will be $22,000. This cost does not include recording
or data logging equipment.

For an estimate of the cost for each run, a five-hour laboratory period
was used as a basis. The cost of utilities (electricity, steam, and cooling
water) were not included in the estimated cost. The cost of raw materials
for a five»hour'run would be:

1) beﬁzene: 4 gallons at $70/55 gallons = $5.00

2) chloripe: 22 1b at $33/150 1b = $5.00

3) ferric chloride catalyst: its price is $3.10/1b and its
cost will not be considered due to the small amount used

for each rumn.

The total éost for a five-hour run will be about ten dellars.
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VI  CONCLUSION

As chemical engineering practice and education have progressed and
become more and more comﬁlicated, the need for more sophisticated labo-
ratory experiments becomes evident.' This is especially true in the
area of process control. The proposed experiment using the chlorination
of benzene seems to be suited for use as é small, moderately complex

experiment for undergraduate chemical engineering students.

The design has. indicated that this experiment can be constructed for

a very reasonable sum of about $22,000. In addition to the classical
kinetics and distillation experiments, it will provide operating experience
in several aspects of process control - multiple process control, feed
forward and backward control, cascade contrel, and direct digital control,
as well as providing a rather intersting reaction for study.

Although the proposed process is complex enough to provide challenging
control problems for study, it should not be beyond the average chemical
engineering department's ability to construct, maintain, and‘operate.
Individual departments may wish to develop control schemes and add equipment

to this basic process as their interests dictate.
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Abbreviation used in APPENDIX A, B, and C

A

E.P.

DB
DC
G

H® -

molar heat of vaporization (cal/g mole)
boiling point (°c)

specific heat of gas (cal/mole/°K)

specific heat of liquid (cal/gm/"K)

density of liquid benzene (gm/cm3)
density of liquid monochlorobenzene (gm/cm3)
constant

HQZQB enthaipy {Keal/mole)

constantc

rate constant for benzene-chlorine reaction (liter/mole/sec)

rate constant for monochlorobenzene - chlorine reaction (liter/molec/sec)

klsz -

constant

equilibriua constant
celting point (°c)
molecular weight
vapor prassure (mm Hg)
entropy (cal/mole/°K)
tewperature (°c)
temperature (°K)

benzene mole fraction in liquid phase

“benzene mole fraction in gascous phase
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A compressibility factor at beiling point -

AG® . Gibbs free energy of formation (Kcal/mole)
AHc heat ofrcnmbustion'at 25°% (Kcal/mole)

AH° . theat of formation (Kcal/mole)

AHm heat of fusion (cal/g)

AHV heat of vaporization (callg)

n refractive index

v kinematic viécosjty {centistoke)
H absolute viscosity (micropoise or millipoise)

¢ surface tension (dyne/cm)
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APPENDIX A

Data For Benzene And Chlorinated Benzene Compounds



Table g9, Molecular Weight, Melting Point and BoilingrPoint
of Compounds of Interest

[11 and 16]
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Compound M.W M.P. B.P.

(°c) (°c)
Benzene 78.11 ‘5.5 80.10
Monochlorobonzene 112.56 ~45.48 131.?0
1, 2 - Dichlorobenzene 147.01 -17.00 180.46
1, 3 - Dichlorobenzene 147.01 -24.76 173.08
1, 4 - Dichlorobenzene 147.01 53.10 174.21
1, 2, 3 - Trichlorobenzene 181.46 52.50 213.50
1, 2, 4 - Trichlorohenzene 181.46 16.95 213.48
1, 3, 5 - Trichlorchenzene 181.40 63.50 208.50
1, 2, 3, 4 - Trichlerobenzene 215.90 46.50 254.00
1, 2, 3, 5 - Tetrachlorobenzene 215.90 54,50 246.00
1, 2, 4, 5 - Tetrachlorobenzene 215.90 139.00 243,00
Pentachlorschbenzene 250435 85.50 276.00
Hexachlorobenzene 284.80 229.50 309.00
Chlorime pos 70.91 ~100.98 3205
Hydrogen chloride gas 36.47 -114.19 -35.03
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Table 13, Kinematic Viscosity (cen;istokes) [11]

Benzene Monochlorobenzene 1,2-Dichlorobenzene 1,2,4-Trichlorobenzena
t(“c) v t(°c) v t(°c) v t(°c) v
20 0.7427 20 0.7232 20 1.0656 20 1.4225
30 0.6592 40 0.5837 40 0.8288 40 1.0252

50 0.5156 60 0.4858 60 0.6636 60 0.7915

70 0.4148 80 0.4139 80 0.5729 80 0.6402
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, Table 15, Surface Tension [11]

Surface tension (dvone/fcm)

Compotund 20°¢ 30°c 40°%¢ _60°¢
Benzune 28.88 27.49 26.14
Monachlorobenzene 33.19 31.98 30.77
1, 2 - Dichlerokenzene 37.18 36.02 34.92
1, 3 - Dichlorcienzene 36.84 35.56 34.32
1, 4 - Dichlorobanzene 31.33

1, 2, 4 - Trichlorobenzene 39.10 37.98 36.86
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1ongv = -0.2185 A/T + K

Vapor pressure

167

vhere P, is the vapor pressure (mmiig) and T is the temperature (degreé Kelvin)

of benzene and chlorinated benzene compcunds [30]

Table 16. Vapor Pressure

temperature
range._(°c)

Comnéund fcallgm mole)_ﬁlggﬂiLﬂntl
Benzene } 10254.3 9.556
8146.5 7.833714
Monochlorcbenzene 10098.0 8.5
9067.3 7.717535
1, 2 - Dichlorobenzene 10943.0 8.185275
1, 3 - Dichlorobenzene .. 10446.8 8.017555
1, 4 - Dichlorobenzene 17260.5 12.48
1, 2, 3 - Trichlorobenzene 11349.5 7.916468
1, 2, 4 - Trichlorobenzena 11425.1 8.030523
1, 3, 5 - Trichlorohenzene 11211 7.977218
1,2,3,4-Tetrachlcrobenzene 12872.5 8.251056
1,2,3,5~Teirachlorobenzene 11982.1 7.925176
1,2,4,5-Tetrachlorobenzene 12828.8 8.282213
Pentachlorobenzene 1512%.2 8.907497
Hexachlorobenzene 15199.1 8.550497

-58 to -30
-36.7 ﬁo 290.3
-35.0 to -15
~13 to 349.8
20.0 to 179
12.1 ro 173
30 to 50°
40 to 218.5
38.4 to 213
63.8 to 208.4
68.5 to 254
58.2 to 246
146 to 245
98.6 to 276

114.4 to 309.4




Table 17, Vapor Pressure of

Chlorine and Hydrogen Chloride [11]
temperature G K J
compound range (°c) (constant) (constant) (constant)
HC1 ~127 to -60 7.06145 710.584 255
812 =60 to critical 7.91458 1146.89 315.916
temperature )
6.86773 821.107 240

For hydrogen chloride and chlorine, the Antoine equation is used

longP_v =6 -K (£t +J)

where Ev is the vapor pressure (mmlg) and t is the temperature (°c)

168
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Table 19, Chemical Thermodynamics Table (Ideal Gas State) [26]
cal/ (mole®K) Kcal/mole
H°-H® AR® AG°® log K
Compound TK c’p h 298 £ f p
Benzene 298 19.52  64.34 0.00 19.82 30.99 -22.714
300 19.65  64.47 0.04 19.79 31.06  -22.623
400 26.74  71.11 2.37 18.56 35.01 -19.126
500 32.80 77.75 5.36 17.54 39.24  -17.152
Monochlorbbenzene 298 23.43 74.92 0.00 12.39 23.70 -17.368
300  23.57 75.07 0.05 12.37 23.76 ~17.31
400 30.62 82.84 .97 11.46 27.71  -15.139
500  36.49  90.33 6.13  10.74 31.86  -13.925
1, 2 - Dichloro- 798  27.12 81.61 0.00  7.16 19.76  -14.485
benzene
300 27.26 81.78 0.06 7.3 19.84 ~14.452
400 34,12 90.60 3.14 6.53 24,17  =13.207
500 39.69 98.83 6.84 6.07 28.64  ~12.518
1, 3 - Dichloro- 298 27.2  82.09 0.00  6.32 18.78 -13.765
benzene ,
300 27.34  82.26 0.06", 6.31 18.85 -13.735
" 400 34.18  91.10 3.14 5.69 23.14 -12.642
500 39.74  99.34 6.85 5.24 27.56  -12.045
Hexachlorobenzene 298  41.90 105.45  0.00 -8.10  10.56 - 7,740
300 42.03 .105.71  0.08 -8.09 10.67- . =" 7,776
400  48.08 118.67  4.60 -7.54 16.85  -'9.207
52.52  129.90 9.64 -6.97. 22.89 -10.003

500




171

From the "Bureau of Standard"” [ 5], the value of k (rate constant) in
liter/mole/sec, for the benzene-chlorine reaction to produce monochloro-
benzene is given by the following table

Table 20. Rate Constant for
Monochlorohenzene Production

t(°c) catalyst k
used (lLiter/mole/sec)

-6

24 - 1.48 X 10
)

34.2 - 3.9 X 10
-6

24 HC1 6.7 X 10

where the reaction is

(CH,COOH 99%, 1% H,0)

3 2

hY
C6H6 (.5 mole) + Cl2 (.05 mole) 7 CH,. €1+ HC1

solvent 6 5

and the rate of reaction - K CCGH6 CC12

From the kinetic study of F. Bourion [3 ], the effect of temperature

on the ration of the rate constant is given by table - 21

Table 21, Effect of Temperature on Rate Constant

t°c K
18 .107
25 .118

35 .123
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where K = k2/kl and 1is defined by the following reactions

. Fe
Cﬁ“6.+ Cl2 kl CGHS Cl + HCl

Fe cH, C1, + HC1
CGH501+812—1? 64 2
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APPENDIX B

Data For Binary System (benzene-monochlorohenzene)



Table 22. Density {gm/cubic centimeter) of

Benzene-Monochlorobenzene System [28].

i

100 - .8458 100 .8246
72.14 L9214 .8713 71.54 . 8954
80.12 9485 .8963 43.36 . 9466
59.93 .9986 L9441 12.17 | 1.0275
39.80 |[1.0435 .9907 0 1.0521
29.52 | 1.0663 | 1.0125

0 1.1272 | 1.0737
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Table 23, Refractive Index of

Benzene-Monochlorobenze

System [28].

F 20°C 25°C

benzene Ny benzene ny

mole 7 mole %

100 1.5006 100 1.4970
75.21 1.5059 82.07 1.5022
59.40 1.5089 63.18 1.5072
34.43 1.5149 43,27 1.5108
22.94 1.5178 22.24  1.5173

0 1.5242 0 1.5227
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APPENDIX C

Data For Subroutines



Table 26. Density of Liguid Benzene and Monochlorobenzene
at 298°K for Subroutine DMVSPB [28].

179

Monochlorobenzene

Monochlorobenzene Density Density
mole fraction (gm/cmB) mole fraction (gmfcm3)
0.0 ' 0.87288 0.39808 0.97115
0.04095 0.88351 0.44497 0.98187
0.06985 0.89103 0.56517 1.00925
0.13537 0.90263 0.68606 1.03578 .
0.14715 0.91013 0.80654 1.06148
0.16443 0.91481 0.87587 1.07593
0.25771 0.93763 0.94889 1.09083
0.34176 0.95781 1.0 1.10113
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Table 28. Density of Pure Liquid Benzene (DB) and
Monochlorobenzene (DC) for Subroutine
DBVST [27].
T(°K) DB(gm/cmB) DC(gm/cma) T(°K) DB(gm/cm3) Dc(gm/cm3
273 0.0006 1.12786 353 © 0.8145 1.0419
283 . 8895 1.1171 363 .8041 1.0305
293 .879 1.1062 373 L7927 1..0189
303 .8685 1.0954 383 . 7509 1.0079
313 .8576 1.0846 393 70692 . 9960
323 . 8466 1.0742 403 .7568 .9836
333 .8357 1.0636 413 . 7440 V7123
.8248 1.0526

i8t
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Table 29, Isobaric Vapor-Liquid Equilibrium for Benzene-Monochlorobenzene

System at One Atmosphere for Subroutine LIXY [10]

t(°c) X, Y

131.7 0.0 0.0
126.4 0.053 0.174
121.8 0.104 0.311
115.1 0.192 0.480
108.2 0.295 0.628
102.7 0.399 0.731
97.1 0.514 0.816
93.9 0.591 0.860
90.3 0. 684 0.904
89.5 0.703 0.912
86.7 0.786 0.942
. 86 0.804 0.952
83.5 0.884 0.971

80.1 1.0 1.0
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ABSTRACT

There seems to be a need for a more elaborate and complex experiment,
for the undergraduate chemical engineering laboratories, which coatains
more than the traditional one major operation. After reviewing several
chemical precesses, the chlorination of benzene was chesen because it
provides numerous investigations in kinetics, distillation, and process
control and dynamics.

In the proposed experiment, chlorine would react with benzene in a
jacketed reactor with internal cooling ceils. The operating conditions
of the approximately 200 cubic centimeter catalytic recacter would be:

1) temperature: 25-55°C

2} prossure: 1-5 atmosphere

3) critalyst:  fervic chloride

4} bLioizene conversion:  10-207%

A flash taok is planned for sepavation of the gaseous and liquid reactor
products. The liquid product, censisting of benzene and chlorinated
benzene compounds, would be distilled and the distillate (mostly benzene)
viould be r=cycled to the rveactor.

The steady state calculations and the operating conditions of each
strean wera obtained by using an iterative trial and error methoed, on
a “"°pp 11/10" mini-cewputer.

The design allows for manual or automatic control operation of the
reactor or distillation columa, individually or as a unit. A number of
possible laboratory experiments are described. Allowance for direct-
digital data acquisition and/er controel has been included.

The total cost of the preoposed experiment, excluding recording and

computer equipment, would be $22,000.



