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Abstract

The production of methanol in a catalytic quench
Teed reactor is studied by means of a computerized model and
optimized in terms of total reactor length necessary
to achieve a given productlon rate. The methanol
reaction rate can be maximized in a quench reactor
through the use of cold stream feeds.along the length

of reactor.

Since the methanol reactlion temperature is re-
stricted to an upper 1limit of hO5OC, the addition of
cold stream feed along the adiabatic reactor enables
the desired conversion to be reached. For two given
levels of conversion, 12% and 15%, an optimum inlet
temperature, quench temperature, and quench feed

fraction is found.
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Introduction

The methanol reaction is catalytic and reversible.
The rate of reaction can be expressed ag:

2 :
fCO r Ho = fCHgOH/Keq (1)

(—I‘ ) = 7 " + ol 3
co 2 (A + BI,, CIHZ + DfCHBOH)

where Q7is defined as the catalyst effectiveness, and

A, B, C, and D are temperature dependent constants

defined by Natta.(g)

The reaction is carried out in a catalytic plug
flow reactor. Natta(g) defines the differential design
as:

(-rgg) OW =TFay - (2)

where dW is the differential welght of catalyst, F is
the molar feed rate of gas, and dy 1s the fraction of
the numbcr of moles of inlet gas converted to methanol.
A quench converter can be effectively used when an
exothermic, reversible reaction, such as the formation
of methanol from carbon monoxide and hydrogen, causes
the equilibrium conversion to be lowered as the
temperature of the reactants along the plug flow reactor
increases. As the temperature in the reactor increases,
the conversion is limited to the equilibrium value of

conversion at that temperature. Since this value can



. be lower than the requimed conversion in the reactor, a
reduction in reactant temperature is done through the
use of a cold stream quench feed, made up of the same
cbmposition as the inlet feed to the reactor, being
introduced at various points along the reactor length.
The temperature reduction will raise the value of
equilibrium conversion and enable the reactor to
achieve the required conversion, The quench feed 1is a
given percentage of the total feed and is fixed for a
pafticular reactor system. The quench stream is divided
into fractiong for introduction at5§each reactor stage
inlet. The section of reactor between tﬁe introduction
of two feed streams is known as a stage. TIor an n stage
converter there are n-1 quench feed fractions. There
are n-2 variables for the gquench feed stream since the

last gquench fraction Fg (N-1) must be equal to

N-2
1 - 2‘_FQ(I).
T=1\

The reactor can be optimized in terms of reactor
length once certain other operating conditions are
specified, In the design equation the differential
weight of catalyst, dW, ig equal to the catalyst bulk
density times the differential volume element which is
the product of the cross sectional reactor area and

the differential reactor length, dL.



Since the length of reactor is related to the
invegtment cost for the converter, the minimum cost
can be approximated by summing the cost of each catalyst
section in terms of dollars per unit length and using
this as a basls for comparision with other wmethods of
producing methanol., The optimization problem can te
then defined as follows: Ior a given inlet flow rate,
feed composition, and production rate of methanol, find
the reaction system which minimizes the reactor length.
The reaction system includeg the individual bed lengths,
fraction of the total feed used for quenching, temperature
of the quench stream, and inlet Temperature to the first
reactor stage,

The reactor length can best be minimized by keeping
the reaction temperature in each stage as close as
possible to the temperature limilt for the methanol

nvegtigation

[
w
e

reaction, which for the purpose of this

1

<t
-
H

was set at 40506, since above thig temperature
undesirable side reactions occur., The computer model
of the methanol reactor wag developed so that each
reaction stage would convert carbon monoxlde and
hydrogen Lo methanol until the temperature Llimit was

reached. In the last reaction stage the reactlon would

proceed until the desired conversion was achleved.



Procedure

A tubular, catalytic, quench - feed reactor for the
production of methanol can be optimized in terms of many
variables as they effect reactor length. These include
temperature of inlet gases, ratio of carbon monoxide to
hydrogen in the feed, number of reactor stages, reaction
pressure, catalyst effectiveness, and fraction of the
total feed used for quenching. For purposes of this
computer study many of these variables are held constant
and reactor length is optimized on inlet temperature,
gquench feed fraction, and quench temperature. Reaction
pressure is assumed constant for all oas&é at 280
atmospheres. Inlet molar ratio of hydrogen to carbon
monoxide is fixed at three to one. The catalyst used in
the model to develop the expression for catalyst_
effectiveness consists of 75% Zn0 and 25% Cr203. This

effectiveness factor is held constant at a value of 0.67,



Review of.the Literature

The bagic texts in the area of reactor design include

(1)(2) (6) (1)

books by Aris and Kramer and Westerkelp . Aris
discusses the vuse of cold chot as well as interchange
cooling in the development of optimal design. Other work
done in the area of optimal design of tubular reactors for
an exothermic, reversible process was done by Siebenthal
and Arig(g), They developed a method whereby the length
of reactor was minimized by optimally distributing the
feed along the reactor length. This work waé expanded by

(8)

Shipman and Hickman to apply particularly to the ammonia

reaction.

In their work, Shipman and Hickman developed a
computer model to simulate an optimum quench converter.
This model permits the user “o obtain optimum conditions
of bed length, heat exchanger area, catalyst vclume, and
quench stream feeds. All that is reguired as input data
is production rate, inlet flow rate and composition, and
allowable pressure drop. The objective function, total
length of reactor and heat exchanger, was minimized by an
optimization algorithm which performs a modified gradient
optimization which reaches a desired minima by derivative

finding.



FIVE STAGE QUENCH REACTOR SYSTEM
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Theory

The production of methanol is affected through
the use of a catalytic, plug flow reactor. The
exothermic reaction requires both a heat and material
balance in order to design the reactor. The design of
reactors in which exothermic reversible reactions
take place is complicated by the fact that the
equilibrium conversion decreases with increasing
temperature. Therefore, instead of approachihg high
“conversions in longer plug flow reactors, only the
equilibrium conversion can be reached. The methanol
reaction is further complicated by the fact that at
temperatures in excess of NOSOC, undesirable side
reactions occur. The use of a quench feed reactor is
beneficial for an exothermic reaction and lends itself
readily for optimization. Quench feeds are selectively
introduced so that the reaction rate can be kept as
high as possible. ‘

Methanol is formed by the reaction CO + ZHé%CHBOH.
The material balance needed to design the reactor is
performed on a differential volume element dV. The
input to the volume element equals the outpuf plus the
disappéarance or appearance of the éomponent by reaction,

In terms of carbon monoxide the equation can be



expressed as:

7 ax = (~-r av

Fuoo®¥co ( co) . | (3)
where FCO ig the initial molar flow rate of the carbon
; o

monoxide to the reactor dXCO ig the conversion of carbon

monoxide to methanol in the differential volume element
dv and -r., is the rate of reaction, The differential
volume element can be replaced by the differential
weight of catalyst dW. For consistency the expression
for the rale of reaction must have units of weight per
time per welght of catalyst.

The differential weight pf catalyst can be replaced
by the product of the bulk density of the cétalyst,ithe
cross sectional area of the reactor, and the differential
reactor length. The equation can now be expressed as

Poo,¥co = ("Too) €y Aoy 9L (%)

on rearrangement

F ax
COgs""CO

aL = . (5)
("rCO) eb Acr

The heat balance is then performed on the same
volume element. The heat formed by the reaction minus
the heat transferred is equal to the heat accumulated in
the gases and the catalyst. Symbolically

(- AHr) Fa

Og dXCO - UA (Tg - TS) = Ficpid’l‘ (6)
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In order to simplify thi probeim slightly it will be
" assumed that the reactor is operating adiébatically.
Therefore the term UA(Tg - TS) will become equal to
Zero.

The rate of reaction for ﬁethanol in a catalytic
system has been derived by Wrampe(lu) and 1s expressed
as a function of equilibrium constant, component
fugacities, and catalyst effectiveness factor,

(’Q’CONCOP) (Q/ N’iZP) (’gCHBOH CHBOHP) / K

('rco) :7z'(A+B<ﬂ P)+C ﬁﬂ H2 V4D (2 P)) (7)

N
coco CH.,0H " 0H ,OH
3 3

The rate expression is a function of both
‘temperature and conversion. In order to solve these
equations for a temperature profile along the length
of reactor, it is necessary to resort to iterative
techniques.

At some point along the reactor length it
becomes necessary to introduce a céertaln percentage of
the quench feed in order to reduce the temperature and
maximize the reaction rate. At this point of
introduction it is necessary to perform an enthalpy
balance to obtain the inlet feed temperature to the
next reactor stage. The temperature profile 1s again
calculated using the iterative technique and after
a given length of reactor, guench feed is again added.

For an n stage reactor there are n-1 quench feeds. Gases
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leaving the nth stage are at temperature T For the

N’
optimum reactor length this exlt temperature should be
the maximum allowable temperature, which has been
arbitrarily fixed at @O5OC for this reactor simulation.
The optimization was achieved after examining
numerous computer runs which generated data of reactor
length versus temperature of inlet feed, quench feed
fraction, and quench feed temperature. For different
levels of conversion there exist optimum valueg of
\inlet temperature, quench temperature, and,quench
fraction which minimize reactor length. The computer
simulation of the reaction system allows.each reactor
section to reach an exit conversion which correspornds
to an exit temperature of about HOOOC. At that point
quench feed 1s added and the computer performs an
enthalpy balance to arrive at the inlet temperature
for the succeeding stage. Only temperatures and quench
fractions which allow the desired conversion to be
achieved without violating the temperature constraint
can be considered in Selectingithe minimum reactor

length.
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Discussion

One method for the commercial production of methanol
is by the reaction

co + 2}—12:;’: CHBOH (8)

Since this reaction is exothermic and reversible it 1is
conceivable that it can be carried out in a guench feed
reactor. This type of reaction is well sulted for
optimization since once the reaction temperature gets
too high, conversion is limited by the equilibrium value.
A quench feed reactor acts as a series of plug flow
reactors. In the case of the methanol réaction these
reactor sections are packed with catalyst. The feed to
the first stage 1s comprised of carbon monoxide, hydrogen,
and inerts. The inlet temperature feed composition and
feed rate are specified for a given system. The feed

" reacts catalytically and for a gilven conversion of
carbon monoxide to methanol, the resulting temperatdre
of’the gas stream and the length of reactor section
needed to achieve this conversion can be calculated.

When the gases leave the first stage, they are
combined with a certain percentage of the quench feed.
The guench feed for this problem consists of the same
concentration of carbon monoxide, hydrogen, and inerts

ag the feed to the first stage. The temperature of



the quench stream is loweragnd is used to lower the
temperature of the combined streams. The feed entering
the second stage of the reactor will have a different
composition than that entering the first stage. There

is now more methanol present in the inlet stream to the
second stage. Also the ratio of hydrogen to carbon
monoxide has changed. If the moles are initially present
in a three to one ratio and ten percent of the carbon
monoxide 1g converted, the resulting ratio would be
2.8:0.9 or 3.11:1. The change is reactant ratio ﬁust

be accounted for in the calculations. The calculation is
repeated for each stage in the reactor systém. The

gases leaving the nth reactor stage contain the product
at the desired level of conversion and at an elevated
temperature. .

The rate expression for the methanol reaction

(14)

hag been derived by Wrampe as
2
PooNooP) Py My P - (gCHBOHNCHBOHP)/Keq ~
S 3
co (A + BlPggNopP) * C(gHZNHZP) " D(Q/CHBOHNCHBOHP)) (9)

The fugacity coefficient of each component, ﬂi, can be
calculated once the specific volume of the gas Vi is
known., The eqwation for the specific volume ig given

by Ewell(u) as

P+ —7— (10)



13

The wvalues of b.1 and Sy which are critical
temperature and pressure dependent constants, have been
calculated by Wrampe(lu) and are found in Table I.

The specific volume can be calculated by an iterative
procedure which varies the left hand side of the equation
until it matches the right. The specific volume of the
gas at the given temperature and pressure is then used

to calculate the fugacity coefficient through the equation

derived by Ewell.<a)
RT °i “—Zﬁi"”7“
in = exp(ln(m) + '\'é‘_“_‘_"@"’l" BRT2V13 b (11)

In determining the mole fraction of each component
it is necessary to perform a material balance at a point

along the reactor length.

COMPONENT INITIAL REACTING  REMATNTNG
ml l»
CO  Feo, x Fo Fogy (1%
H F 2 x F F. -2xF
+
CH,OH FCHBOHO 0 FCH3OH: x Fog
I(inerts) Fy 0 Fi

The total molar flow rate in the reactor element at any

~time can be found by taking the sum of all the components.

Foop = . + F. +F +F -2xF

If the feed ratio of hydrogen to carbon monoxide is
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Critical Conciants For Snecific Volunme

Component
Carbon lonoxide
Hydrogen

Methanol

Slez

2.5127

1.6957

b.2593
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replaced by M, the equﬁsiCn can be reduced to

Fom,oto + 1) (13)

Co

7 F (1L + M - 2x +
TOT = COo I

FCOo

and by letting 2 =1 + M - 2x +
the

equation can be further simplified.
The mole fractions of the components at any time

t and conversion x can be expressed as follows

Neo = £% (14)
Ny = M-2x (15)
2 7
. _ Vemgono 4 x (16)
CHy0H — TWog,

Z

These values can then be substituted into the rate
expression. The equilibrium constant, Keq' has been

calculated Dby Wrampe(lg)from the free energy equafion

given by Othmer.(B)

K = exp(8975 - 8.093 InT - .00563T - 0.5124 x

eq T
%02 _ 0.0408 x 10777
(1)

The constants A, B, C, and D in equation are

10 + 24.31) (17)

(14)

temperature dependent and were derived by Wrampe.

The value of A reported by Wrampe 1is incorrect and has



beenirecalcuiated by regression analysis from the
original data given by Nattagg) The values for B, C,
and D are correct and all can be found in Table II.
At a given temperature, pressure, and conversion the
rate of disappearance of carbon monoxide can be found.
The volume of reactor needed to produce a given
amount of methaﬁol for a given flow rate can then be
found once the rate is known. The solution is
complicated by the fact that the rate varies with
conversion and temperature. It 1is necessary to solve
simultaneous heat and mass balances in order to find the
length of reactor needed to effect the desired conversion
and the femperature of the product gas étream. From
the plug flow reactor design equation the length of

reactor, dL can be found by

FCO dx

oo (v Aoy (18)

aLl =

For a computer solution the equation must be transformed

to difference notation.

Co tor Tog ave. (19)
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TABLE TT

Temperature Dependent Corstants

I The Rate Fyxpresaicon

Temp, ¢ A B c D
320 50 b1 .92 22,5
330 66 3.3 70 19.0
340 80 3.0 .54 15.5
350 93 2.6 Lo 12.2
360 180 2.1 .30 9.9
370 117 1.9 .23 7.6
380 122 1.6 18 6.0
390 126 1.2 1k I.8
100 127 1.0 .10 b0

A =2.265 x 1077 TB—.O539T2 +u1.99T 1,06 x 10

B = 6.8629 x 107 exp(-1.6368 x 107°1)

C = 17,2655 x 106 exp(-2.679 x 10"2T)

D = 2.0985 x 107 exp(-2.3046 x 10"2)
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The heat rise in the catalyst bed section can be found

from the heat balance,

("AHr)a_vg.FCOOdX :Z(Ficpi)avé, aT (20)
The heat capacities and heat of reaction vary with temp-
erature. The molar flow rate of each component varies
with conversion. The temperature change can be found with
the aid of the computer through the use of delta notation.

_ (- Hr>ang0053X
ZF; C

AT (21)

pil avg

To solve this equation it is first necessary to develop
an expression for the heat qf reaction as a function of
temperature. The expression for the heat of reaction,
AH,., can be derived by considering the following equations.
The equation for the synthegis of methanol from carbon
monokide and hydrogen 1is of the form

aA + bB cC (22)

The change in heat of reaction with temperature can be

expressed as

T
_ 2
AHrg = A}{rl + 5’ VCp aT (23)
Ty
where
VCp = cCp, - alp, ~ bCpy (24)

The values of a, b, and ¢ are the coefficients of the

general synthesis equation. The heat capacity of each
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component, C is of the iorm

pi’

Cpy =eG + PyT + ;T2 (25)
In order to evaluate VCp it is necessary to break it
down into its &, B, andfgportions. Then

Jes = Corg - aeq, - bex (26)

Values for VB andv ¥ are similarly calculated. The heat
capacities of carbon monoxide, hydrogen, and methanol are

given by Smith and Van Ness and are presented in Table III.

With the heat capacity broken down into its.cdmponents

the equation can be integrated. The integration results in

A H

r, =AOHp +7eA(T-T1 ) + % (TZ-TlZ) + vy <T3—~Tl3) (27)

3 .

Since the value of the heat of reaction can be found in

the literature at a temperature of 298 K(25°C) (3) the heat
of reactlon as a function of temperature can then be

written.

CHL(+) = 48,100 - 15.92T + .01150457" - 2.53967 x 10~013

Since the moles of any component vary with the conversion,
the average value of the molar flow rate of each component

. must be used for the computation over the delta interval.

Once all the terms have been defined it becomes possible
to perform an iterative calculation to determine the length
of reactor needed and the temperature of the gas stream at

a given conversion. This calculation is best performed on

(28)
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TAPIT. TIT

. o Ny 5 - -
Heat Capncity Constants

Component i (22103 x10°
Carbon Moroxide ' 1.665
6(9“’? ”'012 091‘1’8

Nitrogen

L, 394 2L, 27k

"‘Owlc}é
Hydrogen

-6.855
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a computer since it requires a repetitive trial and error
procedure to arrive at the correct answer. The first step
is to pick a desired conversion, Ax, over a small increment

of reactor length, AL,
A - B

T, L, X THAT ) LA X+ AX
The temperature at T is known and a value of temperéture
at T + AT ig guessed at. Having values of temperature and
conversion at two points along the reactor, it ig possible
to calculate values of heat capacity and heat of reaction,
which are temperature dependént, component molar fiow rates,
which are conversion dependent, and reaction réte which

varies with both temperature and conversion,

The values of the rate expression at the two points
in the reactor are then averaged. This must be done by
averaging the reciprocal of the rate at T with the reciprocal
of the rate at T +AT. Using thié averagevvalue the length
of the reactor interval can be calculated by equation 19.
This wvalue then permits the weight of catalyst to be

calculated.

Weat = Qbulk t Ao, TAL (29)

Since heat and material balances must be solved
simultaneously, the temperature guessed at point B in the

reactor can be checked through the use of equation 21.
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The average values of‘AHi‘and F.C

iCpi are determined by

summing the values calculdted at points A and B and taking
half of that amount. If the value of AT calculated by
equation 21 equals the value guessed at point B then both
equations are satisfied and the values of temperature,
conversion, and length at point Bvare obtained. If the
value of AT in eqguation 21 does not equal the value guessed
at point B, then this value of AT is used as the new guess.
The check of these guesses is then performed using the pro-
cedurc previously described. Once the guess of AT and the
value of AT from equation 21 agree within a reasonable
variation (.05°K) then the equations can be consgidered

solved.

If all ofvthe variables in equations 19 and Zl‘varied
linearly then the value of conversion in a total reactor
stage could be used and a corresponding stage length cal-
culated. This is not the case since the rate expression
contains an Arrhenius dependent rate constant. It is nec-
essary therefore to take values ofﬂészmall enough so that
the expressions do not deviate from linearity sufficiently
enough to affect the arithematic averages used in the cal-
culations. With the value of conversion sufficiently small,
for example AX = 0.002, the Values of T, L, and x ét point
B are computed. The values are then made equal to new poinﬁ

A values and the procedure 1s continued until the desired

conversion is reached.
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Exiting the first reactor stage at conversion XBl
and temperature TBl the gas stream is cooled by a fraction
of the quench stream. The temperature of the entrance
stream to the second stage TAZ 1s that temperature. In
order to find TAZ it is necessary to perform an enthalpy
balence at the mixing point. It will be assumed for this
model that there is no enthalpy of mixing at this junction.
Since the bhange in enthalpy of ahy system is based upoﬁ
the difference of two temperatures if is possible to choose
a lower temperature that can be used as a reference. The
most convenient temperature to use for this reference point

is the quench feed temperature, TQ.

Since fhe temperature of the quench stream is used as
the reference temperature the enthalpy of the stream can be

found by the equation.

- TBi
AH "Zy Fi Cp; dT (30)
TqQ

The expression for the variance of heat capacity with
témperature, equation 15, has to be inserted and the change

in enthalpy can then be represented as

TB1
AH ZET{Q Fi (c/i + @:«LT + KiTZ) aT (31)

Upon integration the equation reduces to

AH =3 F; (¢ (TB1-TQ) + % (TB1? - TQ2) + .5%. (TB13-1Q3) ) (32)
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Since all the wvalues are known, the enthalpy of the’exit
gtream can be found. Whéﬁ the quench feed is added, the
moles of each component are increased without increasing
the heat content of the mixed stream. If the heat content
ig the sgame while the molar gqguantities are increased, then

the temperature of the combined stream must be lowered.
- -
AH = Q =5 767 7{ cpy ar (33)
’ TQ

The value of Ni is equal to the moles in the first stage
exit stream, Nj, plus the moles of the each component

preseht in the quench feed fraction, NiQ’ The temperature,
TA,, can then be found as one root of the cubic equation

that results. The expansion of equation 23 yields.

TAZ ,
Al :E_TJQ; Pi (¢ + ByT + ¥372) 4T (34)

The integration gives the following result

AH =S (Ta2-7Q) + ZFiPi (1A22-702)+3F3 8 (Ta23.193)  (35)
| 2 3 |

Since TQ is constant it can be removed from the expression

and the equation can be written as

K4(TA2)3 + K, (TA2)2 + K1(TA2) - Ky = 0 (36)
where
-
Ky =2Ni™3 (37)
, 3
Kp =2N:¢5 (38)

2
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Ky =8N - (39)
and

Ky = A1 + K, (TQ) + K,(TQ)? + K,(10)° (40)

The solution of equation 36 for TA2 can be obtained through
a computerized numeriéal method of root finding. If y is

a function of TA2 then it has a positive or negative value
for all temperatures except the desired root. The computer
examines a range of temperatures and evaluates y for each
of these temperatures. If at any point the computer finds
that successive values of y have differing signs then it
determines that a root exists in the interval. Since the
interval is relatively large the computef must continue

to halve the interval until the root can be isolated to
within a reasonable degree of precision. Through the use
of this half interval technique the computer will continue
to search for the root in this manner until the successive
valuesvof temperature are within 0.0004 degrees where upon

the equation is congidered solved.

The calculations for length of reactor versusg conversion
and for various inlet reactor temperatures are repeated
for each of the five arbitrarily chosen stages. If quench
temperature, inlet temperature, and quench fraction values
are selected properly then the reguired conversion can be

achieved in the reactor without exceeding the temperature

constraint.
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The variations possible in this quench feed reactor
system that are optinized by this computer study are
quench feed fraction, quench temperature, and inlet
temperature. At a production rate of 300 tons/day with
2L hr/day operation the required feed rate of carbon
monoxide to the reactor is 5200 1b moles/hr. for 15%
conversion. For the case of 12% conversion the same inlet
flow rate was used so the production from this unit would
‘be 240 tons/day. Kirk and OthmerCB) report normal
operating conditions for a methanol reactor of 12 to 15%
conversion, an M ratio of 2‘t0 6, and reactor temperatures
between 250 and 400°c,

The optimization of the quench feed methanol reactor
was achieved by allowing the rate of reaction in each
stage to be as high as possible. The reaction rate
increases with increasing temperature so that operation
of the reaction at temperatures approaching the
temperature constraint would be ideal. To take advantage
of this, the computer model was arranged in such a way
that the temperature at the reactor exit would always be maxi-
mumallowable. The results of varying inletltemperature,
quench temperature, and quench fraction in the reaction
system are compiled in Tables IV through XV. In many
of the computer runs values were chosen such that the
required conversion could not be achieved without

violating the temperature restriction.
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- CONCLUSIONS

The optimum reactor length for an adiabatic, five
stage, quench feed, methanol reactor is 42,79 feet for
12% conversion and 70.60 feet for 15% conversion., For
12% conversion the optimum conditions for inlet temperature,
quench temperature, énd quench feed fraction are 613°K,
316°K and .19 respectively. The conversion, inlet
{emperature, and exit temperature for each of the five
stages can be found in Table 16. For the reactor operating
at 15% conversion the optimum conditions are: inlet
" temperature, 613.16°K; quench temperature, 313.16°K;
quench fraction, .275. The computer simulation of this
reactor can be found in Table 17.

The quench feed reactor, operating adiabatically, is
not particularly'suited for the methanol reaction, because
the reaction temperature 1limit is much more restrictive
.than the equilibrium conversion restrictions which made
guench feed reactors a good choice for other reactions

involving a reversible exothermic process.
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DISCUSSION OF RECULTS

A reactor length of 70.6 feet is necessary to
achieve the required production of methanol at 15%
conversion. A reactor operating isothermally at 39500
would meet production requirements at a length of 46 feet.,
Other methods of'operating a methanol reactor along with
réactor length needed to meet required production can be
found in the Appendix. All of these reactors are all
shorter than the quench feed reactor.

This does not necessarily mean that the'quench reactor
should be excluded from consideration in the design of a
methanol reactor. If a methanol  guench feaotor could
be fabricated and operated to allow a controlled rate of
heat loss along the reactor length then it is conceivable
that shorter reactor stages wouldbe required since more
conversion could be achieved in any given stage before the
reaction heat raises the temperature above the restraint
threshhold. Since some heat would be dissipated through
the insulation, the reaction temperature could be kept
at a high value for a longer time thereby decreasing the
needed reactor volume.

Another consideration in the choice of reactor would
be the capital cost of equipment. It is conceivable that
the quench feed reactor would be more economical since it

would not involve the use of inside tubes for cooling.
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When the other methanol ?Eactors were sized for length
comparison only the catalytic cross sectional area was
taken into account. The incorporation of a tube bundle
for cooling inside the packed bed effectively increases
the reactor cross section and consequently the weight
of metal needed for the fabrication of the shell., Once
design information was obtained to calculate the area
required for the tube bundle then the total reactor
volume could be compared on an equal basis with the
quench feed reactor. Of further importance in terms of
cost in the design of the optimum temperature reactor
or the isothermal reactor would be the control eguipment
needed to ensure that the reaction follows the required
temperature path.

Figure 2 shows the effect that inlet temperature has
on the ‘reacter length needed to achieve 3% conversion
cannot be achieved without violating the temperature
constraint on the system. Figure 3 illustrates the effect
that a varying percentage of the total feed used as quench
feed has on the reactor length. Below a quench percentage
of about 30 percent the conversion in a five stage reactor
will not reach 15 percent without exceeding a reaction
temperature of &0500. Figure 4 demonstrates the effect of
inlet temperature on overall reactor length for a given

quench percentage and a given quench temperature. Figure
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5 shows the effect on reactor length produced by varying
the quench temperature with a fixed quench fraction and

inlet temperature.
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INCLATURE

N

Tewmperature dependent rate constant, (moles.-gm catalyst/hr)"l/B

. 2
reactor cross scctionzl area, cm
; : Yy
Temperature dependent rate constant, (moles-gm catalyst/nr) /3
- . 2 2
Critical temperature and pressure constant, atm-liters®/mole

1 '“1»/
Temp. dep. rate constant, (moles-gm catalyst/hr) /3

Critical temp. and pressure constant, atm~litersz/holez

Heat capacity, Cal/zm-°C

Temp., dep. rate constant, (moles-gm catalyst/hr)—l/3

Molar flow rate of gag, moles/hr.

Quench feed fraction, dimensiocnless

Fugacity, dimensionless

Heat of reaction. Cal/gm

Inert gas flow, moles/hr.

Equilibrium constant, dimensionless

Reactor leng%h, cm

Ratio of hydrogen to carbon monoxide, dimensionless

Moles ,

Reaction pressure, atmospheres

Gas constant, li-atm/gz mole ok

Reaction rate of carbon monoxide to methanol moles/gm catalyst/nr
Molar specific wvolume, liters/gm mole

Catalyst weignt, gm |

Heat capacity coefficient, Cal/gnm OC

Heat capacity coefficient, Cal/gm

Heat capacity coefficient, Cal-°0/gm

Fugacity coefficient, atm ™t '
Catalyst effectiveness factor, dimenzionless

Catalyst bulk density, gm/cm3
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Sample Problem

The computer simulation of the methanol quench fegd
reactor has been programmed generally enough so that it
can be used with various operating conditions. Values
used for computations are arbitrary but are matched, where
possible, with known industrial conditions. The
vproduction rate of 300 tons of methanol per day typifies
medium scale methanol reaction Systéms. It has been
reported by Kirk and Othmer that most methanol reactors
operate between 12 and 16% conversion. With a 15%
conversion of carbon monoxide to methanol, the molar feed
rate of carbon monoxide to the reactor is 52OO 1b moles/hr.
This feed is divided into a preheated fraction and a quench
feed fraction. This rate assumes that the reactor operates
24 hours/day. The inlet stream also contains hydrogen in
~a ratio of frdm 3 to 4 times as much as carbon monoxide.
The remainder of the inlet is comprised of 10% inerts
which are assumed to be nitrogen.

Each reactor stage ig 70 centimeters in diameter and
is packed with catalyst pellets at a bulk density of
0.82508 gm/cmB. The reactor operates at a pressure of
280 atmospheres which has been assumed constant to simplify

the problem slightly.
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The initialvconditiéns of inlet temperature, quench
temperature, quench fraction, and gquench distribution are
specified as input data and are listed at the beginning
of the computer output; Each reactor stage length is
printed individually and the total quench reactor
length is outputted at the end of the problem. The exit
conversion is the highest possible under the temperature

restriction imposed on the methanol reaction.



- “”}&Ié?mfﬁﬁ6¢EA¥Q§?“”1;””M"“M "613.1599 T 7 -

T U TQUENCH TEMPERATURE ) 313,1599
T ““ézacrog PRESSUIE , ATM, ‘ 280.0000
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SECOND REACTOR STAGE o
INLET - T e0s5.68530
ME THAMTL o 0.03252
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The computer simulation of an adiabatic five stage
methanol reactor operating with quench feed has been
programmed generally enough so that it can be used with
varying conditions. Values of limiting conversion in each
stage, guench fraction to each stage, quench temperature,
and inlet temperature are supplied as data. After
defining various constants initial molar flow rates are
calculated. These values are used to calculate reactor
length and temperature for a given value of conversion
beginning at statement 135. An interval of conversion
is set and values of equilibrium constant, fugacity
coefficients, and others are calculated fbr both ends of
the interval to-establish a reaction rate in statements
2G0 through 435.

Statement 440 calculates an incremental reactor
length using an average value of reaction rae. Statement
525 calculates a temperature rise and compares it to an
initial guess. If the value is in close agreement the
calculation continues in the next increment of length.
This procedure will continue until either the conversion
restraint or the temperature restraint is violated.

At this point the gases exit the first reactor stage
and mixed with quench gases. An enthalpy balance and
material balance are calculated in statements 600 through
745, This enthélpy balance is used to deterﬁine an inlet

temperature to the second stage. The material balance



defined the gquantity of eacH® component entering the next
stage. This procedure is repeates so that conversions,

temperatures, and lengths can be found and outputted for

the five reactor stages.

Ll
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-
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85

100

1%

110

CoMpPuUTL

FORMATL
READ(S,
IF (LM

READIS s Z0 XLy A2 s 222 g X4 s XB5 3G 02 403504

FORMATIL
READ(D,
FORMATI
CTOT =

HI10T
ETOT
Q71071 =

P = 230
ACR = 3
ROR = §

WoH

12}
SYLIVEIT
IT) 254760

O g, o
Mirde

1

301TLTALSFQ

2F10.00
235924506
TeCTTT2E06
0e0
1:0645805E06
«0
S48.44775
«832508

CALL QUTPU

wWRITEL(6

3351

A Flve STAGL

ST HANIOL

FORUAT(20Xs 'FIRST REACTOR STAGE!/ )

ALPCO = 64642

ALPIN = 64524

ALPHY = 6: 9‘4-7

ALPME = 44394

BETCO = 166658 =~ 03 ..
BETIN = 142502 - 03
BETHY = =~ (Qe203E -~ 03
BETWL = 2442748 -~ 03
GAVCC = = 041968 = 06
GAYIN = = (04001E -~ 06
GAMHY = 0488 - 06
GAMME = = 6£4855%E -~ 06
FCO1 = CTOT % (le - FQ)
FHY]l = HTOT % (1. = FQ)
FYMEYD = ETOT % (1le = FQ)
FINI = OTOT % (1le -~ FQ)
FCOR = FQ # CTOT |

FHYQ = FQ * HTOT

MEQ = FQ # ETOT

FINQ = FQ % OTOT

XAl = 060

KT0 = 1
Ito =} e
ITEM = 1

JTEM = ]

CONTINUE
GOTO(105+11041155120+13C)H21TEM
TA = TAl

XA = XAl

X8 = -XB1

FCO = FCO1

FHY = FHY}l

FML = FME]

FIN = FIN]

GOT10 135

TA = TA2

XA = XA2

XH = XRBR2

FCO = FCO2

QUENCH REACTOR



IF (TUV = CeDl) 23002304225

R

FHY = FHY2 - - - "
FME = FYMEZ
e F L T FINZ o e e e e e o ot e e+ o e i
GOTO 135
C115 TA = TA3 - - - [
XA = XA3'
X8 = X8B3 . e — - I - -
FCO = FCO3 )
- CFHY = FHY3 - - - e e e e e+ e e e e =
FME = FME3
Flit = FIN3 . - — . .
GOTO 135
120 TA = TAs4 o T IO B -
XA = XAL4 4
XB = XB4 S — - e SN
FCO = FCO4
CFRY = FHY4 N - - - - .
FME = FMES
125 FCRMATI{1ISXsE1567) e _
FIN = FING
. GOTO 135 - e e e e e e e e
130 TA = TAS
XA = XAS5 - e - - - S
XB = XB5
FHY = FHYS - I o e S I .
FME = FMES
CFIN = FINS T e e e e e e e e e
GOTO 135
135 CONTINUE - - .- o - - . e -
WRITE(6:140)FCO
160 FORMATILGKs PINLET MOLES CARBON MONOXIDE' 913x+£12.61). e e
. LA = 040
145 CH4E = 4.2593E ~ 02 —— et e+ e e < s o1 e e e e e e+ e
180 CHY = 169578 = 02
185 CCO = 25127 - 02 - S e e e e e
150 B¥E = 5.8784E3
165 RBRMY = 1624614010 e e e - —— s m P
170 BCO = 2:6596E2
175 R = (0408257 - S, - — e e e+ e e e e e o e e
1IR3 ETTA = De67
185 M = FHY / FCO — . —— [
WRITE(G2190M
190 FORMAT{IOXs'™ RATICY'+33XsF1l0e6/) e - PO —
DELX = 04002
I = (X3 - XA) / DELX ... ... e e e e e e e e e e e e
DO 550 J=1s1
. 195 DELT = Qel e e e an - .
200 X8 = XA <+ DELX
205 T8 = TA + DILT - - - . -
210 BOLD = DELT
215 AKQA = EXPL {8975« / TAY = (£,093 % ALOGITA)} + (000563 * TA) - (. __
1 (Ce5126E = 061 ¥ {(TA % ¥ 21) =~ { (00408 ~ 09) % (TA * # 3} + 2
24431 .
220 AKQB = EXP{ {(8975¢ 7/ TY) =~ (84093 % ALOG(THI) + {0.00563 % Tl -~ |
1 (3.51245 ~ 063 * (T8 = % 2)) = ( (0#04608E ~ 091 % {Ip * = 3} + ¢
244310 .
SOMEF = (R * TA)Y / P . - - -
225 EH = SOMEF
SOMEF = { (R % TA) /7 (P + (8ME / (TA % (i * #~1.751)101}1) + CME
TUVY = ABS{SOMEF -~ EN)



233

L235%

240

250

255

260

2565

270

275

285
290
295
300
3cs

1

1
310
315
320
325
33¢
338
340
345
350

YMEA = SOMEF N

SOMEF = (R * TBY /7 P

Exn = SOMEF . L e e e e e e e
SOMEF = " (R x TR) / (P + (BME (TB % (EN % % 147511111 + CME

TUY = ABS(SOVEF = [N}

IF (TUV = CeD1l) 240+2404235

VMER = SONMEF

SOYEF = (R * TAY / P

N = oMER L e e e e . e e s = S
SCMEF = ( (R % TA)Y / (P + {BCO (TA ® (EN %= % 1,75))))) + CCO

TUV = ABS({SCMLEF =~ EN) . . . oo .

IF (TUV = 0e01) 25042504245

VCCA = S0OVEF g

SOVEF = (R % I3) / P

ENn = SOMEF e e e e
SCMEF = ( (K * Ta) / (P + (BCO (TB ® (EN % % 1.,75))11}1) + CCO

TUV = AB5({S0MIF -~ EN) L L. .

IF {(Tuv =~ 0.01) 26012604255

v(on = CMEF -
SOMEF = (R ¥ TAY / P

En = SOMEF . . S .
SOMEF = ([ (R * TA) / (P + (BHY (TA * (EN % ® 1,75))1)) + CHY

Tuv = ABS({SOVIF - EN) s R
IF (Tuv — Cel1) 27082700265

VHYA = SOMEF N .

SOMEF = (R * TB)Y / P

EN = S50MEF . e s e
SOMEF = ( (R = TR) / (P + [BHY (T8 % (EN # % 1,75)101)1) + CHY

TUY = ABS({SOMEIF = EIN} ’ R

IF (TUV = (eD1) 28052806275 *
ViHYB = SOvEF ’ : i ) R i

FUCA = EXPLALOGE (R # TA)Y / (P ® {(VCOA - CCOMI) + {CCO /7 (vC0OA ~ C
COYY =  {T7e * BCCOY / {32e ¥ R % {TA ¥ ® 21 % (VCOA * ® 075V} )31 . . __
FUCS = EXPLALOGE (R % TB) / (P * (v(CQus -~ CCOYHy {(CCu /7 (vCOB =~ ¢
COYY = € {Te ¥ BCOY / {34 % R % {Te % % 2} » (v(03 * Se7D5) 1)) »
FUHA = EXPLALOGL (R % TAY / (P ¥ (VHYA - (MY} (CrY / {vrYA =~ C
HYY)Y = { (Te % BHY) / (3¢ ¥ R % (TA ® % 2} % (VHYA % % Q47511 1}))
FUHB = EXPLALOGE (R # TE! / (P # (VrYE = CHYI) 1)) (CHY /7 (viiyg - C
~Y ) { (Te » BHY) / (Ze ¥ R ¥ (T * % 2} % {VrY¥Y3 ¥ # De75111)) -
FUMA = EXDLALOGE (R % TA) / (P % (VMEA = (CME) 1)) (Cwvg /7 {vembA = C
ISR ( {(7¢ % BME) / (36 # R * (TA % % 2) ® (VMEA & * 0,751} 11}
FUM3 = EXPLALOGE (R % TB) / (P % (vvMoip = (¥9))) (Cwll /7 (vegsd - C
TERY = L (Te ¥ BME) / {34 * R ¥ (T8 % % 2) # (VMEB % % Qe7511)1)

ZA = Je + M =~ (2. % XA) + ( (FME + FIX) / FCO}

78 = 1. + M = (2, % XB) + ( (FME + FIN) / FCO) L B
ACTA = (1. = XA) / ZA

AHYA = (M = XA} 7 ZA _ R

AMEA = { ([FME / FCO) + XA)Y / ZA

ATA = Z«265E =~ 05 * (TA # % 3] = (040539 % (TA ® * 2} + 41493 ¥ TA
~140362E04

ATB = 2265E = 05 % (TB % # 3} = (0,0539 % (TR *® % 2} + 41,99 # IB
~1el6GE2EQG

BTA = £68829E4 * (EXP{ =~ 1.£368Z - 02 * TA}) ; K
BYH = 6882984 % {(EXP( = 163685 = 02 = Ti8}))

TTA = Te265556 % {(EXP{ = 2¢47GE « 02 * TA)) -

Clin = 742065286 % (£xP{ =~ 2.67%9: =~ 02 * T8))

DTA = 2060057 % {EXD{ = 2432046% ~ 02 % TAY) —

DTH = 240086047 ® [EXP{ = 243046L -~ 02 * TB)}

ACOR = {1, = XB} / I8 .

AH¥R = ™M -~ XY /s IH

AMES = { {FMEZ / FLO) 4+ XB) /£ 2B

L7






L9

‘355 SYA = [FUCA ® ACOA * P1 # { (FUAA # AHYA % P} % % 2] = ( (FUMA % A
IMEA = P) /4 AKOA) . .
366G RUYA = (ATA + {8TA % FUCA * ACOA * P1 _#+ (CTA ¥ FUHA # AHYA % P} _ 4 ___
1(DTA * FUMA = AMEA % P)) # % 3
365 RCTA = (SYA / BHYAD * ETTA . L oo -
370 SYT = (FUCH = £CD3 % ) % { (FUHZ # AHYB % P} % ® 2) = ( (FUMS * A
IMEE x Pl o/ AKUBY : o
375 ReYE = (ATB + (o978 ¥ FUCB % ACOB # P) + (CTB * FUHB * AHYB * P) +
L MEDTE w FUME 5 AMEQ % D)) B % 3 e e e e e e o
3873 RCOB = (SYB / wuYd) # £TTA
5 { (le / RCUA) + (1o / RCOBI) / 20 . - o
= La 234 (26627465 = (3 % TA) = (668555 ~ 06 * (TA * * 21)
Ccr T L3908 = (25,2745 = 03 % T} = (68555 = 06 * (TB * % 21}
400 CHCA = 6eGZ + [166658 = 03 # TA) = {21562 = 06 % (TA % % 2¢})
405 CPCR = 642 « [1¢6852 = 03 * TB) = (J241%0E = 06 % (T8 * % 24)) _ ..__
L10 (PmA 5 6eG47 = (D428 = 03 # TAY + (Ces3E = 06 % (TA = % 241}
415 CPeE = £a967 = (0420 = 02 % TB1 + (Je45E — 26 * (T8 * % 2,))
L20 (PIA = 64524 = (142500 = 03 # TA) = (04Q01E ~ 06 % (T4 % % 241
425 CPIv = 6,524 + (162325 = 03 % T8) = (0.C01Z =~ 06 % (To % % 2,1}
30 DELmA = - 43100¢ = (15,92 % Ta) + (1145045E = 03 x (TA % % 2)) = (
12¢539¢7E = 06 * {TA = % 3} . e e e
435 DELHY = = 4B100e = (1592 % T8} + (11.5045E = 03 * (T3 * % 2}) - |
12¢539675 ~ 06 * (18 % % 3)) . . -
440 DELL = ( IFCO % DELX * RAV) / (ACR * ROBI}
445 HRAY = (DILEA + DELHB) / 2. . e e U
LEQ FMEA = ZA ¥ AMEA £ (PUA ¥ FCO .
455 FYER = Z3 % AMER * CPY3 ® FCO . ... . __._.. _. e+ e e e
460 FCCA = ZA % ACQA # CPCA * FCO R
465 FCOP = 28 % ACOH % CPCB # FCO . , . . e s
L73 FHYA = ZA % 4asY)L # CP-+A * FCO
475 FHYE = 28 % AHYS % (PHB * FCO e e B
480 FIA = FIN ® CPIA
485 FID = FIN ®= CPIB . U
490 FisVv = (FIA + FIB) / 2
495 FYAV = [F¥EA + FNMEB) / 2e . e N —
500 FCAYV = (FCCA + FCOB)Y / 2.
505 FridVv = (FHYA + FHYB) / 2. ‘ . I A
510 CPX = 24177
515 FLBY = ROB * DILL * ACR e e e e e e e e e e
£20 FKAV = FLBK # (PX
§25 DELT = { = HRAV % FCO ® DELX) / (FMAV + FHAV + FCAV + FIAV}. O
530 Q = ABS(DELT - BOLD)
LB = LA + DELL e e e .
IF (0 = 06051 53515354545
535 CONTINUE e e e e et et e o i e e+ o en e
XA = XB
TA = T8 - I . .
LA = LB
IF (TA = 673416) 54035404560 .. e .
540 CONTINUE
GOTO 550 . U
545 GOTO 205 -
550 CONTINUE B} -
555 FCORVAT{IOXe ' TEMPERATURE AT EXIT!s19XKaF743, /710Xy *STAGE LENGTrs CMat
1920X0F 2439 /10Ky " a0LE FRACTION METHANCLY +18X 9574571
B60C WRITE(L1553 1 TALAY KA
DIS = LA / 30443 I e .
WRITE(645651D18
565 FORVATE10Xs "LENGTH OF REACTOR STAGEsFT«'13X4F7e3/1 e

GOTOIBT721630051546304645)+JTEM

570 781 = 1A



XB1 = XA

DISI = LA / 30:48
LFC02 = FCO1 % (le = XB11.+ Q1 % F QO o e e e e e st e = =
FvEz = FCO1 # XB1
FHY2 = FHYL + (U1 % FHYQ! =~ (2. * FCOLl ¥ (XBl}) -
FInzg = FINL + (Q1 * FINQ)

575 FORMATIICASELZ2+4210X1 61204}
' GOTO 555
520 TAZ = GEOCRG U OO
WRITELE.5E5
525 FOIMATIZOK

WRITE(6:592
500 FORMATILIOX

SECOND REACTOR STAGEY/)

The

T 3

XAZ = X©l1 % F
X

SPERATURE AT INLET'$20X3F9e5)
1 /7 (FCO1 + Q1 x FCOU))

595 FORVAT(10%s 'VCLE FRACTION METHANOL'+19XsFTe5)

GCTO 750

6C0 TBz = TA
XB2 = XA .. -
Di1sS2 = LA / 3048
FCO3 = (FCUL + (Q1 % FCCQY) # (le = X821 + (Q2 % FCOQ). _ . . ...
FYE2 = (FCO1 + (T1 ® FOOQ)N} #* XB2Z
FHY2 = FHYL + ( (Gl + Q23 % FHYQ) = {26 % ( (FCUl + {Ql * FCOQ)) *_
1eX8211
FIN3 = FIN2 + (Q2 * FINQ) ; e e SV S
GCTO 655

605 TA3 = GIORG
WRITE(61610)
610 FORMATI2CXKs "TrHIRD RZACTOR STAGE'/)
WRITE(S12G01TAZ
XA3 = XB2 ¥ (FCOl + (Q1 % FCOQY) / (FCO1 + (.{Ql + Q21 * FCOQ))
WRITE{6s5651XA3 :
GCTD 750
61% TB3 = TA
= XA
LA / 3048
(FCO1 + ( Q1 + Q2) * FCOQ)) * {le ~ XB3). + {Q3 % FCOQ)
(FCOL + ( Q1 + Q2) % FCOJI) * XB3
FrYl + ( (Gl + Q2 + w3} * FHYW) = (2 * ( (FCOL + (Q1 4£.Q2).__ .
I# FCOQ) % (XB83)1) ‘
FING = FIN3 + (Q3 * FINQ)
GOTO 655
620 TA4 = GEORG
. WRITE(64625)
625 FORMATI1H1420Xs 'FOURTH REACTOR STAGE'/) __
wRITE(612G01TAL
XAL = XB3 ®* (FCOL + ( (Gl + Q2) ® FCOV)) / (FCOl_+ { {(Q1 + W2 + Q3
1Y * FCOQN :
WRITE(6:1595)XA4

“n
: m
X mo
£
wonouon

GOTO 750
630 T84 = TA e
" XB4 = XA
DISG = LA / 30,48 - o
FCO5 = (FCOL + ( (Q1 + Q2 + W3) * FCOU)) * {l. = XB&) + (Q4 % FCOU
1)
FMES = (FCO1 + ( (Q1 + Q2 + Q3) % FCOUI) * XB&
FHYS = FHYL + FHYQ = (2. * ( (FCOl + (01 + w2 + Q3) * FCOQ) * (XB4
111 :
FINGS = FING + (Q4 * FINO) L
GOTO 655

635 TAS = CEORG



51

WRITEL6+€40)
6640 FORMATIZZAs'FIFTH REACTOR STAGE'/)
CWRITLLGDH0ITAS e e e e i et o e 2 e e s
XAS = X6 ® (FCOL + ( {0l + Q2 + Q3) % FCOQ)) / (FCOL + FCOW)
WRITE(6:555)XAS . — PO
GOTO 7%0
665 T35 = TA
XBE = XA

A/ 3Ce4B. e e e R -
IS + 0iI%2 + DIS2 + DISL + DISH
o

s . . e e e e

10/ P TOTAL LENGTH OF GUENCH REACTOR'$10XsF10e5/7//)

c

655 CORTINUE
GOTO(660166546T705675)14170

660 FCO = FLC2
FHY = FHYZ2 - _ e o -
ME = FME?
FIn = FIN2 _ . . -
QUE = Q1
T8 = TR1 - P R e e e e e e e e
GOTO 680
665 FCO = FCO3 N S .- e e o R
FrY = FHY3
FME = FME3 N L U, . _ e -
) FIN = FIN3 ‘
. QuE = Q2 e e e e e e e e e e o
T8 = 182
GOTG 680 . N J U,
<670 FCO = FCO4
FrY = FHY4 . - J - —
FME = FVEG
L FIN = FING e e e e e e e e e e et e e et e e e it e e
QUE = Q3
T8 = TB3 e R e e e e e e e e
GOTO 680 :
€75 FCO = FCO5 . I e e e -
" FHY = FHY5
FYE = FVES. . e e e s e e e R
FIN = FINS
QUE = Q4 e e e e ..
T8 = T84
GOTO 680 ; e e .
6R0 GCO = (FCO -~ (QUE * FCOQ))
: GHY = (FAY = (QUE * FHYQ)} e e e s e S e e et e
GIN = FIN = (QUE * FINJI}
GME = FMEL

685 EA = ( {GJTO0 * ALPCO) + (GHY * ALPHY) + (FIN * ALPIN) + (GME * ALPM
1EYY ¥ (T8 - TQ) . . PR .

690 EB = { { (GCO » BETCO) + {GHY % gITHY) + (FIN * BeTIN)Y 4+ (GME % BE

. ITHENY o L (TR x % 2] ~ (TQ * ® 2)}) /7 2. e e e e e e e i

695 EC = ( { {(GI0 * GAMCO) + (GHY * GASHY) + (FIN * GAMINI + (GME ¥ GA

IVMERD * (T8 = % 3) ~ (TQ *= * 3))) / 3. . '

700 ERTH = EA + EB + EC
GICO = (LU ¥ FCOQ) + GCO . - - -
GItY = (QUE * FHYQ! + 0ORY
GIME = (WUt * FHYQ) + GMo . e i e e e
GlIN = (QUZ * FINQ) + GIN ’
ED = {GICO » ALPCO) + {GIHY * ALPHY) + (GIME * ALPME) + (GIIN ¥ AL
IPIN)

EF = ( (GICO ¥ BETCO) + (GIHY #* BETHY) + (GIME * BETHE) + (GIIN *



/. tinNIRYOT
¥ MITO) + (3HWVD * 3WI0) + (AHAYD # AHIO) + [ODWVD + 02191 ) = 93
' T ' 2/ (UINIL3d1

28

ani
- - T o : B ) d0LS 09¢L
01 0109
. T T e e o T INNTINGD §6L 7
. ¢0Y 0109
T T I T e T mm s e e T + OL% = OLM .
T + 041 = 0Ll
- T . ) - T T T + W3Lr = Wiir -
I + W3l = will 0%l
- - OLNP{GEYICIH4ECH*CESICLILD
) . 1 = SN03I9 4L
T T T S I S T s e T e S1L CLCO T
1730 - L = L
R - T ot INNTINGD O%L
CULsEHLYGHL (20070 =~ 1713G) 51
s - - - *2 /7 1730 = L7134
INANTLNGD GEL
- T e e e e T TGELEGRLSGHL {010 - NS) 41 e
(RO = NUISEY = 1S
- (CTI0AYSEY = N0
(A1Say = Ny Cel
- - - - cvl ClCOD
SNANTLNOD €24
U el LoD .
A = GTICA C2ZL
T T e CZL$GZLYOEL (QT0A » AY 41
YO = (1€ % % 1Y % 93y + ({2 = = L} # 53} + (1 = 0%y = A 61
- T : : I - L . IANTINGD O1L
GHLSOTLYOTL (*€LL - L) 41
T T s e o e T o ' 1730 + 1 = L &CL
979¢¥G = 1
T e - ’ 04001 = 1153
VG e (1€ 3 = HI) % 930 + (12 % & ¥1) = 43) + (41 + 03 = CIOA
S o ' o 91%¢26 = ¥l
(€ » # OL) % 93) + {(Z % = DLY = 23) + (0L % Q3) + HINT = Vd



53

SHICAHTING NOT P
COAin TAL UV P ACP o ROBR FUD1¢N?2402,04
WRITE (6,700

20 FORGAT IV 309, TINITIAL CONDITIONS®//) ) T -
WRITEa 835137 %] e
CTUBERL FOAT IO TNLET TEMPFRATUTE (92X, RO 4, YT T
NRITE L, 702070 B
T TR e AT e e VEVSE AT EY P IX L Fo L4 s -
AX21TEEE, e}y D o o e

faol
-
n
N

EALAATLIN G PREALTOR ORESS YR FE, AT A, ¢, 18X, FfGea/

ARTTE L6, 1204 AL R

FRQL PR AT, PUCALTOR CPOGS STECTION,SA, 4, ', 10X, F1C. 5/ 7 T DR
WRTTELA,» Ry 2R
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COMPARISON OF OTHER. METHANOL

REACTORS WITH A QUENCH REACTOR
COoR 1B S0 CONVERSIOWN

RUENCH EEACTOR

LENGTH = 7O, G FTEETT

ISOTHERMAL REACTOR AT 395 9

| 15
W ( iy
\':(;\ o J o T

A5 _
'ACL
O

Fro = 235224 Kmoles [ e
W = 4455 Kg cafalyst
w o= G‘b X ACr ~ L‘

(jb = .32503 gwm/cmS

Ao = 3840.45 cm?
|l = 4455 % 100
LB2508 « D845 4 RD.AK

L= | 46 03 Yeel

LENGTH = 46.0 oo
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OPTIHAUM TEUMPERATORE PROFOE REACTOR
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S s et TN

2 i
-EL‘ reoctor Vo\ .

8 = \/ (’M(uma Tlowu t\f(;v(\/
\/ [vome o‘c R:)Qc, UwC\I)

For 3Boo Ton/DAY  PRODUCTI OW '
Ve, = 3900 ib on‘\ﬂ?a/{m' CO
T oo b wmeles/ e Ho
+ 1Tloo b o §>/«\r e As

= T3¢ b w oteas / L}V f?l?&c "”Or ”\:/:3,*2(?};

V = 1360 » 359
48 @3B o
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A= a.1a2 £4=

L= V/ A
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Iable IV

QUENCH FRACTION = 0620

INLET TEMPEIRATURE CONWERSION REACTOR LENGTH

6C8615 0¢126 48448
61316 06122 L6629
623616 0el18 41671

628616 9¢117 3980

63316 D¢113 38412

62815 0110 36.01




=
Table V

QUENCH FRACTION = D425
e O IRUET TEMOIRATURE - COMVERSION - - REACTOR LENGTH
603&16 03148 ’ v 67048 ’

e 623616 0140 6Ce320

6528016 : 0137 - - L 56etly -

0 1 T T < T TP B s s B R £ et

Ed



QUENCH FRACTION

—eomemes (IMUET TEMPERATURE

608616

Y 3 e T 16 e e

e 623016

- 62816

Table VI

= 0¢30

CORVERSTON

. 06150

63

REACTOR LENGTH

844675 - -

e B85 g 1T e

81434 -

- B80eTh

e e 633 g 16 e e o = Or 15 L e T @ ] e e

e - 638617

06150

77680 o




S INLET

QUEMCH FRACTION =

TEMPERATURE

508516

-51%.16

523416

528015

CONVERS

- (>?) 3 ¢ l(’) s i s st i e e adn s

Table VIT

De35

10N

6l

REACTOR LENGTH -

11986
ceme 116627
108600

105&45

__‘_\__._',.:1 O 7 ¢ 7 3_ - .._-\_...-M. -

10573
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Table VIIT

QUENCH FRACTION = 0040

e INLET TEMPERATURE  CONVERSION - REACTOR LENGTH -

et ot e e e 1 6 ?) 3 e 1 6 i e O P 1 5 O ) l 6 9 e 5 e i o = s e s s o mat vn e

SRS 638616

06150 -~ -- 22642
= Dg150 e = 20746
0.150 - 18544

0e150 - Bkl 18064

D6 l&S - - 1657
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- S Table IX. .
- e e & e O,
QUENCH QACTIDN = 0617
QUEMCH TEMPERATURE CONVERSTON REACTOR LENGTH
313616 0112 3844
317616 06110 37640
321616 06110 37.39
s e - QUENCH=FRACTT1Or = 0 ¢ §rmrrmmmmmmn o s <o oo
- s = QUENCH - TEXMPERATURE - CONVERSION - REACTOR LENGTH
S e 23] B ] e - 04115 - B0 ¢ 25 e e e
- re 317616 s 06115 G0¢15 ~ oo e
- 32116 0 ¢] 1B 3G B e
QUENCH F{ACTIOQ = 019
UUF\CH TLthQATUQ* CO\V&RSIQH <EACTQR LLuuTH
elb OalZO 43;25
316a16 0:123 42 79
31716 0118 42601
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Table X
QUENCH FRACTION = 0620
QUENCH TEXPERATURE  CONVERSTON REACTOR LENGTH
31316 06123 46,29
2323616 OalZl 44«42
333416 0119 43,11
353616 0114 39.90
37316 0.110 37.82
39316 0105 344,62
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e __Table XI . .. R )
— - - -. - ,- P -
OUF\C FRACTION = 0elb
QUENCH TEMPERATURE CONVERSTON REACTOR LENGTH
313616 144 63060
?73e16 09141 61 16
33 16 0139 59,13
353. 16 OnlBZ 54«10
975 16 09126 48639
393916 0.121 L. 72
413616 ll% 40416
433416 OclOS 37 Ol
QUENCH F%ACTIOA = 0527
QUtNCH TVWPtRATUQa CONVtRSIOn R&A&TU? LtkaH
318616 0150 72001
323016’ 00130 70073



e - Table XIT
QUENCH FRACTION = 06275
QUENCH TENMPERATURE  CONVERSTUN REACTOR LENGTH

313616 0151 T4499
32316 0-149 12037
32816 0eldG 7060
33316 06148 69¢36
353616 . Oel&l 62664
373416 0138 5650
393616 0el28 50619
413616 O0el21 450,13

| 433016 0e¢113 4050




QUE™

Table XIIT

{CH FRACTION = 0430

s = ITNLET TEMPIRATURE CONVERSION:

313¢16

323616

L$%4
w
W
-

fy
o

353¢16

373616

293.156

41316

4323616

453,16

0:151
Qe lt9 -
0150

0¢1590

Oelllr® o

0e135
0e127
06121 —-

- 00112

70
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