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ABSTRACT  

A digital computer simulation of a batch or semi-

batch reaction was developed. The system consisted of 

a jacketed, agitated vessel equipped with a temperature 

controller modulating a control valve in the stream to the 

jacket. The reaction was liquid phase, and the jacket 

medium was liquid. 

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 equipment, instrumentation, and cooling medium. 

All the necessary data on these items were collected. 
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A series of simulations were 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 temperature control improving with 

increasing rate and integral setting and improving with 

increasing gain up to a certain point. 
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CHAPTER I. 

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, agitated 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 

so as to be applicable to any liquid phase reaction with 

minimum modification. 

The reactor simulation was developed in the follow- 

ing phases: 

(1) definition of method 

1/4 2) detailed mathematical development 

(3) computer program preparation 

(4) selection of test process and data collection 

(5) program debugging 

(6) test running of program 

The test running of the program consisted of simu-

lations at various combinations of controller settings to 



investigate the effect of each controller mode on 

temperature control. 

2 



3 

CHAPTER' II. 

METHOD OF SIMULATION  

The selected reaction is simulated by a numerical 

technique involving calculations for the reaction and 

controller for a discrete time interval. The calcula-

tions are first performed using initial conditions. 

Average temperatures and concentrations for the time 

interval are then calculated and the reaction and con-

troller calculations repeated using the average condi-

tions. Several iterations of the calculations are 

performed to produce convergence. 

Final conditions for a time interval are then used 

as .the initial conditions for the succeeding interval. 

The simulation proceeds in this manner until a speci-

fied total time limit is reached or until the reaction 

conversion drops to a specified minimum value. 

For a pctrticular time interval, batch temperature 

is the varif:ble selected for convergence. The simulation 

proceeds to the next time interval after the batch 

temperatures calculated in two successive iterations 

agree within specified limits or when a specified 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 due to the reaction occurring during the time 

interval are computed. Finally, the change in batch 

temperature 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 each 

component in the temperature control loop, from sensed 

temperature through pneumatic signal to the control valve, 

are determined. Also, the incremental temperature change 
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Figure 1  

Overall Logic Diagram  



A - Tests for Additional Iterations 

B - Tests for Changing Values or Conditions 

C - Tests for Progression to Next Time Interval 

6 



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 

interval 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 controller is performed, if necessary, in 

this segment. Finally, the output of data is performed 

when desired. 

The above general method is described in greater 

detail in the following material. The method is original 

with no reference having been made to other work. 
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CHAPTER III. 

MATHEMATICAL DETAILS 

A detailed logic diagram contained in Appendix B 

should be used as an aid in following the organization 

of the following calculations. 

Non-Iterative Calculations  

Watson liquid-phase expansion factor. In the first 

section of the program the initial item calculated is the 

Watson liquid-phase expansion factor. This quantity is 

used in the determination of specific heats at various 

temperatures of the reactants and products by the method 

of Chow and Bright.1 The expansion factor is calculated 

for each reaction component at the reference temperature 

for which specific heat data has been submitted. The 

following equation is used: 

w = 0.1745 - 0.0838 Ti  /T. 11 11 14 

All symbols and subscripts are explained in Appendix A, 

Tables I and II. In the case of double subscripts, the 

first refers to a material and the second to a tempera-

ture. This identification is used throughout the 

chapter. 

1 Chow and Bright, Chemical Engineering Progress, 
vol. 49, 1953, p. 175. 

(1) 
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(2) 

l4) 

(5) 

The expansion factor is then calculated for each 

reaction component at the reference teperature for. 

heat of reaction according to the following: 

w. = 0.1745 - 0.0838 T
5 

/T. 1,5 1,4 
Specific heats. These two above calculated quantities 

are then used with the submitted specific heat data to cal-

culate the specific heat of each component at the reference 

temperature for heat of reaction. 

(ep)i,5 = (ep)i (wi,l/wi,5)
28 

The last two relationships are again used to obtain 

specific heats of the reaction components at the reference 

temperature for the concentration equilibrium constant. 

wi p 6 = 0.1745 - 0.0838 T6/Tip4 

(c p )1,6  = (c p  )1  . (w1,1  /wi,6 )
28 

Finally, trio same two relationships are again used 

to obtain the specific heat of reactant B at the constant 

te.aperature at which it is continuously added. Prior 

to these calculations, 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 Fahrenheit. 

(3) 
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(6)  

(7)  

(8)  

(9)  

T7 = T7 + 459.60 

w2,7 = 0.1745 - 0.0838 T7/T 

0p 

) 

20 , ( 
= (cp)2 (w2

11/w2,

7)2.8 

T7 = T7 - 459.60 

Density calculations. Following these one-time 

calculations of specific heats, non-repetitive calcula-

tions involving densities are performed. The method used 

to calculate liquid densities as a function of temperature 

is the surface-temion correlation (modified Goldhammer 

equation).2 First, the, vapor densities of the reaction 

components and the jacket medium at their boiling tem-

peratures are determined. 

(ovis 3 = MN /(5.461 x T. (10) 

The factor 5;461 is the gas constant having the units 

gal.atm./lb.mole°R. Next, the vapor densities at the 

reference temperature for which density data has been 

submitted are calculated. 

r)vis2  = exp ((5.0((115.12/Ti,3) — 1.0) + 
• 

1°g10 ( vis3)) loge  (10.0) 

(11) 

The density constant (() 1) used in this method is then 

calculated for each material. This quantity is used 

2 Gold, P. I. and G. J. Ogle, "Estimating Thermo- 
physical Properties of Liquids - Part 3", Chemical  
Engineering, vol. 25, November 18, 1968, p. 172. 
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later in the program for the calculation of the densities 

of the reaction materials•at various temperatures. 

10li = p Ri - /0vi
,
2)/(1.0 - T1

,
2/ 

0.3 • T. ) 
1.4 

(12) 

The last "one-time" density aalculation 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 at T7 is determined and 

then the liquid density (2'1 ) calculated as follows: 

fv2
,
7 = exp (t5.0(((T7 459.60)/T2,3) 

(13) 

- 1.0) + logio (140 v2
0
3)) loge  

(10.0)) 

1027 = ,0 v22
,, + 12  (1.0 - (T1 + 459.60) 

0.3 
/T?, 1a ) 4 

(14) 

ileat of reaction at equilibrium constant reference  

temperature. The next quantity calculated is the heat of 

reaction at the reference temperature for the equilibrium-

constant. To calculate this item, the reference heat of 

reaction submitted in the data is used with arithmetic 

average specific heats for reactants and products between 

the reference temperatures for heat of reaction and equi-. 
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librium constant. The specific heats at the two reference 

temperatures were previously obtained using Equations (3) 

and (5). The stoichiometric constants are those for the 

reaction being simulated: 

(15) alA + a2B a3C + a4D 

where A, B, C, and D represent the .chemical reactants 

and products. The calculation is: 

A HIc = LHR I.a3((cP)3,6 (cp)3,5).  

MW3 at ((cP)4/6 (cP)4,5).  

MW - a ((c ) + (c ) ). 4 1 p 1,6 p 1,5 

MTal a2 "013)2,6 4.  (cp)205).  

1'F12) (T6 - T5)/20 

(16) 

Iterative Calculation: - 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 

expansion factor and specific heat for each component at 

the varying reaction temperature. The reaction tempera-

ture, T8, is converted to degrees Rankine in the first 

calculation. 

wi = 0.1745 - 0.0838 (T8 + 459.60)/Ti.k (17) 
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(c ). = (c ). (w. /w ) 8 
A lyu p I 1,1 i (18) 

Heat of reaction. Next, the heat of reaction at 

reaction temperature is calculated using the reference 

heat of reaction and average specific heats as in Equa-

tion (1(D). This equation is not completely general and 

might require modification for use on a particular re-

action. 

A Ho = A HR + (a3((cp)3
2
8 + (0/3)3,5)* 

117/3  1 a4 "Cp)4,8 (cP)4,5).  

- a1 ( (c p )1,3 • +  
4 p 1,5 

11111 a2 "cp)2,8 (cp)215).  
• 

MIL) (Tn + 459.60 - T-)/2.0 

(19) 

Equilibrium constant. The equilibrium constant at 

reaction temperature is next determined by using the 

average of the heats of reaction at reaction temperature, 

Eqw1tion (19), and at the equilibrium constant reference 

temperature, Equation (16), in the following equation: 

= KR • exp (( A Ho + Li E ) (1.0/T6 - IC 

1.0/(T8 + )59.60))/2R) 

The derivation of this relationship is described in 

Chapter IV - Mathematical Derivations. 

(20) 



(21)  

(22)  

Reaction rate constants. The forward reaction rate 

constant is calculated using; the Arrhenius Equation, and 

is then used with the equilibrium constant calculated 

above to determine the reverse reaction rate constant. 

k = A • exp (E/(R(TA + 459.60))) 

• k 1  = k/K 

Densities. Density calculations for the chemical 

components at reaction temperature are next performed 

according to the surface tension correlation (modified 

Goldhammer equation).3 Using the boiling point vapor 

densities obtained from Equation (10), the reaction 

temperature vapor densities are determined for each 

component. 

1 4141 1V• , 8 = ex? (6.0(((T8  + )159.60)/T. 1,3 

- 1.0) + log10 1 ( alb 1 3 V. ))loge 

(10.0)) 

The liquid densities are then computed. 

ii = /42,  vi o 8 + (C) li (1.0 - (T8 + 

459.60)/Ti,
00.3 

(23) 

(21.1.) 

Volume. Using- these densities, the batch volume is 

computed. The assumption of ideal mixing is.  made for 

this calculation. 

3 
Ibid. 



C.1 = M./ (V • . ) fa.   I,26) 

(28) 

t29) 

(30)  

(31)  
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v = Ma/ r 1 + 2 + 
M3/ 
 3 + IV()  4 (25) 

• Concentrations. For the above volume, the concentra-

tion for each of the reactants and products is obtained. 

Concentration and 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 change in mass of all 

components is then computed utilizing their stoichio-

metric relationship. 

A C1 = - A t(k • C1
n., 

 • C2
n2 
 - k • 

03n3 • 9474) 
AM, = A Cl • l • V 

o M2 = (a2 • MW'2 • A M1/0.1 • Ifd )) + 

FB . (D 2y . A t 

AM3 = -a3 • MW3 • A M1/a1 • 

A 114..  = • 11144 • A Ma.  /al • 

in the kinetics calculation, Equation k2y), the 

exponent (ni) for each concentration is the kinetic 

tat') 



(32)  

(33)  
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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 FE during the time 

increment. 

Masses. Following this point, calculations for values 

at the end of the time interval and for average values 

during the interval are performed. The end-of-interval 

masses and average masses are determined for each com-

ponent. 

Mli = . 

AMAi = Mai  + 14i/2.0 

M is defined as the mass value for each component at 

the beginning of the time interval. 

Heat evolved. Next, using the heat of reaction, 

Equation 0.9); the incremental change in concentration 

of component A, Equation k27); and batch volume, Equation 

(25); the heat produced by the reaction occurring during 

the time interval is calculated. 

t 34S-) Lori= H0 • 0 Cl . V 

Surface area. _The surface area available in the 

jacketed vessel for heat transfer is calculated. 
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S = Ax + 0.535(V VH)/D i35) 

The derivation of the above equation, as well as the 

following energy b:aance, is explained in Chapter IV - 

Mathematical Derivations. 

Batch temperature change. Using the quantities 

obtained in Equations (34) and (35), the incremental 

change in temperature of the reaction mass is determined 

by the performance of an energy balance on the system. 

The system is bounded by and includes the reactor wall, 

which is assumed to have an incremental temperature change 

of one-half that of the reaction mass. The energy input 

to the system is considered to be the heat produced by 

the reaction and the enthalpy with respect to reaction 

temperature of the quantity of reactant B added during 

the time interval. The energy output is the heat trans-

ferred through the reactor wall to the jacket medium. 

The energy accumulation is the increase in enthalpy of 

the chemical components and reactor wall. 

o T=(AH-U•S (T8 - T9) o t + (T7 

- T8) FB • (D 27 • A t((cp)2
,7 

(cp)2,8)/2*0)/(M1 (cp)1,5 142 • 

(°p)2,8 m3 (cp)3,8 
+ M (c

p)4,8 

M6 (cp )42b.0) 

(36) 



(37) 

(36) 
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The average specific heat of reactant B between its 

addition temperature and reaction temperature is used in 

the computation. In addition, the specific heat of the 

reactor material, (cP )6
' 
 is assumed to be constant over 

the range of temperatures encountered. The overall heat 

transfer coefficient is also assumed to be constant be-

cause of the unchanging reactor properties (agitator 

speed, dimensions, material of construction), the rela-

tively small variation in physical properties of the 

reaction mass over the temperature range encountered, 

and the small effect of the flow rate of the jacket medium. 

Because of the large cross-sectional area available for 

flow through the vessel jacket, velocities are relatively 

low over the entire range of flow rates. 

Batch temperatures. The final calculations in this 

segment of the program dealing with the reaction are the 

determinations of final and average reaction temperature 

for the time interval. 

T18 = T + T 

TA = T + A T/2.0 

1 
T is defined as the reaction temperature at the begin- 

ning of the time interval.' 
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Iterative Calculations - Jacket and Controls  

Sensed tamerature. The third segment of the simula-

tion involves the calculations for the vessel jacket and 

temperature control loop. The temperature sensed by the 

measuring element at the end of the time interval is the 

first quantity calculated, taking into account the time 

lag associated with this item. The mathematical descrip-

tion of this element, as well as all other parts of the 

control loop are taken from Franks.' Modification of 

Franks' equati.,ns to suit this particular application 

are described in Chapter IV - Mathematical Derivations. 

All time delays associated with elements of the control 

loop are assumed to be first order. 

(39) T112 = (T12 + (TA - T12/2.0) A t/' 1) 

/(1.0 + A t/2.0 c't 1) 

Error. After the reaction temperature has first 

reached the controller set point temperature, the fol-

lowing calculations are performed for the remaining 

components of the control loop. First, the error at the 

end of the time increment between measured temperature 

Franks, R. G. E., Mathematical Modeling in Chemical  
avineering. New York: John Wiley 60 Sons, Inc., 
19)6, pn. 260-266. 



and controller set point is calculated. 

EP1 = T11 - T112 

20 

(4.0) 

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, Equation (66), and controller constants 

associated with the rate section of the instrument ‘ 0111-K 

and 2 ) ' 
the error output of the rate section at the 

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

(41) EPu1 = (Qm4. • EP + prr 2) LInt + (EP + 

EP - EPO) d t/2.0) )/k1.0 + (>4 • 

A t/2.0 2) 

Next, the time integral of the rate section output is 

updated to include the present increment. The average 

value of the rate section error output during the inter-

val is used for the calculation. 

(42) Itr1 = itr + (EPU + EP01 ) A t/2.0 

Controller pneumatic out-out. 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 settings for the remaining two modes, integral 



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. 

21 

Pu1  = 9.0 + Kc • EPu1 + K • Itr1PX 3 (14-3) 

Signal to control valve. Taking into account the 

time lag associated with the controller, the output tc 

the control valve at the end of the time interval is 

determined. 

PC1 = (PC + (r01 + PU - PC) t/2.0'rt 4) 

/(1.0 + Li t/2.0 c-C h) 

(L44) 

Jacket medium flow rate. Finally, this pneumatic 

signal to the valve is used to determine the flow of 

heating or cooling medium through the control valve at 

the end of the time interval. 

FCW1 = (15'0 - PC1 ) • C . Li r0'5/12.0 015 ) 

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. 

FCWA = (FOW + FCW1)/2•0 U6) 



145 = VJ • (0 59 (49) 
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Jacket medium temperature change. To determine tho 

temperature change of the jacket medium, an energy balance 

is performed on the jacket contents. The system consists 

of the medium in the jacket plus the jacket itself, which 

is assumed to be in temperature equilibrium with the 

jacket medium. First the vapor and liquid densities of 

the jacket medium are calculated by the method used pre-

viously for reactants and products. 

(c) v5,, = oxID ((5.0(((T9  + 459.60)/T5,
3) 

- 1.0) + log10 (r) v53)) loge  

(10.0)) 

101059 = v519  + 1015  (1.0 -. (T 9  + ) 59.60) 

/T5,4)0.3 

(47) 

(I4-8) 

The instantaneous mass of liquid in the jacket is next 

determined. 

The energy balance is then performed for the time incre-

ment. Energy input is the heat transferred from the 

reactor contents through the vessel wall and the 

enthalpy of the entering jacket medium with respect to 

the initial jacket medium temperature. Perfect mixing 
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of the jacket contents is assumed. The energy accumu-

lation is the increase in enthalpy of the jacket contents 

and jacket wall. 

Li TJ = (U • S(TA - T9
) PCWA • (0 5,-) (T 

Tlo) (0p)5) A V(M5 
ke)

5 
+ 

M
7 
(0)

7
) 

The same constant overall heat transfer coefficient and 

surface area that were used previously in the energy 

balance on the reactor contents, Equation (36), are 

again used. Average reaction temperature, Equation (36), 

and average jacket medium flow rate, Equation (46), are 

also used in the calculation. The specific heats of both 

the jacket 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 Equation (50) is described in Chapter IV -

Mathematical Derivations. 

Jacket medium temperature. Using tile change in 

temperature for jacket contents and the initial tempera-

ture, the average temperature for the time interval is 

determined. 

(50) 

TJA = TJ1  + Li TJ/2.0 (51) 



Tr, = TA 0 (52)  

T
9 
= TJA (53)  

= :MA. (54)  

24. 

TJ is defined as the jacket temperature at the beginning 

of the time interval. 

Tests and Redefinitions  

Redefinitions for next iteration. For a time inter-

val, all of the iterative calculations are first performed 

using initial values for reaction temperature, reactant 

and product masses, and jacket medium temperature in 

order to obtain end-of-interval values. Average values 

for the temperatures and masses are then used in subse-

quent iterations. Thus, before iterations after the 

first cycle of calculations, the following operations are 

*performed. 

Redefinitions for next time interval. After re-

action temperature convergence has been obtained or the 

maximum desired number of iterations 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 



t=t+ 

T8 = Tl 3 

Mi = 

T12 = Tl12 

EP = EP1 

EPO = EPO1 

Itr = Itr1 

PO = P01 

PC = PC1 

PCW = PC W1 

T9  ig = TJ + A TJ 

(55)  

(56)  

(57)  

(53) 

(59)  

(60)  

(61)  

(63) 

(614.) 

(65) 

are defined as the eid values for the last interval. 
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(elapsed time) 

(batch temperature) 

(component masses) 

(sensed temperature) 

(error) 

(rate section output) 

(integral of rate 
section output) 

(controller pneu-
matic output) 

(signal to control 
valve) 

(jacket medium flow 
rate) 

(jacket medium tem-
perature) 

(62) 

Also, the time integral used in Equation (41) is updated 

to include the last time increment. 

Int = Int + (EP + EP1 EPO EP01) A t/2.0 (66) 

Initial values for controller variables. When the 

reaction temperature reaches the controller set point 

temperature for the first time, the following are per- 



(67)  

(68)  

(69)  

(70)  

(71)  

formed in order to sot initial values for variables 

associated with the control loop. These operations are 

performed only this one time. 
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EP = T11 - T112 

EPO = 04. • EP 

PO = 9.0 + kr  • EPO 

PC = PO 

PCW = (15.0 - PC) cv • A P0.5/12.0 

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

plained in Chapter IV - Mathematical Derivations. 



CHAPTER IV. 

MATHEMATICAL DERIVATIONS  

All symbols used in the following derivations are 

defined in Appendix A, Table I. 

I. Equation (20) - Chemical Equilibrium Constant. 

R ln K = J ( A H/Ti2) dT 1  

A known equilibrium constant, KR, at reference 

temnersture T6 is used to obtain the equilibrium 

constant, K, at reaction temperature T8. The inte-

gral is evaluated by using an average value of Li H 

between T6 and T8. 
R In (KR/K) = - (( 0H0 + A HK)/2.0) 

(1/T6 - 1/T8) 

KR/K = exp ( - (( Li Ho + D Hic)/2.0R) 

(1/T6 - 1/T8)) 

Converting T2 to degrees Rankine and solving for K, 
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(20) K = KR . exp (( 0 Ho + Li HK) (1/T6 - 

1/(T8 + 459.60))/2.on) 

1 Smith, J. M. and H. C. Van Ness, Introduction to  
Chemical Engineerin7 Thermodynamics.  New York: 
McGraw-Hill Book Company, Inc., 1959, p. 411. 
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ST.. Equation (35) - Heat Transfer Surface Area 

The heat transfer area is equal to the area of 

the bottom vessel head, which remains constant, plus 

the area on the straight side of the vessel, which 

varies with batch volume. 

S = AH + AS 

Since batch volume is known at a particular 

time, the straight-side component of area is calcu-

lated after correcting for the quantity of material 

in the lower head. 

(V - V7H) = `rrr• D2h/4 

h = 4(V - VH)/ 'Tr D 

AS = '77r Dh 

= 4(v VH)/D 

Since the units of volume are gallons, it is 

necessary to first convert to cubic feet in order to 

obtain the area in the desired units of square feet. 

Thus, the factor of 7.48 gallons/cubic foot is 

introduced. 

AS = 4(V - VH)/D (7.48) 

= 0.535(V - VH)/D 

S = AH + 0.535(V - VH)/D (35) 
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III. Equation (36) - Incremental Batch Temperature Change 

The derivation of Equation (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 = Accumulation 

The input is considered to be the heat pro-

duced by the reaction and the enthalpy with respect 

to reaction temoeratureof the quantity of reactant 

B added, 

TaDut = dH/dt (T7 - Ts) FB . (0 27 • 

((c )
,
7 + ) )/2 0 

P 2,7 p 2,8 

The average specific heat of reactant B between 

addition and reaction temperatures is used. 

The energy output is the heat transferred 

through the vessel wall to the jacket medium. 

Output = U S (T3 T9 ) 

A constant overall heat transfer coefficient is 

assumed for the reasons stated in the Chapter on 

Mathematical Details. 
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The accumulation of energy is the change in 

enthalpy of the reactor co.ntontc, plus the reactor 

material itself. The specific heat of the reactor 

materiel is assumed to be constant for the tempera-

tures encountered, and its temperature change is 

assurciec, to be one-half that of the reaction mass. 

Acc. = (M1 (c )18 + M_ (c 
p 2,6 ) + Id • p ,  

(c)
3,8 4p 438 + m6 (cp)6/ 

2.0) dT,/dt 

Inserting all terms into the energy balance, 

dH/dt + (T
7 
- T3) FE • 27 ((c)2

,
7  + 

P 

(c)2 6)/2.0 U • 3 (T8 T
9
) (N1  (cp)1,8 p,  

M2 (cp)208 M3 (c)3,c M4 (c)),8 

M6 (c,3)6/2.0) dT8/dt 

Substituting T for dT6, At for dt, and 

H for dJ-I, and rearranging to solve for AT, 

Equation (36) is obtained. 

T = ( H+ t (T7 - FB • 

327 ((c
p
)2
,
7 (c

p
)2

,
8)/2.0 

— U • S (T8 T9 ) t)/ (M • •   

(cp)1,8 M2 (cp)2,8 -I-  M3 (313)308 

m  4 (c ) + M6 (c )6 /2.0) p 4,0 p  

(36) 
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IV. Equation (39) Sensed Batch Temperature 

In this derivation and in those following which 

involve values for variables at both the beginning 

and end of the time interval, the end-of-interval 

values have the number one attached, whereas the 

beginning-of-interval values have no numerical desig-

nation. In equations containing derivatives and 

integrals, the instantaneous and integrated values 

have no numerical designation. 

dT12/dt = (T8 - T12)/rV 1 2 

Substituting incremental quantities for the 

differentials and using average temperatures for the 

time interval, 

(T112 T12)/2.0)  Li t/cC A T12 = (TA - 

T112 - T12 = (TA T112/2.0 T12/2.0). 

t/rt 

T112 + T12 ( Li t/2.04  1) = T12 ± (TA - 

T12/2.0) 

A t/Gt 

T112 = (T12 -:-. (TA - T12/2.0) Li t/ 

1)/(1.0 + Li t/2.0 at 11 

(39) 

2 Franks, R. G. E., Mathematical ModelinQ in  
Chemical Enginoerina.  Now York: John Wiley & 
Sons, Inc., 1966, pp. 260-266. 
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V. Equation (41) Error Output of Controller Rate 

Section 

EPO = gz= • EP + ( /a-t 2) 4'd  (EP - 
3 

EPO) dt 

To solve for EPO1 at time t1 
= t + t, let 

t
rot Int = (EP - EPO)dt, the value of which is 

updated after each. time interval and which is avail-

able. The value of the integral up to time t1 equals 

Int plus the average value for (EP - 1,P0) during the 

time interval times A t. 

3 

4t
1 (EP - EPO) dt = Int + (EP1 - 

EPO1 + EP - EPO),  

A t/2.0 

EPO1 c< . Ep1 (cK P' 2)(Int + (EP1 - 

EPO1 + EP - EPO) t/2.0) 

EPO1 + EPO1 (`z • E t/ 2 . 0 `'C 2) = c>C. 
•

Fp1 + (c'</4-1; 2)(Int + (EP1 + EP - EPO)- 

t/2.0) 

EPO1 = (c< • EP1 ± (C>4- Pr6-. 
 2
) (Int + 

(EP1 + EP - EPO) t/2.0))/ 

(1.0 + c›C • 4 t/2.0 2) 

Ibid. 

(41) 



VI. Equation (43) - Controller Pneumatic Out put 

PO = kc • EPO + (kc/ Y 3
) Sot  EPO dt 4 

For time t1 
= t + p t, 

1P1 EPO dt = (P0t EPO dt + urtti EPO dt 

rotl EPO dt = Itrl 
Ifot EPO dt = Itr 

Itr is available from the calculations for all 

preceding time intervals. The average value of EPO 

during the time interval is used to evaluate the 

integral between t and t
1
. 
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cfitti EPO dt = (EPO + EPO1) A t/2.0 

Itrl = Itr + (EPO + EPO1) A t/2.0 

PO1 = kc • EPO1 + (kc/rt 3) Itrl 

(42) 

Since it is desired that the pneumatic output be 

at mid-point of the 3-15 psi range when there is no 

error, rather than at zero, the factor of 9.0 psi is 

added to the last equation. 

(143) 

X1)14. 
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VII. Equation (44) - Pneumatic Signal to Valve 

dPC/dt = (PO - PC)/cC 
4 

5 

Substituting incremental quantities for differen-

tials and using average values for the time interval, 

A PC = (P01 - PCI + PO - PC) A t/2.0 ft 4 

PC1 - PC = (P01 - PC1 
+ PO - PC) A t/2.0rt 

PC1 + PC1 ( At/2.0 ft ) = PC + (P0
1 

+ PO - 

PC) A t/2.ocC 4 
PC1 = (PC + (P01 + PO - PC) A t/2.0 ft 4) 

/(1.0 A t/2.04-V) 

VIII. Equation (45) - Plow Rate of Jacket Medium 

POW1 = X • cv • f( A P) 
6 

X is the fractional opening of the valve. The 

valve is defined as being linear and air-to-close. 

The fractional opening is a function of the controller 

pneumatic output as follows: 

X = (15.0 - PC1)/12.0 

Ibid. 

Ibid. 
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where PC1 can vary from 3.0 to 15.0. 

The supply and return pressures of the available 

jacket medium are assumed to be fixed, and therefore, 

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. 

f( A P) = A P0.5 

FCW1 = (15.0 - PC1) . • cv • 
A p0.5/l2.00 
• 

(0;-5) 

IX. Equation (50) - Incremental Temperature Change of 

Jacket Medium 

An energy 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 temnerature equilibrium with the jacket medium. 

Heat loss through the insulated jacket wall is as-

sumed to be negligible. Energy input is considered 

to 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 • S (TA  - T9) + FCWA • /0 59 • 

(T10 - T9) • (c ) P 5 
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The specific heat of the jacket medium is assumed to 

be constant over the teilperature range encountered. 

Energy output is the enthalpy of the effluent 

jacket medium with respect to the jacket medium 

temperature. Because perfect mixing in the jacket 

is assumed, the temperature of the jacket effluent 

equals that of the jacket contents, and therefore 

the energy output is zero. 

Output = FCWA . 59 (0
p
) (T9 - T9) = 0 

The accumulation of energy is the change in 

enthalpy of the jacket contents and jacket wall. 

Changes in specific heat of the wall material are 

assumed to be negligible. 

Acc. = (M, (cP 5 ) + M7 (c
P 7 ) ) dT9 /dt 

Combining all components of the balance and 

substituting incremental quantities for differentials, 

U • S (TA - T9) - FOWA • 59 (T9 - 

T10) (C cp)5 = (M5 (cp)5 + M7 (cp)7) 

T j/ t 



EPO = 0‹ • EP (68) 

PO = 9.0 + k • EPO (69) 

7 

8 
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Solving for Li TJ, 

Li TJ = (U • S (TA - To) FCWA • (SO) 

(C)59 (T9 - T10) (cp)5) A t/ 

(M5 (c P5 ), + M7 (c P )7 ) 

X. E Equation (68) - Initial Error Output of Controller 

Rate Section 

EPO = OC • EP + (0.G / 41.  2) (EP - J10 1-3  
EPO) dt 

Since Equation (68) is used to calculate an 

initial value at time zero, the integral term is 

zero. 

XI. Equation (69) - Initial Controller Pneumatic Output 
8 

PO = kc • EPO + (kc  /°l 3 0 ) t FPO dt 

Since the calculation is performed at time 

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

factor of 9.0 psi is added to produce a mid-point 

output at zero error. 

Ibid. 

Ibid. 



PC = PO (70) 

XII. Equation (70) - Initial Pneumatic Signal to Valve 

38 

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 equal. 



39 

CHAPTER V. 

PROGRAMMING  

The formulation of the computer •program to perform 

the desired manipulation of the previously described 

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 operations within 

the program, which require elaboration, is contained be-

low. 

The entire program is written in Fortran IV for use 

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

Reference Manual1  was used as a reference for programming. 

The control statements used in the program are as pre-

scribed in Interface.2 

All of the mathematical relationships listed in the 

Chapter on Mathematical Details were converted to Fortran 

IV for use in the program, and Equation references are 

to Chapter III. 

1 Spectra 70 FORTRAN IV Reference Manual, Radio 
Cor .-ioration of America, November, 1967. 

2 Interface,  Number III, Newark, Now Jersey: Newark 
College of Engineering Computing Center Newsletter, 
Novamber, 1968, pp. 3-4. 
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Procedure for Retaining, Initial Values  

For a time interval, initial values of masses and 

temperatures are used for the first cycle of calculations. 

Average values for the time interval of these variables 

are thon used in succeeding iterations. Therefore, after 

the calculation of Equation (31) in the first cycle of 

MI  calculationsI newprimedvariables;.,T ,and TJ ; are  

given the initial values and retain them when the masses 

and temperatures in the equations are redefined to average 

values. At this point in the program, an arithmetic IF 

statement is performed to determine if the primed vari-

ables should be equated to the equation variables. 

IF (ZMA (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 quantity is negative after the first cycle of cal-

culations, the program proceeds to statement 20, and the 

primed variables are equated to the equation variables, 

which are initial values. Since later in the program the 

equation variables are set equal to the average values 

after the first cycle of calculations, the quantity in 

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



27 

26 

29 
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coeds Jirectly to statement 22 for all iterative calcula-

tion cycles. 

Limitin of Controller output  

After the calculation of the overall controller 

pneumatic output, :12;quation (43), a check is made using 

arithmetic IF statements to determine whether the out-

put is within the capabilities of the instrument. If 

the calculated output is outside the 3 to 15 psi limits, 

it is corrected to the nearest limit. 

IF (P01 - 3.0) 26, 26, 27 

IF (P01 - 15.0) 28, 28, 29 

P01 = 3.0 

GO TO 28 

201 = 15.0 

A similar procedure is performed after the calculation 

of the initial pneumatic signal to the control valve 

(Equation (70) ) 

Liraitin,1 of Jacket Medium Rate 

After the calculation of the flow rate of jacket 

medium at the end of the time interval,. Equation (45), 

the same type of checing and correcting is performed 
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5o 

53 

for the flow rate through the control valve. If the 

flow rate is outside the limits for the control valve, 

it is corrected to the nearest limit. 

IF (FCW1 - 0.0) 50, 50, 51 

IF (FCW1 - CV * DP ** 0.5) 52, 52, 53 

FCW1 = 0.0 

GO TO 52 

FCW1 = CV * DP ** 0.5 

Tests for Further Iterations  

At the point in the program when all the process 

computations have been completed for a calculation cycle, 

tests are performed to determine if another iteration 

should be made for the same time interval or if the 

program should attempt to go on to the succeeding time 

interval. First, a test for convergence of end-of- 

interval reaction temperature is made by comparing the 

last calculated reaction temperature (T18) to Tl',  

which has previously been set equal to the reaction tempera- 

ture determined in the previous iteration. Two arithmetic 

IF statements are used to determine if the two values agree 

42 



within selected limits, plus or min-as 0.0010F. 

IF (T13 - TIP - 0.001) 30, 31, 31 

IF (T13 - T1P + 0.001) 31, 31, 32 

If the two successive to.,p)eratures agree within the 

limits, the program will proceed to statement 32 and 

atte.lpt to go on to the next time interval. However, if 

the two values do not agree, another test is performed 

to determine if the maximum desired number of iterations 

have been completed. First, the iteration index, MI  is 

brou'vht up to date and then compared to the maximum 

number in as arithmetic IF statement. 
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30 

31 H = lit + 1 

IF (H - 3) 34, 32, 32 

If the number of iterations performed is equal to the 

maximum number, three, the program will attempt to pro-

ceed to the next interval. If the number of iterations 

is less than the maximum number, the program returns to 

statement 13 for another cycle of calculations after 

setting the equation values for reaction temperature, 

jacket medium temperature, and chemical component masses 

equal to their respective average values for the last 

iteration. If either test prevents another iteration in 
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the same time interval, the program proceeds to statement 

32 where total elapsed time is updated. 

Procedure for Data Output  

Since it is not desired to output data at the end of 

every time interval, an output index (NO) is updated and 

compared in an arithmetic IF statement to the number of 

desired intervals between data outputs. 

NO = NO + 1 

IF (No - 4) 56, 55, 55 
If the index equals four, a Write statement is executed 

after which the index is returned to zero. The variables 

whose values are written are: total elapsed time, re-

action temperature, mass of the primary reactant (A), 

and flow rate of jacket medium. If tho output index has 

not reached the value of four, the above two statements 

are skipped. 

Test for Activatin5T Te,aperature Controller  

The procedure for determining whether the temperature 

controller should be brought into play is carried out as 

follows. Since the initial reaction tamperature differs 

greatly from set point temperature, it is desired to keep 

the controller inactivated until the two temperatures are 
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first equated. Otherwise, the integral mode of the 

controller accumulates large errors occurring over a 

significant period of time and prevents the controller 

from taking effect once set point is reached, and an 

error of opposite sign is incurred. The simulation is 

equivalent to a chemical operator monitoring the reaction 

temperature until it reaches the sot point and then 

switching the controller to Automatic. 

The total elapsed time is first compared to t-. 

56 IF (TL - TLS) 47, 45, 45 

If t' still has its initially assigned high value, the 

quantity is negative and a comparison is then made be-

tween sensed reaction temperature and set point tempera-

ture to deternine whether the controller should be 

activated. Once reaction temperature reaches the set 

point, the controller is activated and t*  is redefined 

so that the quantity in the above arithmetic IF state-

ment is zero or positive, and the test for controller 

activatior1 is skipped after this time. 

If the sensed reaction temperature has not previously 

reached controller set point, the two are compared. 

47 IF (T112 - T (11)) 24.5, 46, 46 
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If the quantity is still negative, redefinition of t*  

and a series of initial condition statements for the 

controller are skipped. However, if sensed reaction 

temperature has finally reached controller set point, 

t*  is equated to elapsed time at that point, following 

which EQuations (67) through (71) are calculated to 

determine initial values of controller variables. 

The initial values are required for the controller 

variables because the point at which sensed reaction 

temperature first reaches set point temperature is time 

zero for the controller, and the time-zero values are 

required for the calculation of the corresponding values 

at the end of the next time interval. 

The same comparison of t and t* as was performed 

in statement 56 is made before the calculations associated 

with the control loop are made (Equations (40) through 

(51) ), and before the redefinition of controller variables 

is performed.. (Equations (59) through (64) ). If the 

comparison indicates that the controller has not yet been 

activ ated, the calculation of the.abave equations is un-

necessary, and therefore they are skipped. 



Check for Termination of Reactant Addition 

After the sequence of calculations involving con-

troller activation, the next item checked is the 

addition time for the continuously added component B. 

If the total elapsed time has reached op exceeded the 

desired addition time for B, the flow rate of B is set 

to zero. Tests, which are described below, are then 

• performed to detereaine whether the program should proceed 

to the next time interval or be terminated. 

45 IF (TL - TLM1) 39, 40, 40 

40 PB = 0.0 

However, if the desired addition time has not been 

reached, statement 40 is skipped and the addition rate 

remains at its original value. The program then pro-

ceeds directly to the redefining of variables preparatory 

to advancing to the next time interval. 

Tests for Simulation Ter- eination  

If the addition time for B has been reached and the 

flow rate set to zero, two tests are performed before 

proceeding to the next interval to decide if termination 

of the program is in order. First, the quantity of 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 has slowed to the point wAere the conversion 

durinu, a time increment is less than that desired, the 

program terminates. Otherwise, the program proceeds to 

the next test Bich compares total elapsed time against 

the desired maximum running time for the reaction. If 

the elapsed time equals the maximum time, the program 

terminates. Otherwise, calculations for a new time inter-

val arc performed. 

IF (DM (1) + DI 30, 35, 35 

IF (TL - TLM2) 39, 35, 35 

If neither test stops the simulation, before pro-

ceeding to the next time interval, the iteration index 

and the average mass for component A are set to zero, 

and the initial values of variables are set equal to the 

corresponding end values for the preceding interval. 

Having redefined all necessary variables, the pro-

gram is returned by a GO TO statement to statement 13 for 

another overall sequence of calculations. 

38 
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,CHAPTER VI. 

TEST 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-lined 

reactor equipped with a temperature sensing element. 

The element is directly connected to a three-mode 

pneumatic temperature controller whose output modu-

lates a pneumatic control valve. The control valve 

is located in the stream of cooling water to the jacket 

which absorbs the exothermic heat of reaction. 

The reaction is semi-batch with 100% acetic acid 

being added over a prescribed period to an initial 

charge of ethanol. 

Por the selected reaction, the stoichiometric 

relationship is: 

CH3CH2Oli(1) + CH3
COOlikl)  C73 COOCH

3
(1) + H20(1)) 

-1 

A B C D 

The reactants and products are assigned the identifying 

letters shown above. 
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The stoichiometric factor (ai) for each component 

is one, and these values are submitted in the input data. 

All input data is listed in Table III of Appendix A, 

along with the source of information. 

For each reaction component, the following data is 

submitted: 

(1) specific heat and reference temperature 

(2) density and reference temperature 

A3) boiling temperature at one atmosphere 

(4) critical temperature 

(5) molecular weight 

k6) initial mass 

For the cooling water, examination of specific heat 

data in the Handbook of Chemistry and Physics
1  indicates 

a very small variation in the temperature range encountered, 

and therefore a single constant value for this item is 

submitted in the data. A density value with reference 

temperature, boiling temperature, and critical tempera-

ture- are also submitted for cooling water. 

The specific heat of the reactor and jacket steel 

is assumed to be constant, and a single constant value is 

1 hod man, C. D. (Editor-in-Chief), handbook of  
Chemistry and ehysics, Fortieth Edition. Cleve-
land, ehio:. Chemical Rubber ?ublishing Company, 
1959, p. 2260. 
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submitted. The reactor wall is considered to be all 

steel because of the small mass percentage (<3%) of 

the glass lining. 

Information on the vessel is taken from The Pfaudler 

Company literature.2 The vessel is defined to be a 500 

gallon, glass-lined, single jacketed, RA-series reactor. 

Items taken directly from the literature are vessel diame-

ter, jacket volume, and volume of the bottom head. The 

surface area of the bottom head was,determined by sub-

tracting the calculated straight-side area from the total 

area given in the literature. Total weight for vessel 

plus jacket is listed in the Pfaudler information, and 

this weight was divided apnroximately between the vessel 

and jacket materials according to calculations based on 

vessel dimensions and specific gravities of the materials 

of construction. In addition, a Pfaudler suggested value 

, of 50 Btu/hr. ft.2 0/.. for the overall heat transfer 

coefficient for a new vessel is used. 

The primary source for information on the reaction 

itself is example problems in Chemical EngineerinQ Kinctics.3 

2.  Pfaudler Bulletin 1040. 

3 Smith, J. M., Chemical Enreineerinr: Kinetics. New 
York: McGraw-Hill Book Company, Inc., 1956, p. 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 from this source. Although the 

data in the problem is for a catalyzed reaction, it is 

felt that the information is sufficiently valid for the 

purposes of the trial computer simulation. 

The value of the Arrhenius activation energy is 

taken from Shu-Lin, Shapiro, Linstead, and Newitt.4 

Using this value, along with the forward reaction rate 

constant and temperature taken from the above mentioned 

example problem, a value for the Arrhenius frequency 

factor was calculated and is submitted in the data. 

The heat of reaction used as a reference in the 

simulation was calculated from heats of formation for 

the reactants and products given in Chemical Engineer's  

- Handbook.5  The reference temperature for the heat of 

reaction (536.6°R.) is that for which the heat of forma-

tion data was listed. 

4 Shu-Lin Pieng, R. H. Shapiro, R. P. Linstead, and 
D. M. Newitt, Journal of the Chemical Society, 1938, 
PP. 784-791. 

5 Perry, R. H., C. H. Chilton, and S. D. Kirkpatrick, 
Chemical Engineer's Handbook, Fourth Edition. New 
York: McGraw-Hill Book Company, Inc., p. 3- 
134. 



53 

The temperature controller selected is a Taylor 

12411 Fulscope ® Recording Controller. Ranges for the 

gain, rate setting, and integral setting are taken from 

Taylor literature.6 The value for the rate amplitude is 

selected from the range given in Mathematical Modeling 

in Chemical Enzineering7 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 

associated with the controller itself is taken from the 

suggested approximate value of a few tenths of seconds 

in Franks.8 

To determine a value for the maximum control valve 

capacity, an approximate hand calculation was performed 

to determine the maximum required heat transfer rate. 

The calculated valve capacity was used with the idea 

that it could be changed for future simulations if it 

proved to be inadequate. The control valve did not 

6 Taylor Instrument Companies File l-3A, Specifica- 
tion sheet 98291-S1, February, 1967. 

Frmks, R. G. E., Mathematical Modeling in Chemical  
Enrineeriaa. New York: John Wiley ik Sons, Inc., 
1966, pp. 260-266. 

8 Ibid. 
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appear to be larco enou7:h that it ,would be velocity lim- 

ited or have a significant time The value for the 

pressure drop across the valve is taken from personal 

experience with available in-plant cooling water supply 

and discharge pressures. Variations of pressure drop 

throuh the jacket with flow were assumed to be negli-

gible. 

In addition to the reference temperatures for the 

equilibrium constant and for the heat of reaction men-

tioned above, values for the following temperatures are 

submitted in the data: 

kl) temperature of reactant B - yo°F. 

2) initial reaction temperature - 70°F. 

3) initial jacket contents temperature - '%0°F. 

0.) jacket inlet temperature - YO°F. 

(5) controller set point - 90°F. 

0) initial temperature sensed by element - YO°F. 

The values for items t1), (2), and 0.) above are 

selected to be a nominal ambient temperature. :it is 

assumed that the initial temperature of the jacket 

contents, item 0), is equal to the jacket inlet tempera- 
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tune since no heat transfoi,  has yet occurred. Also, it 

is assumed that the initial sensed temperature, item k6), 

is in equilibrium with and equal to the initial reaction 

temperature. The controller set point is arbitrarily 

selected at a value above the cooling water supply 

temperature. 

Since the method of Chow and Bright9 used for liquid 

density determinations is valid only for reduced tem-

peratures below 0.65, all materials, for which this 

method is 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 gal./ 

min.), addition time for reactant B (60.0 min.), time 

increment (0.5 min.), total time limit for the reaction 

(480.0 min.), and minimum incremental conversion (0.10 lb.). 

In addition, the value with proper units for the gas con-

stant (1.987 Btu/lb. mole °R.) is submitted. 

9 Chow and Bright, Chemical Enr;ineering Progress, 
vol. L9,  1953, p. 175. 



56 

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 

values of the two variables which are involved in the 

termination of the simulation, maximum total time and 

minimum incremental conversion, were established at 

reasonable values after the initial trial computer runs. 

The value of the time increment used in the simulation 

was selected at as low a value as practical to attain 

good accuracy without resulting in unreasonably long 

computer runs. 

The zero initial values were submitted for the 

following variables: 

(1) elapsed time - 0.0 min. 

(2) iteration index - 0 

(3) output index - 0 

(4) 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 reactant A for time interval - 

0.0 lb. 

a) 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 IF statement in which it is used, as described 

in the Chapter on Programming, will produce the desired 

results during the first cycle of calculations. Item (7) 

is set at zero so that after T1 is equated to it in the 

first cycle of calculations, the test for convergence of 

reaction temperature at the end of the cycle will produce 

another iteration. 
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CHAPTER VII. 

DISCUSSION OF RESULTS  

The primary objective of the thesis, the digital 

computer simulation of a temperature controlled semi-

batch reaction, was accomplished. An output of informa-

tion on mass of the primary reactant, reaction temperature, 

and flow of coolant to the jacket as a function of time 

was obtained. 

In addition, simulations were performed at various 

controller settings in order to investigate the effect 

of these settings on control of reaction temperature. 

For each of the three controller modes, simulations were 

performed for four (4) different values, while the values 

for the other two settings were held constant. Results 

of the simulations are shown on Figures II, III, and IV 

where reaction temperature is plotted against time. 

Referring to Figure II, the following results are 

observed for varying controller gain: 

(1) Increasing gain results in decreased overshoot. 

Beyond a gain of approximately 6.0 psi/0F., 

decreases in overshoot are not significant. 
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(2) The docay ratio decreases with increasing gain 

up to a gain of about 6.0 psi/°F., and then in-

creases slightly for higher values. 

(3) The response time follows a pattern similar to 

that for the decay ratio. A gain of 6.0 ps1/°F, 

produced the minimum response time to attain 

and maintain ± 1°F. of the set point. 

(4) The period of oscillation also decreases with 

increasing gain up to a gain of approximately 

6.0 psi/°F. Higher values increase the period 

of oscillation. 

The effects of varying the controller rate setting 

'e illustrated on Figure III: 

(I) No effect on initial overshoot is observed. 

(2) Decay ratio decreases with increasing values 

of the rate setting. At the maximum value for 

2 that was simulated, the unusual response 

prevented a meaningful evaluation of the decay 

ratio. 

(3) Response time (1-  1°F, of set point) decreases 

with increasing rate setting. 
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(4) The period of oscillation decreases with in-

ereasing rate setting. The decrease in period 

of oscillation is more pronounced at the lower 

rate settings and becomes less significant for 

the higher values. 

The data plotted on Figure IV illustrate the effects 

of varying integral setting: 

(1) No 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 the lower integral mode set-

tings. 

(3) The response time (-+ 1°F. of set point) decreases 

with increasing integral setting. 

(4) The period of oscillation increases with in-

creasing integral setting, becoming significant-

ly 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 

agreement with those expected from experience, with 
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nothing unusual being noted in the effect of varying 

controller settings or the progression of the reaction 

itself. 
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CHAPTER VIII. 

CONCLUSIONS 

It is concluded that the simulation is valid repre-

sentation of the actual performance of a batch or semi-

batch reactor because of the general agreement of the 

results with those expected from experience. 

Therefore, the program can serve as a useful tool 

in the investigation and optimization of reaction condi-

tions and/or temperature controller settings for a variety 

of reactions of the type studied. 
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CHAPTER' IX. 

RECOJAMENDATIONS .  

With the simulation program established, many 

possible uses for it and areas of investigation exist. 

Response of the system to a step change in controller 

set point for various controller settings is one 

possible area of investigation. Another is the experi-

mentation with the chosen reaction at various tempera-

tures. Also, simulations of other reactions could be 

tried. 

Experimentation with the mechanics of the program 

itself is also a possibility. Items whose effect on 

output might be investigated are: 

(1) temperature correction of the densities of 

reactants and products 

(2) temperature correction of the spocific heats 

of reactants and products 

(3) temperature correction of equilibrium constant 

(4) temperature correction of heat of reaction 

(5) temperature correction of the reaction rates 

(6) length of time increment 

(7) number of calculation iterations 
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It is felt that. Items (6) and (y) should be investi-

gated to determine values which produce the desired con-

vergence and accuracy. Of course, the required computer 

time would also be a consideration in the selection of 

the values for these two variables. 
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TABLE I  

NOMENCLATURE - GENERAL 

The symbols are listed in the order in which they 

appear in the text. 

Item  
Mathematical 

Symbol  
Fortran 

Symbol  Units  

1.  Watson liquid- 
phase expansion 
factor 

w. 1  
w 
i$j 

W(I) 

WR(I,J) -- 

2.  Temperature T j T(J) * 

$.1 
TR(I,J)  

3.  Specific heat te )i P CPR(I) Btu4 
lb. F. 

le $j 
CP(I,J) Btu4 

lb. F. 

4.  Vapor density to vi,  i RV(I,J) lb./gal. 

5.  Molecular weight M1. ZMW(I) lb./ 
lb. mole 

6.  Density constant IO uR1(I) lb./gal. 

7.  Liquid density, 
reference 

(o lii. RR(I) lb./gal. 

8.  Liquid density at 
reaction tempera-
ture 

(3 1 
RU(I) lb./gal. 

9.  Liquid density of 
reactant B at T. i 

p27 R27 lb./gal. 

* Refer to Table II, Appendix A. 
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Item 
Mathematical 

Symbol  
Fortran 
Symbol  Units  

10.  Heat of re- 
action at T6 

Li HK DI K Btu/ 
lb. mole 

11.  Heat of re- 
action, reference 

A ER DI R Btu/ 
lb. mole 

12.  Stoichiometric 
constant 3.  

a. AL(I) 

13.  Heat of re- 
action at re- 
action temperature 

LiH0 DHZ Btu/ 
lb. mole 

14.  Equilibrium con- 
stent at reaction 
temperature 

K ZK -- 

15.  Equilibrium con- 
stant, reference 

KR ZKR -- 

16.  Gas constant R R Btu/ 
;b. mole 
R. 

17.  Forward reaction 
rate constant 

ic ZKL -- 

16. Reverse reaction 
rate constant 

1 

k Z&P -- 

1-7. Arrhenius fre- 
quency factor 

A A .... 

20.  Arrhenius activa- 
tion energy 

E E Btu/ 
lb. mole 

21.  Batch Volume V V gal. 

22.  Mass M. i ZMkI) lb. 

23.  Concentration C. 
1 CkI) lb. mole/ 

gal. 
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Item 
Mathematical 

Symbol  
Fortran 
Symbol  Units  

2L. incremental 
change in 
concentration 

A C. a. DC(I) lb. mole/ 
gal. min. 

25.  rdnetic order 
of chemical 
component 

ni  N(l ) -- 

26.  Time t Ti, min. 

2Y. Time increment A t DTL min. 

26. Incremental mass 
change 

A M.a. DM(I) lb. 

29.  Addition rate of 
component B 

FB FB gal./ 
min. 

30.  Mass at end of 
time interval 

Mli  ZM1kI) lb. 

31.  Average mass for 
time interval 

MAi ZMA(i) lb. 

32.  Mass at begi.-1- 
ning of time 
interval 

' 
M i ZMPk1) lb. 

33.  Heat produced 
by incremental 
reaction 

A H DH Btu/ 
min. 

34.  Heat transfer 
surface 

S S ft.2 

35.  Surface area of 
bottom head of 
vessel 

AH All ft.2 

36.  Volume of bottom 
head of vessel 

VH VH gal. 
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Item 
Mathematical 

Symbol  
Fortran 
Symbol  Units  

37.  Inside diameter 
of vessel 

D D ft. 

38.  Incremental 
change in re-
action tempera-
ture 

A T DT °F. 

39.  Overall heat 
transfer co- 
efficient 

U U Btu/ 
pin. ft.2 

'F. 

40.  Reaction tom- 
perature at end 
of time interval 

Tl8 T18 °F  . 

4.1. Average reaction 
temperature for 
time interval 

TA TA °F. 

42.  Reaction tempera- 
tune at start of 
time interval 

t 

T TP oF.  

43.  Temperature 
sensed by measur-
ing element at 
end of time 
interval 

T112 T112 oF. 

44.  Time constant tv 
k TAU(K) min. 

45.  Error at and of 
time interval 

EP1 EP1 oF. 

46.  Output of con- 
troller rate 
section at end 
of time interval 

EPO1 EPO1 °F. 

47.  Error at begin- 
ning of time 
interval 

EP EP oF. 
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Item 
Mathematical 

Symbol  
Fortran 
Symbol Units  

L.6. Output of con- 
troller rate 
section at be-
ginning of time 
interval 

FPO EPO 
oF. 

49.  Time integral of 
difference between 
error and rate 
section output 

I t ZINT 0F. min. 

50.  Rate amplitude oC ALP 

51.  Time integral of 
rate section out-
put at end of 
time interval 

Itr
1 

ZITR1 min. 

52.  Time integral of 
rate section out-
put at beginning 
of time interval 

Itr ZITR 
o
F. min. 

53.  Overall controller 
output at end of 
time interval 

P01  P01 lb./in.2 

.5. Overall controller 
output at begin-
ning of time 
interval 

PO PO 1bain.2 

55. Controller gain 
setting 

k ZKC psi/oF 

5b. Signal to control 
valve at end of 
time interval 

PC1 PC1 lb./in.2  

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

PC PC 2 lb./in. 
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Item 
Mathematical 

Symbol  
Fortran 
Symbol  Units  

58.  Flow rate of 
jacket medium 
at end of time 
interval 

FCW1 FOW1 gal./ 
min. 

59.  Flow rate of 
jacll.et medium 
at beginning of 
time interval 

FCW FCW gal./ 
min. 

60.  Average flow 
rate of jacket 
medium for time 
interval 

FCWA FCWA gal./ 
min. 

61.  Maximum capacity 
of control valve 

cv CV gal./ 
min. 

62.  Pressure drop 
through control 
valve 

A P DP lb./in.' 

63.  Liquid density of 
jacket medium ep 59 

R59 lb./gal. 

64.  Volume of 
jacket 

VJ VJ gal. 

65.  Incremental 
change in 
jacket medium 
temperature 

A TJ DTJ OF.  

66.  Average jacket 
medium temperature 
for time interval 

TJ
A 

TJA °F.  

67.  
temperature at 
beginning of time 
interval 

Jacket medium TJP TJt 0
F.  
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. . 
Item 

Mathematical 
Symbol  

Fortran 
Symbol  Units  

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

-b4  TLS min. 

69.  Maximum reaction 
time 

tm2 TLM2 min. 

.70. Reaction tem- 
perature at end 
of time interval 

Ti'  T1P °F.  

71. Iteration index M M -- 

'72. Output index NO NO -- 

73. Maximum addition 
time for reactant 
B 

tml TLM1 min. 

711... Minimum required 
change in mass of 
reactant A for 
time interval 

` A Mn DNM lb. 

NOMENCLATURE FOR  SYMBOLS. USED ONLY IN CHAPTER IV - 

MATHEMATICAL DERIVATIONS 

1.  Heat of reaction A H Btu/ 
lb. mole 

2.  Surface area of 
straight side of 
reaction vessel 

AS ft.2 
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Item 
Mathematical 

Symbol  units  

3. Height of 
liquid above 
reactor tangent 
line 

h ft. 

Rate of heat 
evolution by 
reaction 

dH/dt Btu/min. 

5.  Incremental 
change in 
sensed temperature 
over time interval 

A T
12 

0.
..  

6.  Time at end of 
interval 

t1 min. 

Incremental 
change in 
pneumatic signal 
over time inter-
val 

A PC psi. 

8. Fractional 
opening of 
control valve 

X -- 



TABLE II  

NOMENCLATURE - SUBSCRIPTS  

Item 
Subscript 
Symbol  

Fortran 
Symbol  units 

A. Material subscript 
(general) 

i I -- 

1. Chemical re- 
actant A 

1 1 -- 

2. Chemical re- 
actant B 

2 2 -- 

3. Chemical product 
C 3 3 -- 

4. Chemical product 
D 

4 4 -- 

5. jacket medium 5 5 -- 
6. Reactor material 6 6 -- 
Y. Jacket material 7 7 -- 
Temperature subscript 
kgeneral) 

j J -- 

1. Specific heat 
reference 

1 1 °R.  

temperature 

2. Density reference 2 2 oR.  
temperature 

3. Boiling tempera- 3 3 °R.  
ture 
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Item 
Subscript 
Symbol  

Fortran 
Symbol  units  

Critical 
temperature 

L. 4 oR. 

5. Heat of re- 
action reference 
temperature 

5 5 °R. 

6. Equilibrium 
'constant refer-
ence temperature 

6 6 
o
R. 

7. Temperature of 
continuously 
added reactant B 

7 7 oF.  

8. Reaction 
temperature 

8 8 

9. Effluent tempera- 
ture of jacket 
medium 

9 9 °F.  

10. Supply tempera- 
ture of jacket 
medium 

10 10 °F. 

11. Set point tem- 
perature of 
controller 

11 11 • oF. 

12. Temperature 
sensed by 
measuring 
element 

12 12 Op
. 

 

C. Time constant 
(general) 

k K -- 

1. Time lag- 
temperature 
measuring 
element 

1 1 min. 
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Item 
Subscript 
Symbol _ . 

Portran 
Symbol  Units  

2. Controller 
rate setting 

2 2 min. 

3. Controller 
integral 
setting 

3 3 min. 

Controller 
time lag 

L. t. min. 



TABLE III.  

INPUT DATA 

Variable  Value  Units Reference  

al 1.0 

a2 1.0 -- -- 

a
3 

1.0 -- -- 

°4 1.0 -- -- 

T1,1 4 91.60 A. OR.  

11,2 527.60 oR. 4 

T1,3 633.06 °R.  4 

T14  929.34 0R. 4 

T2,1 491.60 °R. 4 

T2,2 527.60 °R.  4 

T-es3 704.34 oR. 4 

- 
m
2,4 1070.64 °R. L. 

T31 , 527.60 °R. 4 

T3,2 527.60 °R. 4 

T3,3 630.59 °R. L1. 

T
34 0 941.94 0R.. 4 

Co 



Variable  Value  Units  Reference  

4,1 608.60 oR. L. 

4,2 527.60 °R. 4 

i• 3 
671.72 

I- 4 
1164.96 

5, 527.60 o
R4 

5,3 671.2 on.  

n 1164.96 0 . R 4 

te ) P 0.535 Btu/lb. °F. 

(c ),-) P 
0.487 Btu/lb. 0p4 

, 

(cP)3 0.459 Btu/lb. 0F. 4 

t P 1.000 Btu/lb. 0p. 

(0).5 1.000 Btu/lb. F. 4 

0ID)6 
0.11 Btu/lb. 

(cP)7 0.11 Btu/lb. °F. 

rp  R1 6.566 lb./gal. 4 

(3112  8.730 lb./gal. 4 

O R3 7.500 lb./gal. ' L. 

() 4 
6.322 lb./gal. 

5 8.322 'b./gal. 4 
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Variable  Value  Units  Reference  

MW1 46.07 lb. /lb. mole 4 

MW2 60.05 lb./lb. mole 4 

Mt.13 86.10 lb./lb. mole 4 

EW 4 18.02 lb./lb. mole 4 

M1 1600.0 lb. -- 

M:2 0.0 lb. -- 

M3 0.0 lb. -- 

M4 0.0 lb. -- 

M6 1750.0 lb. 7 

M7 920.0 lb. 7 

D 4.8 ft. 7 
AII 18.0 ft.2 7 
VH 60.0 gal. 7 
VJ 50.0- gal. 7 
U 0.85 . Btu/min. tt.2 °F. -- 

.11 1 9 

n2 1 -- 9 

3 1 -- 9 

n4 1 • -- 9 
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Variable  Value  Units  Reference  

KR 2.92 -- 9 

E 2S,200.0 Btu/lb. mole 8 

A 10.1 x 108 gal./min. lb. 
mole 

-- 

A HR -8,110.0 Btu/lb. mole 6 

kc 0.12, 1.0, 
6.0, 12.0 

psi./°F. 12 

ft 1 3.0 min. -- 

11 2 0.2, 0.6, 
3.0, 10.0 

min. 12 

ct 
3 0.2, 4.0, 

15.0, 20.0 
min. 12 

re 
4 

0.008 min. 2 

04 5.0 min. , 2 

cv 8.0 gal./min. 

A P 40.0 psi. -- 

T5 536.6, °R. 6 

T6 536.6 oR. 9 

T7 70.0 °F. -- 

T8 70.0 oF. -- 

T9 70.0 --oF. "  

T10 70.0 oF. -- 
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Variable Value  Units Reference  
T11 90.0 o  F. -- 

T12 70.0 oF. -- 

FB 4.0 gal./min. -- 

tint 60.0 min. -- 

A t 0.5 min. -_ 

tm2 480.0 min. -_ 

Li M Mn  0.10 lb. -- 

R 1.987 Btu/lb. mole -- 
oR. 

t 0.0 min. -- 
N 0 -- 

NO 0 -- -- 
Itr 0.0 °F. min. -- 
Int 0.0 oF. min. M. OM 

MA2 0.0 lb. -- 

T18 0.0 oF. -- 



APPENDIX B 

DETAILED LOGIC DIAGRAM 

Figure V 
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PROGRAM PRINTOUT 
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