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ABSTRACT

A digital computer simulation of a batech or semi-
batech reéction was developed., The system consisted of
a jacketed, agitated vessel equlipped with a temperature
controller modulating a control valve in the stream To the

jacket, The resction was liquid phase, and the jacket

medium was Lliqguid.

The program was written in a general form so as to

be applicable to any liquid phase reaction with minimum

modification.

A numerical technique was employed using initial
values of the process variables in the first cycle of
calculations for a time interval, and then using average
values for further iterations. The simulation proceeded
by time increments until the maximum desired reaction
time was reached, or until the reaction rate dropped to

the minimum desired conversion per time interval,

For the trial runs of the program, a reaction, the
esterification of acetic acid with ethyl alcohol, and
conditions were selected, along with other specifics
such as cqguipment, instrumentation, and cooling medium,

All the necessary data on these items were collected,
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A series of aimnlationsvware performed for various
controller settings. The reaction temperature was plotted
against time with the controller settings as parameters
to illustrate the effect of the settings on temperature

control.

The results obtained agree in general with the be-
havior expected, with btemperature control improving with
increasing rate and integral setting and improving with

increasing gain up to a certain point.
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CHAPTER 1.
INTRODUCTION

The objective of the thesis was to prepare a
digital computer simulation of a batch or semi-batch
liquid phase chemical reaction utilizing a liquid
heating or cooling medium. The reaction takes place in
a jacketed, agltated vessel equipped with a Three-mode
temperature controller and temperature control valve on

the heat transfer medium to the Jacket.

The computer program was written in a general form
s0 as to be applicable to any liquid phase reaction with

minimun modification,

The reactor simulation was developed in the follow=-
ing phases:

(1) definition of method

\2) detailed mathematical development

(3) computer program preparation

(L) selection of test process and data collection

(5) oprogram debugging

(6) test running of program

The test running of the program consiasted of simu-

lations at various combinabtions of controller sebttings to



investigate the effect of sach controller mode on

temperature control,



CHAPTIER 1dL.

METHOD 0" SIMULATION

The selected reaction is simulated by a numcrica
technique involving calculations for the reaction and
conbtroller for a discrcte time interﬁal. The calcula-
tions are first performed using initisl conditions.
Average tempersotures and concentrations for the time
interval are then calculated and the reasction and cone-
troller calculations repeated using the average condi-

tions. Several iterations of the calculations are

performed to produce convergence,

inal conditiong for a time interval are then used

)
w0

the initial conditions for the succeeding interval,
The simulation proceeds in this manner until a speci=
fied totael time 1imit is reached or until the reactvion

conversion dropns to a specifled minimum value,

For a particular time interval, batch temperature

malation

}_Jc

is the vearicble selected for convergence, The s
proceeds to the next time interval alter the batch
temperatures calculated in two successive iterations
agree within specified limits or when a specifiled maxi-

mum number of iterations have been performed.



In the first portion of the simulation program one-
time, or non-iterative, calculations are performed. The
calculations in this section are associated with specific
heats and densities for the materials involved. The
general structure of the program is shown on Figure I,

Overall Logic Diagram,

In the second section of the program, the calcula-
tions involving the reaction are performed. At reaction
temperature, properties of the chemical components and
reaction characteristics are determined. Batch volume
and concentrations are calculated., Incremental mass
changes for each component and the incremental heat
evolved cdue to the reaction occurring during the time
interval are computed. IFinally, the change in batch
tempercture is determined taking into account the heat

transferred to the jacket medium,

The third segment of the program includes calcula-
tions involving. the vessel jacket and the temperature
control system. The end-of~-time-interval values for ecch
component in the temperature control loop, from sensed
temperature through pneumatic signol to the control valve,

are determined. Also, the incremental temperature change
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of the jacket medium is calculated through the performance

of a heat balance on the jacket and its contents.

The final segment of the program consists of tests
to determine if further iterations within the same time
intervai are required, if the program should proceed to
the next interval, or if the program should be terminated,
For certain variables whose values are to be changed at
particular times in the program, tests are performed and
values redefined where required, Also, the activation of
the temperature controiler is performed, if necessary, in
this segment. Finally, the output of data is performed

when desired.

The above generasal method is described in greater
detail in the following material, The method is original

with no reference having been made to other work.



CHAPTTR ITT.

MATHEMATICAL DETATLS

A detailed logic diagram contained in Appendix B
should be used as an aid in following the organization

of the following calculations,

Non-Iterative Colcunlations

Watson ligquid-phase exnansion factor, In the first

section of the program the initial item calculated is the
Watson licuid-phase expansion factor. ThisAquantity is
used in the determination of specific heats at various
temperatures of the reactants and products by the method
of Chow and Bright.l The expansion factor is calculated
for each reaction component at the reference temperature
Tor whnich specific heat data has been submitted, The
following equation is used:

wy g = 0.17L5 - 0,0838 Ti,l/Ti,u (1)

All symbols and subscripts are explained in Appendix A,
Tables I and II. In the case of double subscfipts, the
Tfirst refers to = méterial and the second to a tempera-~
ture. This identification is used throughout the
chapter,

1 Chow and Bright, Chemical Ingineering Progresas,

vol. 149, 1953, p. 175.




The expansion factor ig then calculated for each
reaction cormwponent at the reference tewperature for.
heat of reaction according to the following:

wig = 0.1745 - 0,0838 TS/Ti,M (2)

Speciflic heats, These two above calculated quantities
are then used wlth the submitted specific heat data to cal=-
culate the specific heat of each component at Tthe reference

temperature for heat of reaction.
, 2.0
(c_ ). = {c_). (w. /w. )
p'i,5 p'i 1,17 74,5 (3)
The last two relationships are again used to obtain
gpecific heats of the reaction components at the reference
temperature for the concentratlon eguilibrium constant,
W = 0,17h5 -~ 0.0838 T,/T,
1’6 71’5 ® 3 6 l,]—!- &)‘;‘)

, o 2.6
‘Cp)i,é = \cp)i (Wi,l/wi,é) '(5)

Finally, tne seme two relaltionships sre again used
to obtain the sgpecific heat of reactant B ot the constant
temperature at which it is continuously added. Prior
to these calculabions, the temperature of reactant B,

T7, is converted to degrees Rankine so that correct units
will be used. After the calculations, T7 is reconverted

to degrees Fahrenhelt.
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T, = T, + 159,60 (6)
Wy o = 0,175 -~ 00,0638 T?/Ta’u (7)
Fcp)z;v = eyl ‘wz,l/wa,7)2'8 (8)
Ty = Ty = 159.60 {9)

Dengity calculations, PFollowing these one-time

calculations of specific heats, non-repetitive calcula-
tions involving densitles are performed. The method uged
to calculate liquid densities as a function of temperature
is the surface-tension correlation (modified Goldharmer
equation).g First, the vapor densities of the rcaction
components and the jJacket medium &t their boiling tem-

peracures are determined.

favi,B = Mwi/\S.uél x Ti,B) (10)
The factor 5:461 is the gas constant having the units
gal.atm./lb.mole R, Next, the vapor densities at the
rererence temperature for which density data has been
submitted are calculated.

(PVi,2 = oxp ({5.00(T; /Ty 3) =~ 1.0) + (11)

Logy ((C>vi,3)) log, (10.0))

The density constant \fDZl) used in this method is then
colculeted for each material., This quantity is used

2 Gold, P. I. and G. J. Ogle, "Estimating Thermo-
physicol Properties of Liguids ~ Part 3", Chemical
ingineering, vol. 25, November 18, 1968, p. 172.




il

later in the prozram for the calculation of the densities
of the reaction materials at various Ttemperatures.

/o 1, = \/ORl - /Ovi,a)/\l.o - Ti’a/ (12
‘ 3

" 0.
ai’u)

The last "one-time" densiﬁy caleulation performed
is the determination of the density of reactant B at the
constant temperature at which it is continuously added,
The vapor density of reactant B =t T7 is determined and
then the ligquid density \f:>27) calculated as follows:

o - e m m ( N
(C)va’7 exp ((5.00((T, + 459.60)/T; ) (13)
- 1.0} + lOglO (rﬁ V2,3)) loge,
110.0)
/02‘1‘ = /Ov2’..{. + /03,2 (1.0 - (T, + 1159.60) (1l)
. ! -
/TZ’L{")

ﬁ:

et of resction at ecuilibrium constant reference

termvercture., The next cuantity calculated is the heat of

reaction at the reference temperasture for the equilibrium
constant. To calculate this item, the relerence heat of
reaction submitted in the data is used with arithmetic
average specific heats for reactants and products between

tihe refercunce temperatures for heat of reaction and equi-.



12

librium constant. The specific heats at the two reference
temperatures were previously obtained using Equations (3)
and (5). The stoichiometric constents are those for the
reaction being simulated:

alA + aZB S —— a30 + a”D (15)

where A, B, C, and D represent the chemicel reactants

and products. The calculation is:

A Ho= AH, o+ (a3((cp)3’6 + <°p)3,5)‘ (16)
MWB + a, ((Cp)u,é + ‘Cp)u,s)’
I‘ﬂﬂu‘ - 3.1 ((cp)l,é + (Cp)l,s)o

1 ag Hegdy oo F (Cp)a,s)'

T“,Me) (Té - TS)/Z..O

Iterative Calculations - Reaction

Specific heats., The calculations in the second seg-

ment of the program, iterative calculations for the re~
action, are begun by determining the Watson liquid=-phase
exgansion factor and specific heat for each componcnt atb
the vorying reaction temperature, The reaction tempera-
ture, TB’ 1s converted to degrees Rankine in'the first

calculation,

w, = 0.1745 - 0,0838 (Tg + u59.6o)/Ti’u (17)
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(e ))s ¢ = (o) Gy /)0 (18)

:L,b p €L

Heat of reactlion, Next, the heat of resction at

reaction temperature is calculated using the reference
heat of reaction and average specific heats as in Eqgua~
tion (16). This equation is not comoletely general and
might reguire modification for use on a particular rem
action,

A Hy = & Hy + (a3((cp)3’8 + (Gp>3,5)‘ (19)

MW +

I TR T A T2

MW& - a; ((Cp)l,8 + (cp)l,S)'

My = ay ((e)s g

e
T

(Cp)?_’g)'
T-)/2.0
o

ng) (T8 + 159,60

Foullibrium constant. The equilibrium constant at

rcaction temperature 1s next determined by using the
average of the hcats of reaction at reaction temperature,
Bquation (19), and at the equilibrium constent reference
temperature, Equation (16), in the following equation:
K=K, » ex 2, + A 1.0/7T, = 0
(=K e oexp (( A Hy He) (1.0/7, (20)

1.0/(T. + L59,60))/2R)

[
The derivation of this relationship is described in

Chapter IV -~ Mathematical Derivations,
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Reaction rate constants, The forward reaction rate

congstant is calculated using the Arrheniunsg Equabtion, and
is then used with the equilibrium constent caelculated
above to determine the reverse reaction rate constant,

A+ exp (E/(R(Tg + 459.60))) (21) -

il

k
k' = k/K (22)

Dengsities. Density calculations for the chemical

components at reaction temperature are next performed
according ©to the surface tension correlation (modified
Goldhaymer equation).3 Using the boiling point wvapor
densities obtained from Equation (10), the reaction
temperature vapor densities arc determined for each
component,
Vi, = exp ({(5.00((Tg + ls.59.60)/Ti,3) . (23)
- 1,0) + log \fD'vi’B))loge
(10,0))
The liquid densities arc then compubted.
/cai = PVie* /3 1; (1.0 = (Tg + (el)

159.60) /7 )03

Volume, Using these densities, the batch volume is
computed, The assumption of ideal mixing is made for

this celculzstion.

3
Ibid,
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v:ml//a 1 +M2/{02'+M3/(03 + MLI_//O It (25)

Concentrations. TFor the above volume, the concentrae

tion for each of the reactants and products 1s obtained,

¢, = Mi/\v ° MU, ) (26)

Concontration snd mass changes, Using these con-

centrations, the kinetic calculation is performed to
determine the change in concentration of component A for
the selected time increment. The chonge in mass of all
components is then computed utilizing their stolchio-

metric relationship.

A G == Atk Clml . ana -k e 27)
c B3, Cuéﬁq

AN = ACy e M -V (28)

AT, = {a, « M, » A Ml/\al o MW,)) + (29)
FB ,o 2f ¢ At |

A M3 = -ag e MWB VN Ml/al * MWy {30)

AM) = -a . M e A My /2 e MU (31)

i the kinetics caleculation, Eguation (27), the

exponent (ni) for eaoch concentration is the kinetic
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order for that component., Also, in Equation (29) the
change in mass of component B is adjusted for the
quantity of B added at flow rate FR during the time
increment.,

Masses, Following bthis point, calculations for values

at the end of the time interval and fTor average values
during the interval are perlormed, The end-ofl-interval

masses and average masses are determined Tor each come

PONENtT,
1 .
v juved q §
Mli M ; F AN Mi 132)
i
s - - 7
” MA, =M, + A M,/2,0 {33)
Mzi is defined as the mass value for each component at

the beginning of Tthe time interval,

Heat evolved, UNext, using the heat of reaction,

Lguation (19); the incremental change in concentration

of component A, Bguation (27); and batch volume, Equation
\25); the heat produced by the‘réaction occurring during
the time intervael is calculated,

Ad= AHy* AC .V 3l

Surface area, _The surface area available in the

jacketed vessel for heat transfer is calculated.
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S = A + 0,535 (V - VI)/D (35)
The derivation of the above equation, as well as the
following energy bulance, is explained in Chapter LV -

Mothematical Derivotions.

Bateh temperature change., Uging the gquantities

obtained in Bquations (3L) and (35), the incremental
chenpge in temperature of the reoaction mass is determined
by the performance of an energy balance on the system,
The system is bounded by and includes the reactor wall,
wnlich is assumed to have an incremental Temperature change
of one-half thot of the reaction mass. The energy input
to the system is considered ©to be the healt produced by
the reaction and the enthalpy with resvect To reaction
temperature of the quantity of reactant B added during
the time interval., The energy output is the heat trans-
ferred throuzgh the reac@or wall to the jackel medium.,
The energy accumulation is the increase in enthalpy'of
the chemical components and reactor wall,

AT=(AH-UoS(T8~T9)At+(T7 (36)
- Tg) FB-F 27 At((op)z’r?‘*'

(cp)g’a)/Z.O)/(Ml (cp)l,B + M2 .

r

(ey)p g + M3 (opdy g + 1) (o)) o+
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The average specific heat of reactant B between its
addition temperature and reaction btemperature is used in
the computation., In addition, the specific heat of the
reactor maberial, (cp)é, ig agsumed to be consbent over
the range of bLemperatures encountered. The overall heat
transfer coefficlent is also assumed to be constant be-
cause of the unchanging reactor propertics (agitator
speed, dimensions, material of construction), the rela=-
tively small variation in physical propertics of the

reaction mass over the temperature range encountered,

(0]

and the small effect of the flow rate of the Jacket medium,
Because of The large crosgss-sectlonal area availsble for

o4

flow through the vesoel jackel, velocities are relatively
low over the entire range of flow rates,

Batch temperctures., The Linal calculetions in this

segment of the »rogram dealing with the reaction are the
determinstions of final and average reactlion temperature
for the time interval,

1
Tly =T + AT (37)

T, = ' 4 A T/2.0 (38)

¥
T 1s defined as the reaction temperature at the begin-

ning ol the time interval.’
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Iterative Calculations - Jacltet and Controls

Sensed temmperature, The third segment of the simula=-

tion involves the calculations for the vessel Jocket and
temperature control loop. The temperature sensed by the
measuring element at the end of the time interval is the
first guentity calculated, taking into account the time
lag ascociated with this itemn, The mathematical descrip-
tion of this element, as well as all other parts of the
control loop are tsken from I*“Lr’am«:s.br Modification of
Franks! equatiuns to sult this particular application
are described in Chapter IV -~ Methematical Derivations,
All time delays assocliated wilth clements of the control
loop are assumned to be first order,

Tly, = (T, + (T, = T,,/2.0) A £/7T ) (39)

/(1.0 + A /2.0 °% 1)

Trror., After the reaction temperature has first
reached the controller set point teﬁperature, the fol~-
lowing celculations are performed for the remaining
components of the control loop. First, the error at Tthe

end of the time increment between measured temperature

L
Frenks, R. G, E., Mathematical Modeling in Chemnical
Inrineering, New Yorlk: John Wiley & Sons, Inc.,
1506, po. 260-266,
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and controller set point is calculated.

EP, = T.. = TL (L.0)

12

Controller rate section. Using this quantity, the

error at the beginning of the interval (EP), a time
integral (Int) whose updated value is calculated later in
the program, Eguabion (66), and controller constants

associated with the rate section of the instrument | &

5

a “C ), the error output of the rate section at the
o P

end of the time interval (EPUl) is computed,.

EPU, = (=% ¢ EPq + (=< /T o) \Int + (EP + (L1)
Ep, = IPO) A £/2.0))/(1L.0 + ©& o
A t/2.,0 €% 2)

Next, the time inbtegral of the rate sechion output is
updated to include the present increment. The average
value of the rate section error oubput during the inter-
vol is used Tor the calculatilon,

Ltry = Lt + (BPo + EPOl) A t/2,0 2)

Controller pneumatic ocutnubt, This integral is then

used in the determination of the overall controller pneu=-
matic output at the end of the time interval., The con-

troller setitings for the remaining two modes, integral
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and proportional, are also used in this calculation.
The controller is defined as having a 3~15 psi output
range with a 9 psi output at zero error,

» - & e ol . e ® o & ,
PO = 9.0 + K ¢ FEPuj + K mral/“ﬁ 3 43)

Signal to control valve, Taking into account the

time lag assoclated with the controller, the output to
the control valve at the end of the time interval ig
determined,

PC., = (PC + (rwv

1 1 + PO - PG) A t/Z.O“\C q‘} (M%—)

/1.0 + A £/2,0°C )

AR

Jacket medium flow rate. Iinally, this pneumatic

signal to the valve is used Tto determine the flow of
heating or cooling medium through the control valve at
the end of the time interval.

AT, . ® O"S
FOW, = (15.0 - PCl) C, = A r*°/12,0 (45)

The control valve is assumed to be linear and is air-to-
close, The flow through the valve is assumed to be
proportional to the square root of the pressure drop,
which is constant. The average flow for the time inter-~
val is also computed,

FCW, = (FCW + chl)/z.o (L6)
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Jacltet mediwn temperature change, To determine the

temperature change of the Jackel medium, an energy balance
is performed on the jacket contents. The system consists
of the mediwa in the Jjaclzet plus the Jackelt itaell, which
is assumed to be in temperature equlilibrium with the
Jacket medium. Firast the vapor and liguid densities of
the jacket medium are calculated by the method used pre-
viously Tor reactants and products.
v = ex .0 To + 059.60)/T L
= Vg, g p ((5.00((Tg + 159.60)/Tg 1) (47)
- 1.0) + log ’ v log
(10.0})
= v + 1y (1.0 = (T4 + 159,60 L8
/059 LVg,g+ Plg ( (Tg + 1,59.60) (&)
0.3
T
/%5,
The instantaneous mass of liquid in the Jjacket is next
determined,
My = VI . 59 L9)
The energy balance is then performed for the time incre-
ment, IEnergy input is the heat transferred from the
reactor contents through the vessel wall and the
enthalpy of the entering Jocket medium with respect to

the initial jacket medium temperature., Perfect mixing
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of the jacket contents is assumed. The onergy accuniu-
lation is the increase in enthalpy of the jacket contents
and Jacket wall,

A TT = (U« S(T, - Tg) - TCW, - /o 59 (T, (507
Tig) {eylg) A B/l \cp)5 +

Mg (cp)7)
The some constant overall heat tronsfer coefficlent and
surface area that were used previously in the energy
balonce on the rcoctor contents, Eguation (36), are
again used. Average reaction temperature, Bguation (38),
and average jacket medium flow rate, BEquation (46), are
also used in the calculation. The specific heats of both
the jackelt medium and jacket wall material are assumed to
be constant, and heat loss through the insulated Jacket
wall is assumed to be negligible. The mathematical deter-

mination of Eguation (50, is described in Chapter iV -

Mathematical Derivations.

Jacket medium temperature. Using tune change in

-temperature for jaclket contents and the initial vempera-
ture, the average bLewmperature for the time interval is
determined,

=17 + A T3/2.0 (51)

TJA
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! . .
Td is defined as the Jacket temperature at the beginning

of tThe time interval,

Tests and Redelfinitions

Redefinitions for next iteration. For a time inter-
val, all of the iterative oalculatioﬁs are first performed
using initial values for reaction temperature, reactant
and product masses, and jacket medium temperature in
‘order to obbain end-of-interval values. Average values
for the temperatures and masses are Then used in subse-
guent iterations., Thus, before iterations after the

first cycle of calculations, the following operations are

performed.
Tg = T, (52)
T, = T3, (53)
M; = A (5L )

Redefinitions for next time interval, After re-

éction temperature convergence has been obtained or the
maximum desired number of iteratlions have been performed,
the calculations for the next time interval are made,
Before proceeding to the next interval, the elapsed time

is updated, and the initial values for this next interval
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are'defined 28 the end values Tfor the last interval.

t =%+ At (elapsed time) (55)
Tg = T18 (batch temperature) - (56)
M, = ML, (component masses) (57)
T1p = TllZ (sensed temperature) (58)
EP = EP; (error) - (59)
EPO = EPO, (rate section output) (60)
Itr = Itr, (integral of rate (61)

section output)

PO = POl (controller pneu=- (62)
matic outputg

PC = PCl (signal to control (63)
valve)

PCW = FCWl {jocket medium Llow (6l1.)
rate)

Tg = TJt + A TT (jacket medium tem= (65)

perature)
Also, the time integral used in Equation (L1) ig updated
to include the last time increment,

Int = Int + (EP + EP, -~ EPQO -~ EPOl) A t/2.0 (66)

1

Initial wvalues for controller variables., VWhen the

reaction temperature reaches the controller set point

temperature for the first time, the following are per-



Formed in order to selt initial wvalues for variables
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assoclated with the control loop., These operaltions are

performed only this one time,

TP = -
P 111 TL

12
FEPO = &4 o EP

PO = 9,0 + k, « EPO

PC = PO

FCW = (15,0 =~ PC) cy ° ‘AkPO'S/lE.O

(67)
(68)
(69)

(70)
(71)

The reasoning behind Bguations (68) through (70) is ex-

plained in Chapter IV - Mathemotical Derivations.,
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CIAPTIR IV.
MATHEMATICAL DERIVATIONS

A1l symbols used in the following derivations are
defined in Appendix A, Table I.
I. Equation (20) - Chemical Bguilibrium Constant.
. 1
Rin K= J (AHT) ar
A Itnowmn eqguilibrium constant, KR’ at reference
temperature Té is used to obtain the equilibrium
constont, K, at reaction temperature Tg. The inte-
cral is evaluabed by using an average value of A H

between Té and TB‘
R 1n (Kg/K) = - (( ALy + A H)/2.0)

(l/T6 - 1/Tg)

Kp/K = exp ( - (( & H + A H)/2.0R)
(l/Té - 1/T8))
Converting T8 to degrees Rankine and solving for K,

K=K, «exp (( A Hy+ & H) (/T - (20)

1/(2g + 159.60))/2.0R)

1 gmith, J. M. ond H. C. Van Ness, Introduction o
Chemical Ingineerins Thermodynamics, New Yorlk:
McGraw-Hill Book Company, Inc., 1959, p. L1l,
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Rouation (35) - Heat Transfer Surface Arca

The heat transfer aresa is equal to the area of
the bottom vessel head, which remains constant, plus
the aren on the straight side of the vessel, which
variegs with batch volume.

S = AH + AS

Since batech volume is known at a particular
time, bthe stralght-side component of area is calcu-
lated after correcting for the guantity 5f material
in the lower head.

(V - VH) = WT’DZh/&

ho= L (V - VH)/ D7
AS = W Dh

Since the units of volume are gallons, it is
necessary to first convert to cubiec feet in order to
obtain the area in the desired units of square feet,
Thus, the factor of T7.4& gallons/cubic foot is
introduced.

LL(V - VH)/D (7.48)
0.535(V - VH)/D
AH + 0,535(V - VH)/D (35)

i1

AS

i

w
HH
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Lquation (36) - Incremental Batch Temperature Change

The derivation of Iquation (36) consists of
the performance of an energy balance on the re-
actor contents. The system is bounded by and in-
cludes the reactor wall,

Input = Output = Accurulation

The input is considered to be the heat »ro-
ko 4

~

duced by the reaction and the enthalpy with respect
S

o reaction temneratureof the guantity of reactant

B oddec,

0]

Input = dH/dt + (T7 - TS) FB . f3'27 .

+ ((Zp)z,a)/gco

(c_).
(ep)o
The average specific heat of reactant B between

addition and reaction tcmperatures is used,

The energy output 1s the heat transferred
through the vessel wall to the Jacket medium.

output = U * 3§ (TG - Tg)

A constant overall heat transfer coefficient is
asgumed for the reasons statec in Tthe Chapter on

Mathematicael Detaills.
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The accumulation of energy is the change in
enthalny of the reactor conbtbents plus the reactor
moterial itself., The specific hest of the rcactor
material is assumed to be consbant Tor the lempera-
tures encountered, and its bemperature change 1s
asswnaed to be one-half that of the reaction mass.,

Acc. = (Ml (Cp)l,B + L"[a (cp)e’g -+ ITB'

(c_)

C a oo X y
P 3,0 + lllf_l_ (CP)LF38 b MC‘) (Cp)é/

2.,0) dma/dt

Inserting all terms into the encrgy balonce,

7 TS) B e /3 27 ((Cp)2,7 +

2’6) 2.0 = U * S (TB - Tg) = (1 (Cp)l,B

di/dat + (T
(cp)

Mé (cp)6/2.0) dTB/dt

Substituting A T for dTS’ At for df, and
A H for dH, and rearranging to solve for A T,
Equation (36) is obtained,
AT=( A H+ At(T7~T8)FB- (36)
2 > + Q .
(> 27 ((c:p)c’7 (Cp)z,U)/g 0
- U « 8 (T8 - Tg) A t)/ (Mlo
(cp)l,a -+ I‘{[E (cp)2,8 + M3 (Cp)3’8

+ Mﬂ (Op)u, + M5 (cp)é/Z.O)

8
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Equation (39) = Sensed DBatch Temperature

In this derivation snd in those following which
involve values for variables at both the beginning
and end of the Time interval, the end-of-intcrval
values have the number one attached, whcereas the
beginning-of-interval values have no numerical desig-
nation, In equations containing derivaetives and
integrala, the instantaneous and intepgrabed values
Aave no nuwacrlcal designation.

36T T e e 8} JUU Y 2
a7, ,/dt = (&8 Alz)/wt 1

o,

Substituting incremental quantities for the
differentials and using average temperatures for the
time Interval,

AT, = (T

12 - (T, + T7,)/2.0) A £/T

A

T1 - T

12
A L/TT
Tli, + Ty, (A £/2.0°C ;) = Ty, + (T, -
T1,/240) =
VALV
1y, = (T, + (T, =~ T1,/2.0) A %/ (39)

T 1)/(3..0 +"a %/2.0C )

Iranks, R. G. B., Mathematical lfodeling in
Chemical Engincering., New Yovrk: John Wiley &
Sons, inC., L9606, ppe 260-266,
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moguation (l1) = Error Output of Controller Rate

Sectlion

w = w 4 E P -
EPO = oL« TP 4+ (X /T ) fo (EP

3
EPO) dt
To gsolve for EPOl at time tl =t + A t, let
Int = ‘jzt (EP - LEPO)dt, the value of which isg

vpdated after each. time interval and which is avail-

able, ‘the volue of the integral up to time ©, equals

L
Int plus ©the averoge value for (EP - 1P0) during the
time dinterval times A T,

T
fo L (mp - ©PO) at = Int + (EP, -

IiEPOl + EP =~ TPO)e

A £/2.0
I = o T o< t W -
EPO, =4 LPy + ( /T 2)(Inu + (}“‘Pl
EPO, + EP - ZPO) A t/2.0)
{ ~ 4 Qﬁ ° - = ®
LPO, + EPO; ( A t/2,07T 2) o

LP. + T + EP - E .
.L.Pl (=X /%G 2)(Int -+ (EPl BP EPO)

A t/2,0)
EPOl = (X e EPl + (o€ /T 2) (Int + (L41)

(EP, + EP - EPO) A t/2.0))/
(1,0 + @K « A £/2.0°0 o)

ITbid.
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VI, Douation (l.3) = Controller Pneumabic Output

- ® gpo oar B
PO =k, « EPO + (k /U 3) fo EPO dt

1

v v
1 _ £ . fl
u[; PO db o  EPO dt + J. T EPO dt

oy
5 L EPO dt = Ttr

For time t, = ©t + A %,
o 1

h{é“ EPO dt = TItr

Itr is available from the calculations for all
preceding time intervals. The average value of EPO
curing the time interval is used to evaluate the

integral between t and tl.

%
‘j; L wpo dt = (EPO + EPO.) A /2.0

1
Itr, = Itr + (EPO + EPOl) A t/2.0 (L2)

o ‘; ° ™Y P
POl K, EPO + (kc/fﬁ 3) Itr1

Since 1t is desired that the pneumatic output be

at

3

nid=point of the 3-15 psi range when there is no
error, ravher than at zero, the factor of 9,0 psi is
added Tto the last equatlon.

Pol = 9.0 4 I{C ° EPOl + kc ® I‘bI‘l/% 3 (M‘B)

Thildd,
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Eguation (L) - Pneumatic Signal to Valve

dPC/d‘o = (PO - PC)/C m >

Substituting incremental quantities for differen-
tials and using average values for the time interval,

A PC = (POl - PCl + PO - PC) A 1:/2.0“"(,’1l

PC, - PC = (PO, - PC, + PO - PC) A £/2,0%

1 1 Iy
PC, + PG, ( A t/2.0°T LIN) = PC + (POl + PO -
PC) A t/2,0% I
PC, = (pCc + (PO, + PO = PC) A £/2,0 lx-) (1)

/(1.0 + A t/2,0°% li-)

Equation (I15) - Flow Rate of Jacket Medium

Al A = ° [ ) 6
FCW, = X » ¢« £( AP)

X 18 the fractional opening of the valve. The
valve is defined as being linear and air-to-close,
The fractional opening 1s a function of the controller
pneumatic output as follows:

X = (15,0 = Pcl)/m.o

Ibid,

Ibid,
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where PG, can vary from 3.0 to 15.0,

The supply and return pressures of the available
jacket medium are assumed to be fixed, and thereflore,
the pressure drop across the valve is constant. The
flow rate through the valve is assumed to be pro=-
portional to the square root of this pressure drop.

£(AP) = A’

T — g : 5 ~
- ) - - L] L] ®

Loquation (50) - Incremental Temperature Change of

Jaclket Medium

An enerpgy balance is performed on the Jacket
contents. The system consists of the medium in The
jacket and the jacket wall, which is assumed to be
in temperature eguilibrium with the jacket mediunl.
Heat loss through the insulated jacket wall is asg-
sumed to be negligible. Inergy input i1s considered
o be the heat transferred through the reactor wall
and the enthalpy of the entering jacket medium with
respect to the jacket medium temperature.

Input = U « 3 (LA‘" Tg) + FCW, - fo 59 -

(Tlo - Tg) . (cp)5



36

The specific heat of the Jocket medium is assumed to

be constant over the Tenperature range encountered,

Inergy output 1s the enthalpy of the effluent
Jacket medium with respect to the jacket medium
Temperature, Becsuse porfect mixing in the Jjackot
is assumed, the temperature of the jacket efflucent
eguals that of the Jacket contents, and therefore
she energy oubput is zero.

Output = FOW, » ro 59 (op)S (Tg - Tg) = 0

1

The accumnulation of energy 1s the chahge in
enthalpy of the Jaclket contents and Jacket wall,
Changes in specific heat of the wall metcrial are

sgumed Lo be negligible,

Acc. = (MS (cp); + M (cp)7) dTg/dt

I
Combining all components of the balance and
substituting incremental guantities for differentials,
U- 5 (T, - Ty) - FCU, fﬁ 59 (Tg -

Tlo) (cp)5 = (MS (cp)5 + M7 (Op>7)

A TIT/ At
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Solving for A TJ,

AT = (U 8 (T, -~ T,) - FCW, » (50)
2 A

A
259 (Tg = 1y0) (o)) A/
(MS <cp)5 + M7 (Cp)7)
Equation (68) - Initial Error Output of Controller
Rate Section
EPO = X o TP + (X /T ) L[gt (Ep -
EPO) dt !
Since Equation (68) is used to calculate an
initial value at time zéro, the integral term is
ZeTro.

PO = ©K o [P (68)

Ecquation (69) - Initial Controller Pneumatic Oubput

T E °

= L + ‘_/) " ]

PO = k, + BPO + (k. /°U 3) o EPO dt
Since the calculation is performed al Uime

zero, the integreol term is zero. In addition, the

factor of 9,0 psi is added to produce a mid-point

oubput at zero error,

PO = 9.0 + k_ + EPO (69)
Ibid.

Thid,
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Dguation (70) - Initial Pneumatic Signal to Valve
PC = PO (70)
Since any difference between PC and PO is

caused by time lags within the controller, at initial

conditions before any elapsed time, the two should

be eqgual,
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VCHAPTER V.,

PROGRAMMING

The formulation of the compuber program to perlorm
the desgired manipulatlon of the previously describéd
mathematical relationships is discussed in this chapter,
Reference should be made to the print out of the program
in Appendix C and to the detailed logic diagram in Appen-
dix B, An explanation of some of the op@rations within
the program, which require elaboration, is contained be-

Low,

The entire program is written in IFortran IV for use

on the RCA Spectra 70 computer. The Specltra 70 FORTRAN IV

1 .
Reference Manual™ was used as a reflference for programiing.
The control statements used in the program are as pre-

scribed in Interface,

A1lL of the mathematical relationships listed in the
Chapter on Mathematical Details were converted to Fortran
IV for use in the progrem, and IZguation references are

to Chapter III.

1 Spectra 70 FORTRAN IV Reference Manual, Radio
Corsovation of America, November, 1967,
e

Interface, HNumber III, Newarlk, New Jersey: Newark
College of Imgineering Compulting Center Newsletter,
Hovember, 1968, pp. 3=l
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Procedure for Retaining Tnitial Values

For a time interval, initial values of masses and
temperatures are used for the firast cyecle of calculations,
Average values Tor the time inbervsal of these voriebles
are then used in succeeding iterations. Therefore, after
the calculation of Tguation (31) in the first cyecle of
calculations, new primed variables; Mi, T', and TJ‘; are
given the initial values and retain them vhen the masses
and temperatures in the equations are redefined to average
values., At this point in the program, an arithmetic IF
statement 1s performed to determine if the primed vari-
ables should be eguated to the equation variablés.

IF (2Ma (1) - zM (1)) 20, 22, 22
The average mass for component 1 is defined as zero at
the beginning of the time interval. Therefore, since
the guantity is negative after the first cycle of cal-~
culations, the program proceeds to statement 20, and the
primed variables are equated to the equation varisbles,
winich are initial values., Since later in the program the
equation variableg are set equal to the average values
efter the first cycle of calculations, the cuantity in

the erithmetic IF statement is zero, and the program pro-



ceceds directly to stobtement 72 for all iterative calcula-
tion cyecles.

Limitine of Controller OQuuput

After the calculation of the overall controller
prneumatic output, Louation (l3), a check is made using

arithvietic TP statements to determine whether the out-

>ut 1s within the capabilities of the instrument. IT

o)

2

the calculated output is oubtaide The 3 tovlS pal limits,
it 1s corrected to Lhe nearest limit,
I (POl -~ 3.,0) 26, 26, 27
27 IF (POl - 15,0) 28, 26, 29
26 rol = 3,0
G0 TO 28
29  POL = 15.0
A similar procedure is performed alfter the calculation
of the initial pneumatic signael to the conirol valve

(Bauation (70) ).

Liniting of Jaclktet Medium Rate

After the calculation of thne flow rate of Jacket
mediuvm at the end of the time interval, Iguation (L5),

the same type of checliing and correctving is performed
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for the flow rate Tthrough the control valve, I the
flow rate is outslde the limits for the control valve,
it is corrected to the nearest limit.

IF (FCWL - 0.0) 50, 50, 51

51  IF (FCWl - CV % DP % 0,5) 52, 52, 53

Aty

50 FCWL = 0,0
G0 TO 52

53 . I'CWL = QV #% DP =% 0.5

Tegats for Purther Lterations

At the point in the program when all the process
computations have been completed for a calculation cycle,
tests are performed to determine 1f another iteration
should be made for the same time interval or if the

‘program should attempt to go on to the succeeding time
interval. Firast, a test for convergence of end-of-

interval reaction temperature is made by comparing the

last calculated reaction bemperabure (TlB) to Tl‘,

whlch has previously been set equal to the reaction tempera~
ture determined in the previous iteration. Two arithmetic

I statements are used to determine if the two values agree



within solecbed limits, plus or minus 0.001°F.

IF (718 - T1P - 0,001) 30, 31, 31
30 IF (718 - TiP + 0,001) 31, 31, 32
If the two successive touperatures agree within the
limits, the program will proceed to statement 32 and
attept to go on to the next time interval. However, if
The two values do not agree, another test is per formed
to determine if the maximum desired number of iterotions
heve been completed. Mirst, the iteration index, M, is
brouzht up to date and then compared To the maximum
number in an arvithmetic IF statement,
31 M=1M o+ 1L

Ir (11 - 3) 3, 32, 32
I the number of iteratioﬁs performed is equal to the
mazim number, three, the program will attempt to pro-
ceed to the next interval. If the number of i1terations
is lese than the maximwa number, Tiae program returns to
statement 13 for another cycle of calculations after
setting thne equation values for reaction temperature,
jaclket medium temperature, and chemical component masses
equal to their respective aVeraée'Values for the last

iteration, If either test prevents another iteration in



the same time interval, the program procecds to statement

32 where total elapsed time is updated.

Procedure Tor Data OQutpulb

Since 1t is not desired to outpub data at the end of
every vime interval, an oubtput index (NO) is updated and
compared in an arithmetic IF statement to the number of
desired intervals between data outputs.

HO = WO + 1

IF (N0 -~ L) 56, 55, 55
If the index ecuals four, a Write statement is executed
after whnich the index 1s returned to zero. The variables
whose values are written are: tobtal elapsed time, ro-
actlion temperature, mass of the primary reactant (A4),
and flow rate of jacket medium. If the output index has
not reacned the value of four, the sbove two statements

are slkipped.

Test Zor Activetine Tenverature {ontroller

The procedure for determining whether the temperaibure
controlier should be brought into play is carried out as
Tollows. BSince the initial reaction ﬁ@nperatﬁre differs
greatly from set point temperature, it is desired to keep

the controller inactivated until the two tewmperaltures are
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first equated, Otherwlise, the integral mode of the
controller accumulates large errors occurring over a
significant period of time and prevents The controller
from taling effect once set point is reached, and an
crror of opposite sign is incurred. The simulation is
ccuivalent to a chemical operator monitoring the reaction
temperature until it reaches tTthe set point and then
switching the controller to Automatic.

Y
P
¢

The total elapsed time is first compared to t .
TLS) L7, L5, 45
I €7 still has

pas

i

56 I8 (TL

[=H

te dinitially assigned high value, the
guantity 1s negative and a comparison is then made be~
tween sensed reaction temperature and set point tempera-
ture to devernine whether the controller should be
activated, Once reaction temperabture reaches the set
peint, the controller is activated and t* is redefined
go that the quantity in The above arithmebic IF state-~
ment is zero or pasitive, and the test Lfor controller

activation is skipped after this time.
If The sensed reaction temperature has not previously

reached controller sel point, The btwo are compared,

1.7 IF (7112 - 7 (11)) L5, L6, L6



If the quantity is still negative, redefinition of £~

1
1 condition stabements for the

and a series of initia
controllcer are skipped. However, if sensed reaction
temperature has finally reached controller set point,

o
%

t 1ls equated to elapsed time at that point, following

EAS

which Bouations (67) through (71) sre calculated to

determine initial values of controller varisbles,.

The initial valucs are reguired for the controller
variables because the point alt which sensed reaction
e P ot L o b o 4 L . PLEN— 5 4
cemperature first reaches set polnt Tenperacture is Time

Fal

zero Tor the controller, and the time-zero values are
required Tor the calculation of the corresponding values
at the end of the next time interval,.

-
«

The some comporison of ¥ and t° as was performed

s

L

1 !

in statement !

3

6 is made before the celculations associated
with the control loop are made (Gguations (LC) through
(51) ), and before the redefinition of controller variables
ig performed. (Equations (59) through (6l) ). If the

()

comparicon indicates that the conbroller has not yet been

activated, the calculation of the.above equations i1s un-~

necessary, and therefore they are skipped,
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Checlt for Termination of Reaochtbanlt Addition

AfYer the sequence of calculotions involving conw-
troller activation, the next iten checked 1s the
oddlition time for the continuouszly added component B3,
I the total elapsed time has reached or exceeded the

N

L4

L.

ion time for B, the flow rate of B is set

-

o

desired ad

¢

to zevo, Lests, which are described below, are then

ul of

perforiied to deteraine whether the program should proceed

4

to The next time interval or be terminated,

s I (7L - TLML) 39, LO, LO

1.0 I'B = 0.0

However, 1f the desired addition time has not been
reached, stotement L0 is skipped and the addition rate
remains atbt its original value. The program then pro-
ceeds directly to Tthe redefining of variables preparatory

to advencing to the next time interval.

Tests for Simuletion Ter ination

If the addition time for B has been reached and the
o

Tlow rate set to zero, two tests are performed before

o

proceeding to the next interval to decide 1If Ttermination
of tie program is in order. First, tae quantity ol the

primary reactant converted in the last time interval is
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compared to the minimum desired conversion. If the re-
action rate hog glowed to the point where the conversion
during a time inecrement is less then that desired, the
program terminates, Othorwise, the program proceeds to
the next Ttest which compares total elapsed time against
the desired maxinum running time for the recction. I
the elapsod time ecuals The maximum time, the program
terminotes. Othorwise, calculations for a new time inter-
val arc performed.

I (D (1) + D) 38, 35, 35
386 IF (TL - TLM2) 39, 35, 35

<.

I neither test stops the simulation, bhefore pro-

ceeding to the next tine interval, the iteration index

)

and the average mass Lfor cowponent A are set to zero,
and the initial values of variables are set equal to the
correspondinz end values Tor the precedinz interval.

Hoving redefined all necegsary variables, the pro-

G2

ram i

1

returned by a GO0 T0 svatement to statement 13 for

M

another overall sequence of calculations.
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CCHAPTIR VI,

TEEST PROCESS AND DATA

The reaction selected for simulation is the
esterification of acetic acid with ethyl alcohol to
produce ethyl acetate and water. The reaction takes
place in a 500 gallon, single=-jacketed, glass-~iined
reactor equipped with a temperature sensing element.

The element is directly conneccted to a threec-mode
pneumatic Temperabure controller whose outpul modu-
lates a pneumsatic control valve. The conbtrol valve

ig located in the stream of cooling wabter to the jacket

vhich absorbs the exothermic heat of reactlione.

The reaction i1s semli-~bateh with 100% acctic

0

cid
being added over a prescribed period to an initial

charge of ethenol,

Tor the selected reaction, the stolchiometric
relationship is:

H,CH,OH(1) + CH,COOH(1) B ¢xm CO0CH, (1) + H,0(1)

3 <~ 3
&
A B c D
The reactants and products are assigned the identifying

letters shown above,.



ted in Tthe input data,
A1L Input data isg listed in Table TIIT of Appendix A,

along with the source of information.

for each reaction component, the following data is
submittbed:

(1) specific heat and roeference temperature

(2) density and reference temperabure

(3) ©Dpoiling temperature at one atrosphere

i) eritical temperature

(5) molecular weight

o) nitial mass

For the cooling water, exeminoction of specific heat

o a v . . I
data in the Handbook of Chenistry oand Phyglcs indicates

Faad

a very smoll variation in The temperature range encountered,
and therefore a single constant value for this item is
submitted in the data. A density valuc with reference
‘temperature, boilins tempersture, ond critical tempera=-
ture are also submitted for cooling water.

1

The specific heat off the reacvor and jocket steel

agsumed to be constant, and 2 single constant voelue 1s

P

=]

HoGpman, C. D. (Hditor- in—C“’of), Handbook of
Chemisvry and rhysicg, Portlietnh Zdition., Cleve=-
land, vhios nanlcdl Rubber Publisning Company,
1959, p. 2260,
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submitted., The reactor wall 1s considered to be all
steel because of the small mess percentage (< 3%) of

the glass lining.

Information on the vessel 1s taken from The Pfaudler
Company literature.2 The vessel is defined to be a 500
gallon, glass-~lined, single Jacleted, RA-seories reactor,
Items taken directly from the literature are vessel diame=~
ter, jacket volume, end volume of the bottom head. The
surface ares of the bottom head was determined by sub-
tracting the calculated straight-side area Irom the total
area given in the literature, Total weight for vessecl
plus jacket i1s listed in the Pfaudler information, and
this welght was divided aprroximsately between the vessel
and jacket materials according bto calculations based on
vessel dimensionsg and specific gravities of the matorials
of construction. In addition, a Pfaudler suggested value
of 50 Btu/hr, ft.2 OF. for the overall heat transfer
coefficient for a new vessel 1is used,

The primary source for information on the reaction

3

itsell 1s example problems in Chemical Fngineering Kinetics.

2 proudler Bulletin 1000,
3 Smith, J. M., Chemical Ingineering Kinetics. New

York: McGraw-Hill Book Company, Inc., L9506, pe 117
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The form of the kinetic equation and the order of the re-
action, along with the equilibrium constant at a reference
temperature, . are taken Ffrom this source. Although the
daeta in the problem is for a cabtalyzod weactlon, it ias
Telt that the information is sufficiently wvalid for the
?urposes of the trial computer simulation.

The value of the Arrhénius activation energy is
token from Shu-Lin, Shapiro, Linstead, and Newitt.£+
sing this value, along with the forwerd reaction rate
constant and temperature takenlfrﬁm.the above mentioned
example problem, a value for the Arrhenius Trequency

-

factor was calculated and 1s submitted in the data,

" The heat of reaction used as a reference in the
simulation wasg caleculated from heats of formation for

the reactants and products given in Chemical Engineer's

5

Handboolz, The reference temperature for the heat ol

reaction (536.6OR.) is that for which the hcat of forma=-
tion data was listed,

L

Shu-Lin Pteng, R. H., Shapiro, 2. P. Linstead, and

D, M, Newitt, Journal of the Chemical Sociebty, 19308,
Ny

Ppe T8L-T791.

Perry, R. H., C. H, Chilton, and S. D, Kirkpatrick,
Chemical Inmgineer's Handboolk, Fourth Edition, New
Yorlkk: McGraw-nill Book Company, Inc., 1,63, ps. 3=
134,




The temperature controller selected is a Taylor
124R Fulscopecykaxmﬂing Controller, Ranges for the
gain, rate setting, and integrsl setting are taken from

. 6 , . .
Taylor literature. The value for the rate amplitude is

selected from the range given in Mathematical Modeling
(

in Chemical Engineering' for industrial controllers.

The time lag of the temperature measuring element, which
is located inside the baffle of the glass-lined vessel,
is estimated from personal experience, The time lag
assoclated with the controller itself 1s taken from the
suggested gpproximate value of a few tenths of seconds

3
in Franlzs,

To determine a value for the maximum control valve
capacity, an spproximate hand calculation was performed
to determine the maximun required heat transfer rate.
The calculated valve capaoclty was used with the ldea
that 1t could be changed for future simulsations 1f it

proved to be inadequate. The control valve did not

6 Taylor Instrument Companies File 1-3A, Specifica=-
tion sheet 98291-31, February, 1967.

7 Fponis, R, G. T., Mathemabical Modeling in Chemical
nrineering, New York: John Wiley & Sons, Inc.,
1966, pp. 260-266,

8

Ihid,
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appear to be large enoush bthat it would be velocity lim=
ited or have a significant time 'ng. The value Tor the

pressure drop across the valve is laken from personal
experience with available in-plant cooling waver supply.
and discharge pressures, Variations of pressure drop

)

thwoush the Jjacket with flow were assumed to be neglie

gible.

In addition to the reference temperatures for the
eguilibriun constant and for the heal of reaction men-
tioned above, values for the followins temperatures are
submitted in the data:

(1) temperature of reactant B - jOOF.

(2) initial reaction temperature = 7OQF.

{3) 1initisl Jacket conbtents temperature ~viOOF.

W)  jacket inlet temperaturec - (0°T,

{5) controller set point - 90°7,

\0) initial temperature sensed by element = YOOF.

The values for items (1), (2), and (L) above are

selected to be a nominal smbient temperature. 1t is
asgumed that the initial temperature of the jacket

contents, item (3), is equal to the Jacket inlet tempera=-
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ture gsinee no heat tranafer hags yet occurred., Also, it
is agsumed that the initial sensed temperabure, item 6),
18 in ecquilibrium with and equal to the initial reaction
temperature, The controller set point is arbitrarily
seclected at a value above tThe cooling water supply

temperature.

Since the method of Chow and Brightg used for ligquid
density determinations is valid only for reduced tem-
peratures below 0,65, all materials, for which this
method 1s used, were checked to meet this criterion at
the range of reaction temperatures to be encountered,
Since the reaction is atmospheric, the other criterion
that the pressure be less than ten atmospheres is also

met.,

Other miscellaneous variables whose values are sub-
mitted in the data are flow rate of reactant B (.0 gal./
min, ), addition time for reactant B (60.0 min.,), time
inerement (0.5 min.), total time limit for the reaction
(160,00 min, ), and minimum incremental conversion (0,10 1b, ).
In addition, the value with proper units for the gas con=~

stoant (1.967 Btu/lb. mole °R.) is subwmitted.

9

Chow and Bright, Chenical Engineering Progress,

vol, LS, 1953, p. 175,
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The flow rate and addition time for reactant B were
selected to produce the addition of a molar quantity of
B equal to that of reactant A originally charged. The
valucs of the two variables which are involved in the
termination of the simulation, maximum total Ttime and
minimum incremental conversion, were established at
reasonable values after the initial trisl computer runs,
The value of the time increment used in the simulation
was selected at as low a volue as practical to attain
good accuracy without resulting in unreasonably long

compubter runs.

The zero initial values were submnitted for the
Tollowing variables:

(L) elapsed time - 0.0 min.

(2) dteration index - 0

(3) oubtput index - O

(ll) time integral of rate section output - 0,0 °F. min.

{(5) time integral of the difference between error and
rate section output - 0,0 °F, min.

(6) average mass of reactsnt A for time interval -
0,0 1lb,

(7) reaction temperature at end of time interval -

0.0 °F,
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items (1) through (5) are obviously zero at the initia=-
tion of the program, Item (6) is set at zero so that the
arithmetic I gtatement in which it is used, aag described
in the Chapter on Programming, will vproduce the desired
results during the first cycle of calculations. Item (7)
is set at zero so that alter Tl‘ is equated to 1t in the
first cycle of calculations, the test for convergence of
reaction temperature at the end df the cycle will produce

another iteration,
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CHAPTIR VII,

DISCUSSLON OF RESULTS

The primary objective of the thesis, the digital
compuber simulation of a temperature controlled semi-
batech reaction, was accomplished. An output of informa-
tion on mass of the primary reacbant, reaction temperature,
and flow of coolant to the jacket as a function of time

was obbained,

In additioﬁ, gimulations were performed at various
controller setbings in order to investigate the éffect
of these settings on control of reaction bemperature.
For each of the three controller modes, simulations were
performed for four (l) different values, wnile the values
for the other two settings were held constant. Results
of the simulations are shown on Figures II, IIT, and IV

Nonere eanction temp av ! 1 ‘ gainst i °
wher iR tio te erature 1is lotted agains time
| 2 5

Referring to Figure II, the following results are
observed for varying controller gain:
(l)-vIncreasing gain results in decreased overshoot,
Beyond a gain of approximately 6.0 psi/oF.,

decreases in overshoot are not significant.
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\2)

(3)

4.)

60

The decay ratio decreases with increasing gain
up to a gain of about 6.0 psi/°F., =nd then in-
creases slightly for higher values.

The response time follows a pabttern similar to
that Tor the decay ratio. A gein of 6,0 psi/°F,
produced the minimum response time to attain
and maintain X 1°F. of the set point.

The period of oscillation also decreases with
increasing galn up to a gain of approximately
6.0 psi/oF. Higher vealues increase the period

of oscillation.

The effects ol varying the controller rate setting

are illustrated on Figure III1:

(1)

2)

\3)

No effect on initial overshoot is observed.
Decay ratio decreases with increasing values
of the rote setting. AL the moximum volue for
‘T o thst was simulated, the unususl response
prevented a meaningful evaluation of the decay
ratio.

) + 40 o~ 3 o
Response time (- 1 F. of set point) decreases

with increasing rate setting.
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(li.) The period of oscillation decrcases with in-
ereasing rate setting, The decrease in pcriod
of oscillation is more pronounced at the lower
rate setiings and becomes less significant for

the higher wvalues.

The data plotted on Figure IV illustrate the effects
of varying integral setting:
(1) ©UNo significant effect on initial overshoot is
observed,
(2) Decay ratio decreases with increasing values of

the integral setting. Also, the system appears

to be unstable for tihe lower integral mode set-

s

ings.
o . + .0 . -

(3) The response time (- 1 1, of set point) decreases
with increasing integral setting.

(L) The perlod of oscillation increascs with ine-
creasing integral setting, becoming significant-

1y greater at the high values,

The latest total time for a computer run on the
Spectra 70 was one (1) minute and forty-six seconds,
The results of the simulations were generally in

agreecment with those expected from experience, with
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nothing unusual being noted in the effect of wvarying
controller settings or the progression of the reaction

itself.

ol
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CHAPTER VIII.
CONCLUSTIONS

It is conecluded that the simulation is valid repre-
sentation of the actual performance of a batch or semi~
bateh reactor because of the general agreement of the

results with those expected Irom experience,

Therefore, the program can serve as a useful tool
in the Iinvestigation and optimization of reaction condi-
tions and/or temperature controller settings for a variety

of reactions of the type studied,



CHAPTER IX,

RECOMIMENDATIONS

With the simulation program established, many
posgible uses for it and areas of investipgation exist,
Response of the system To a step change in controller

set point for wvarious controller settings 1g one

66

possible area of investigation. Another is the experi-

mentation with the chosen reaction at variousg tempera-
tures., Also, simulations of other reactions could be
tried.

Experimentation with the mechanics of the program
itselfl is also a possibllity. Items whose effect on
output might be investigated are:

(1) temperabure correction of the densities of

reactants and products

(2) temperature correction of the spocific hcats

of reactants and products

(3) temperature correction of equilibrium constant

(.} temperature correction of heat of reaction
(5) “temperature correction of the reaction rates
(6) 1length of time increment

(7) number of calculation iterations

.
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Tt is felt that Items (6) and (7) should be investi=
gated to determine values which produce the desired con-
vergence and accuracy. O course, the required compmtér
time would 2lso be a consideration in the selection of

the values for these two varisbhleg.



APPENDLIX A
TABLES
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TABLE T

TOMENCLATURE - GENERAL

69

The symbols are listed in the order in which they

appear in the text.

30'

N
A

Item

Weatson liquid-
phase expansion
factor

Temperature

Specific heat

Vapor density

Molecular weight

Density constant

Iiguid density,
reference

Liguid density at

~reaction Tempera-

ture

Liguid density of
reactant B at T.

1t

f227

Refer to Table II, Appendix A4,

Mathematical Fortrasn
Symbol Symbol Units
Wi ‘W(I) o
Wilg WR(TI,dJ) o
T. T(J, %
3 (J)
Ti,g TR(I,J) %
Lc_) CPR(I) Btu
pd lb.éF.'
C J. . CP(I,d Btu
(e; ;5 (I,J) lb.éF.
fa'v, RV(I,J) 1b./gal,
i,] ,
MW, ZMW(T) 1b./
1b. mole
fsli RL(I) 1b./gal.
fDI%_ RR(T) 1lb./gal.
f:i RO(T) lb./gal.
R27 1b./gal.



10,

1l.

12.

13.

1.

15,

16,

L7,

20,

2l.
224
23

Item

Heat of re=-
action at Té

Heat of re-
action, relerence

Stoichiometric
constant

Heat of re-

ection at re-
action Temperature
Bguilibrium con-
stant at reaction
temperabure

Eoulilibriuvm con-
stant, reference

Gag constant

Forward reaction
rate constant

Reverse reaction
rate constant

Arrhenius fre-
cuency factor

Arrhenius activa-
tion energy

Batech Volume
Mass

Concentration

70

Mathematical Fortran
Symbol Symbol, Units
A DHX. Btu/
HK 1b. mole
A DHR Btu/
HR 1b. mole
as ALA(T) -
A H, DHZ Btu/
1b., mole
K A o e
KR ZEKR -
R R Btu/
%b. mole
R.
Ik 7KL, e
. v
k ZKp -
A A -
B B Btu/
1b., mole
v v zgal,
1 ZM\ L) 1b.
i C\I) 1b. mole/

gale.



2lie ‘

25.

26,
27
260,

30,

31,

32.

33.

3”—0

35

36,

Item

wneremental
change in
concentration

rinetic order
of chemical
component
Time

Time increment .

Incremental mass
change

Addition rate of
component B

Maoss at end of
time interval

Average mass for
Time interval

Mass at begia=-
ning of time
interval

Heat produced

by incremental
reaction

Heat transfer

“surface

Surlace arsa of
bottom head of
vessosel

 Volume of bottom

head of vessel

(2"

Methematical Fortran
Symbol Symbol Units
A C, DC(I) 1b. mole/
L gal. min.
ne AR o
t TL mine
t‘ DTL mine
D Mi DM(I) 1b,
FB FB gal./
mine
Mli ZM1\I) 1b.
MAi ZMA (L) 1b.
M. ZMP (L) 1b.
A H DH Btu/
mine
S s ft.2
AH AT £t.°2
VH VH gal,



37,
38.
39
11O,
Li.
L2,

L3,

L7,

Item

Inside diameter
of vessel

Incremental
change in re-
action tempera-
ture

Overall heat
transfer co=
efficient

Reaction tem-
perature at end

of time interval

Average reactlon

temperature for
time interval

Reaction tempera-
ture at start of

Time interval

Temperature

sensed by measur-

ing element at
end of time
interval

Time constant

Error at end of
time interval

Output of con=-
troller rate
section at end

of time interval

Error at begin-
ning of time
interval

72

Mathematical Fortran
Symbol Symbol Units
D D Ift.
AT DT °p,
U U Btu/
mine L,
OF.
Tl 718 °m,
o
TA TA P,
]
i TP °pm,
o
Tll2 T11l2 P,
T e TAU(K) min,
o
EPl EPlL w,
FPO, FPOL °p,
EP EP °r,



L.

L9.

SO.
51,

52,

53,

Sli..

55.

56.

57,

TItem

Output of con=~
troller rate
section at be=-
ginning of time
interval

Time integral of
difference between
error and rate
section output

Rate amplitude

Time integral of
rate gection out-
vut at end of
time interval

Time integral of
rate gection out-
vut at beginning
of time interval

Overall conbroller
outpul at end of
time interval

Overall controller
output at begin-
ning of time
interval

Controller gain
setting

Signal to control
valve at end of
time interval

Signal to control
valve. at begin-
ning of time
interval

73

Mathematical Fortran
Symbol Sympbol Units
EPO FPO °p,
Int ZIHT O°F, min.
o, AT -
Ttr, ZITRL °p, min.
Ter ZITR °F, min.
.2
POl rol 1b./in.
.2
PO PO 1b./in.
Ik, VALY psi/C°F.
.2
PC, PC1 1Db./in.
PC PG 1b./in. =



58,

59.

60.

61,

62,

63,

Glie

66,

67-

Ttem

Flow rate of
jacket medium
ot end of time
interval

Flow rate of
jacset medium
at beginning of
time interval

Average [low
rate of jacket
mediuvm for time
interval

Maxirmm cepaclty
of control valve

Pressure drop
through control
valve

Liquid density of
jacket medium

Volume of
Jjacket

Incremental
change in
jackelt medium
temperature

Average Jacket

medium temperature

for time interval

Jaclet medium
temperature at
beginning of time
interval

Tl

Mathematical Fortran

Syibol Symbol Units

FOW, FCWL gal./
Mile

FCW FCW gal,/
Mine

FOW , FCWA gal./
Mine

Cv cv gal./
min,

A P DP 1b./in. 2

/o 59 R59 1b./gal,

Vd VJ gale

. O

A TJ DTJ o

7, TIA °p,

my’ TIP °p,



68,

69,

70,

TL.
oo,

T3e-

e

Item

Time variable
used in pro-
grammed test to
determine il
controller set
point has yet
been reached

Maximum reaction
Time

Reaction tem=
perature at end
of time interval

Iteration index

Output index

Maximum addition
time for reactant

B

Minimum required

change in mass of

reactant A for
Time interval

NOMENCLATURE FOR

75

Mathematical Fortran
Symbol Symbol Units
£ TLS min,
tma , TLMZ min,
1 TLP °F.
bt M o
NO NO o
t TLML min.
ml
A.NEl DMM 1b.

SYHMBOLS  USED ONLY IN CHAPTER IV -

MATHFMATICAL DERIVATIONS

Heat of reaction

Surfaece area of
straight side of
reaction vessel

A H

AS

Btu/
1b. mole

£t,°



7o

Mathematical
Item Symbol

Heicht of _ h

‘liguid above

reactor tangent
line

Rate of heat di/dt
evolution by
reaction

Incremental AT
change in

sensed temperature

over time interval

Time at end of - t
interval

Incremental A PC
change in :
pneumatic signal

over time inter-

val

I'ractional X
opening of
control valve

76

units

£te

Btu/mine
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TABLE IT

NOMENCLATURE - SUBSCRIPTS

Ttem

Material subscript
{general)

L

-

3

6.

.

Chemlcal re-—
actant A

Chemical rcw
actant B

Chemical product
C

Chemical product

D

JdJacket medium
Reactor material

dacket material

Temnerature subgcript
Lgeneral)

Lo

3e

Specific heat
reference
temperature

Density reference
tenperature

Boiling tempera-
ture

Subgcript  Portran .
Symbol Symbol units
i I ——
1 1 -
2 2 -
3 3 -
I Iy -
5 -
6 6 -
't Il -
J J --
1 1 °R.
2 2 °R.
3 3 °R.

7



Ce

Subscript

Ltem Symbol
lLe Critical L.
temperature
5., Heat of re- 5
actlon reference
temperature
6. Eouilibrium 6

‘constant relfer-
ence temperature

]

- T7e Temperature of 7

continuously
added reactant B

8. Reaction 8
temperature

9. DEffluent tempera=- 9
ture of Jjacketb
medium

10, Supply tempera- 10
ture of Jacket
medium

11, Set point tem= 11

perature of
controller

12, Temperature 12
sensed by
measuring

elecment
Time constant It
(general)
l, Time lag- 1
temperatbure
measuring

element

Portran
Symbol units
I °R.
5 °R.
6 °R.
7 °F,
8 @,
9 °m,
10 °F,
11 Om,
12 o,
K L
1 min,

78



2e

3e

Subscript

Ttem Symbol
Controller ol
rate setting

Controller 3
Integral

setting

Controller L.

time lag

Portran

Symbol Units
a2 min,
3 min,
}.L mine

79



\TABLE 1IT,

INPUT DATA

Variable Value Units Relference
ay 1.0 - R
a, 1.0 — -
a3 1.0 - -
a), 1.0 - ——
Ty ,1 191,60 °r, Iy
Ty, 527,60 °r. I
T, 3 633,06 °R. i
T 929, 3l °R. L
Ty 1 1191, 60 °R, Iy
Ty o 527,60 °R., L
T, 5 70l 3l °R. I
5, 1070.61 °R. L
Ty g 527,60 °R, g
T, 527,60 "°R, Ly
I 630,59 °r., . Iy

T3, 1 L. 9l °R. Iy



Variable

T
Tlg, &
Ty 3
Tﬁ:u
5,2
5,3

g,

Value
608,60

527.60
671,72
1160, 96

527.60

v 671,72

1160..96
0.535
0,487

0,459

8.322

Btu/1lb.
Btu/1b,.

Btu/1b.
Btu/1lb,
Btu/1b.
Btu/lb.
1b./gal.
1b./gal.
lb./gal;
1b./gal.

1b./gal.

Reference

1.

L
Ly

= s

I A

=~ =

= F

81
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Variable Value Unitg Raference
My 16.07 1b./1lb. mole L.
MWZ 60,05 " 1b./1b. mole Iy
MWB 88,10 1b./1b, mole Iy
M), | 18,02 1b./1lb. mole Iy |
My 1600,0 1b. -
MZ 0.0 lb. -
‘MB 0.0 ib, T e
Mu 0.0 1be. -
Mé 1750,0 1b. ‘7
M7 ‘920.0 1b,. 7
D .8 £t,. 7
AH 18,0 £5.2 7
VH 80,0 gale 7
v 50,0 - gal. 7
U 0.85 . Btu/min., ££.° °F, -

1 -~ G
n, 1 - 9
ng 1 - 9
my, 1 - 9



Variable

KR

o

A

Value

2;92

25,200,0

10,1 x 108

-8,110,0

0.12, luO,
6.0, 12,0

10,0
536.6

536.6
70,0
70,0
70.0

70,0

Units

Btu/1lb, mole

gal./min, 1b,
mole

Btuw/1b. mole

psi./oF.

mine

min &
mine.

mir.
Mmina.

gal, /min.

psi.

OR.

83

9

12

12

12
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Varinble Value Units Reference
o
Tll 90,0 Fe it
- o
le (0.0 .,
B e O gal,/min., -
At 0.5 min,. -
tmz }.!,80.0 min. it
A‘Mﬁ 0,10 1D, o
R 1,987 Btu/lb, mole - e
o
Re
T 0,0 Mife v v
I\{ O WD v en o
NO ] - - o
Ttr 0.0 °F, min. -
Tnt 0.0 °®, min. -
Iqu 0.0 lb. o -

‘ O
T18 0,0 B,



APPENDIX B
DETATLED LOGLC DIAGRAM

Figure V
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Start

DIMENSION

Calc,
WRiI,d)
1=1=ly.

DATA

FORMAT
Statements

READ

TLS=TLM2
J=1

66
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Calc,

87

CW(I),
CP(I,5) é%"<:::)

T=1-l,

|
\

¥

Calc e
T(7)

Calec,
DHZ, ZK,
ZKL, ZKP

7

Calc.
T(7)

Calc.

RV(L,8),
RO{I)
I=1l=l

Calce.
RV(I,3),RV
(I,2),R1(I)

I=1-lt

Calc @

WRLTE

Calc,
C(I)
I=1~lL

\

N4

Calc,
RV(2,7)s
R27, DHK

Calc.
DC(1),DM{L),
DM(2),DM(3),
DMl

SO
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TP=T(8)
TIP=T(9)

Calc,
718,74,
T11i2

FCW1=0,0

Calc.
Pl ,BPUL,

Calc,
DH,S,DT

T1p=T18

4

Z1TR1, POl




PO1=3,0

PO1=15.0

A

Calc,

PCL,FCWL

b

PCWL ¢
CVieDPast

89

¢

FCWl=
CV#DP:#30, 5

Cale.

£

FCWA

PCW1=0,0

vVY

Calece.
RV(5,9),

|R59, 2M(5), ( )

DIJ, TTA

> M=M+1




WaITE

T(8)=TA
T(9)=TJA

ZM(T)=
(D Bih
T=1~1

<:::*_€> TL=TL+DTL

TLS=TL

NO=N0O+1

N

Calc,
Pu,PC

90




PC=3.0

PC=15,0

91

Calc.
FCW

STOP

o

M=0
ZMA(1)=0,0
T(8)=T18
T(12)=Tll2

/

FB=0,0

ZM(I)=
ZML (L)
T=1-lf




Calce,
ZINT

/

EP=EPL
EPO=EPOL
ZLTR=ZITRL

PO=PCUL
PC=PCL
FCW=FCWL

Calc,
T(9)

92



APPENDIX C
PROGRAM PRINTOUT

93



-’

R

Lo,




£

st

PR

o~
T
S
i




96

T

oy L




wdew

.







o
e

Fro nxs,

Gold, ». I, and G.
vhvuxc 1 y“o ertles
Ineed vol

L

A

M) b
£ \J#J.{j L ST U 7":’5/‘
Onhios

Wov cmb o, l,)’ Po. 3=l

e

Jdourrnial

s 1

>

3 3 I
A,bine@rinc ZQC?LOQ TorLC X Yor
Dool Company, 1nc., 1959, . 411,

1

Spectra. 70 MORTRAN IV Hefoerence s

F |

21
Corporotion of fmerica, Hovembor, 1907,

Tavlor Instruriicnt Comnenies File 1-34, Specification
X © g 5 e T_,..,.A 7
sheet 90291~-S1, ZFebrusry, 19067.




	A digital computer simulation of a batch or semi-batch reactor
	Recommended Citation

	Copyright Warning & Restrictions
	Personal Information Statement
	Title Page
	Abstract (1 of 2)
	Abstract (2 of 2)

	Approval of Thesis
	Acknowledgments
	Table of Contents
	Chapter I: Introduction
	Chapter II: Method of Simulation
	Chapter III: Mathematical Details
	Chapter IV: Mathematical Derivations
	Chapter V: Programming
	Chapter VI: Test Process and Data
	Chapter VII: Discussion of Results
	Chapter VIII: Conclusions
	Chapter IX: Recommendations
	Appendix A:  Tables
	Appendix B : Detailed Logic Diagram
	Appendix C:  Program Printout
	References

	List of Figures
	List of Tables

