
Smith (1975) concerning 0.54 mm p-naphtol granular 
particles and with the data of Schwartz et al. (1976) 
concerning 0.6 mm alumina particle has shown that Equa- 
tion (4) give values of‘ holdup which are at least 30% 
lower. 
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NOTATION 

A 
a 
d = particle diameter ( m )  
G 
Ga 
h K ,  h B  = constant in an Ergun type of equation ( h ~  = 

L 
Re 
2 = reactor length (m)  

Greek Letters 
B, BnC, ,& = total, noncapillary and capillary holdup ex- 

pressed in percentage of interparticle void /3 = 
Bnc + B c  

= coefficient in Equation (1) 
= exponent in Equation (1)  

= superficial gas flow rate (kg/m2 . s )  
= Galileo number -= ( dJgpL2/PL2) 

4.796; h, = 0.245) 
= superficial liquid flow rate ( kg/m2 * s)  
= Reynolds number = ( L  d/pL) 

I = porosity (interparticle) 
?h 

= flow parameter =: [%*%I 
pL, pwat = liquid and water viscosity (cp) 
pc, pL, Pwat = gas, liquid and water density ( g/cm3) 
uL, uwat = liquid and water surface tension ( d y n d c m )  

J, = flow parameter =: - * - - 
x, x’ = gas-liquid flow parameters defined by Charpen- 

2 113 a‘vat U L  

[ :t ( “pz”” ) 1 
tier and Favier ( 1975) 
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A General Direct Digital Control Algorithm for a 
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Owing to a large increase in the use of digital com- creasingly important to develop practical direct digital 
puters for process control purposes, it has become in- control algorithms. Several special purpose algorithms, 

both continuous and discrete, have been reported in the 
cal Engineers, 1978. literature for lumped parameter systems. In an early paper, 
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Mosler et al. (1967) reported minimal prototype algo- 
rithms for a first-order system with dead time. Shunta 
and Luyben (1971) reported minimal prototype and 
minimum squared error design for a process with inverse 
response behavior. Luyben ( 1972) presented damping 
coefficient design charts for sampled data control of first- 
order processes with dead time. Although response of these 
special purpose algorithms are excellent for the specific 
tasks they are designed for, their performance often de- 
teriorates under undesigned load condition or parameter 
shifts. In this paper we present a direct digital control 
algorithm for a first-order process with time delay, whose 
performance is as good as minimal prototype algorithms 
and has the advantage of responding better to parameter 
shifts. Furthermore, the algorithm responds to both set 
point change and load equally well. 

THE CONTROL SYSTEM 

In this paper we will restrict our analysis to the class 
of processes whose dynamics can be described by the 
following transfer function: 

,--an- 

Several investigators have shown that the above model 
represents a large class of chemical process systems (see 
Ziegler and Nicolas, 1942; Mosler et al. 1967). 

Figure 1 shows a block diagram of the control system. 
The output of the process is sampled every sampling 
period, and the manipulated variable value is calculated 
using an algorithm. The updated value of the manipu- 
lated variable is put out to the final control element 
through a holding circuit. Few of the past values of the 
process output and manipulated variable values together 
with the process parameters are stored in the process 
control computer. 

DEVELOPMENT OF THE ALGORITHM (a t  = 0)  

The algorithm is designed by considering the input to 
the process as a series of step changes occurring at sam- 
pling instants. For simplicity, let the delay time be zero 
( a  = 0).  A general input to the process is shown in Fig- 
ure 2. Let %-1 denote the input to the process between 
the time ( i  - 1)T, and iT, where T is the sampling 
period. The output of the system, y at time iT, denoted 
by yi is 

yi = yi-1+ ( xi-1 - e) ~ ( 1 -  e - T / T )  (2)  

Note that we have approximated the input to the process 
to be constant at the value of x,-~ between the time 
( i  - 1) T and iT. From Equation (2)  we may write 

KP 

where a is Kp[l  - exp ( -  T / T ) ] .  Since the manipulated 
variable m ( t )  is kept constant between the time ( i  - l)T 
and iT at mi-1, the load variable value during the same 
interval of time can be calculated as 

Furthermore, for the process output to be at the set point 
value, we require the input to the process x to be at 
yCset)/Kp. Equation (4) gives the equivalent load condi- 
tion that has occurred, and we require the controller to 
compensate the difference. Hence, the manipulated vari- 
able for the following period [between iT and ( i  + 1)TI  
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should be adjusted to 

(5) 
The above equation enables the computer to calculate the 
manipulated variable at the time iT, using the present and 
the past value of the process output, and the manipulated 
variable. The above algorithm is in a sense a steady state 
feedfonvard algorithm in a feedback loop, the difference 
being that it estimates the load conditions instead of di- 
rectly sensing it. Also, deviations in the process output 
from set point value due to deviations in process parame- 
ters or set point changes will be considered as an equiva- 
lent inlet load condition, and the algorithm will com- 
pensate accordingly. Such a feature enables the algorithm 
to eliminate any steady state error. The speed of re- 
covery will depend on the time constant of the process. 
This might be undesirable when the process time constant 
is large. Hence, an additional compensation, proportional 
to the error, will greatly increase the speed of response. 
That is, the algorithm takes on the following form: 

Here K is a constant to be chosen either through simula- 
tions or on stream. Note that as the process output ap- 
proaches the set point value, the compensation contrib- 
uted by the proportional term tends to zero. Thus, near 
the steady state, the compensation is mainly done by the 
algorithm given by Equation (5) .  

CONTROL ALGORITHM WHEN TJME DELAY I S  
PRESENT 

Let the delay time u7 = AT. The derivation presented 
in this section can easily be extended to the case when the 

7s + I 

ZERO ORDER PROCESS 
HOLD ' 

Fig. 1. Block diagram of the control system. 

X , INPUT 

X T b  ( I -3 )T  l 1 - 2 ) T  ( , - I ) T  I T  I I + I ) T  ( r t2 )T  ( i f 3 ) T  b t41T  

TIME 

Fig. 2. Input-output ielationships. 
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Fig. 3. Response of the proposed algorithm to step change in load. 
T = 0.5, K, = 1, t = 1, a = 1, K = 0.5. 

delay term is given by UT = ( n  + A)T, where n is an 
integer. A typical input-output relationship is shown in 
Figure 2. From the dynamics of the system 

where the starred values of yi are estimated values of 
the output of the system at the time iT + AT. From the 
above equations, the input to the process and hence an 
estimate of the load condition can be calculated, and the 
algorithm of the form of Equation (5)  becomes 

where fl  is defined by 
j3 = %{1- elip [- (1 - X ) T / T ~ )  (10) 

The above algorithm can be modified for speed of re- 
s e n s e  as before by adding proportional action. One can 
easily show that when UT = nT + AT, the algorithm will 
take the form 

Note that the action of the control algorithm is to com- 
pensate for the estimated load condition that existed n 
sampling instants ago. One should also recognize that 
since the load conditions during various sampling periods 
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are estimated, the structure of the present algorithm lends 
itself to easy extensions to schemes incorporating predic- 
tion features. In the present work, we will restrict our 
attention to the algorithms of the form given by Equation 
(9). 

SIMULATION AND DISCUSSION 

The response of the process with the proposed control 
algorithm (with the proportional constant set at 0.5) 
to step changes in load and set point are presented in 
Figures 3 and 4. In the same figures, the responses when 
there is an error in the knowledge of the process parame- 
ters are also presented. For simulation purposes, the 
deviations were included by 

71, = T a ( 1  + € 7 )  ( 12) 

The responses of the proposed algorithm are good even 
when E~ = 0.25 and cK = -0.25. Typical responses are 
presented in Figures 3 and 4 when the errors in process 
parameters are *25%. 

For comparison purposes, the minimal algorithms of 
Mosler et al. (1967) were simulated with the errors in 
the process parameters and are presented in Figures 5 
and 6. Although the response of the set point minimal 
algorithm is stable when errors of &25% exist in process 
parameters, the response of the load minimal becomes 
unstable when er = 0.25 and cK = -0.25. As a check, 
the characteristic equation of the control system was ex- 
amined, and it was found that one of the roots lies out- 
side the unit circle at -0.63 ? 0.85i which is at a radius 
of 1.058. In fact, when cr is negative and sK is posirive, 
the roots leave the unit circle even for small errors in the 
parameters. For example, when e, = -0.15 and cK = 
+0.15, one of the roots is at -1.045. Errors of magnitude 
15% can easily enter in the determination of process pa- 
rameters either as a modeling error (such as linearization) 
or owing to the shifting of the process itself. 

/ ET 3 0 . 2 5 ,  EK = 0 
'i 

cT 0.25, C K =  -0.25 

0.5 -P 
t / T  

Fig. 4. Response of the proposed algorithm to step change in set 
point. T = 0.5, K, = 1, t = 1, a = 1, K = 0.5. 
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Fig. 5. Response to the minimal prototype load algorithm to step 
change in load. T = 0.5, K, = 1, t = 1, a = 1. 

In order to compare with conventional discrete propor- 
tional-integral algorithm, simulations were carried out for 
different numerical values of the parameters K ,  and 71, 
the algorithm being 

) (14) 

> 
k 
3 a 
t- 
3 
0 

'/T 

Fig. 7. Response of discrete proportional-integral control algorithm 
to step change in set point. T = 0.5, K, = 1. t = 1, a = 1, 

K, = 1.0, TI = 1.5. 
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Fig. 6. Response of the minimal prototype set point algorithm to 
step change in  set point. T = 0.5, Kp = 1, t = 1, a = 1. 

For I(p = a = r = 1, the optimal choice was K ,  = 1 and 
71 = 1.5 based on integral of absolute error, decay ratio, 
and settling time Sample simulations are presented in Fig- 
ures 7 and 8. As shown in Figure 8, the response of the 
process to step change in load becomes very oscillatory 
when cT = -0.25 and QK = 0. In general, the discrete 
P.I. algorithm has larger settling time and larger decay 
ratio when compared with the algorithm proposed in this 
note. Furthermore, it was found that if the P.I. algorithm 

0 

i** -25 

-.5 1 

Fig. 8. Response of discrete proportional-integral control algorithm 
to step change in load. T = 0.5, K, = 1, t = 1, o = 1, 

K, = 1.0, TI = 1.5. 
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is tuned for set point response, the same setting gives very 
poor load response, and vice versa. 

The response of the proposed algorithm does not de- 
teriorate when errors are present in the process parame- 
ters. Furthermore, only one algorithm is needed to com- 
pensate for both set point and load changes. This is a 
distinct advantage over the previously reported minimal 
algorithms and discrete P.I. algorithms. Since the pro- 
posed algorithm views deviations in the output of the 
process from the set point value as an equivalent step 
disturbance in the input, the response is always stable. 
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NOTATION 

a 
Gp (s) = process transfer function 
&, K ,  = process gain, controller gain 
m = manipulated variable 
T = sampling period 
X ’ 
y 
Greek Letters 
Q 

B 

= constant used to define dead time 

= input to the process 
= output of the process 

= constant defined in Equation (2 )  
= constant defined by Equation (9) 

= deviation in process parameter, r 
= Jeviation in process parameter, Kp 
= fraction used to define time delay 

ek 

r, TI = process time constant, integral time 

Subscripts 
a = algorithm 
p = process 
i = value of the variable between the time iT and 

( i +  l ) T  
Superscripts 

set 
* = variable evaluated hT time later 

= set point of the variable 
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There is growing recognition that two-phase models for 
fluidized-bed reactors should take account of end effects. 
Experimental results show that bubbling-bed models do 
not properly represent reaction near the gas distributor 
(Chavarie and Grace, 1975) or in the freeboard region 
(Furusaki et al., 1976). In this note we consider reaction 
in the vicinity of the grid. 

EARLIER MODEL 

Behie and Kehoe (1973) proposed a two-phase model 
which extends one of the well-known Orcutt models (Or- 
cutt et al., 1962) by treating a plug flow, jet region devoid 
of particles in series with the bubble phase. Gas in the 
entire dense phase is assumed to be perfectly mixed. Since 
the resistance to mass transfer between grid jets and the 
dense phase is much lower (Behie, 1972) than that between 
bubbles and the dense phase, the grid model predicts sig- 
nificantly higher conversions than the corresponding Or- 
cutt model, providing that the kinetic rate constant is 
sufficiently large for the rate of reaction to be controlled 
by hydrodynamic factors. 

The case considered by Behie and Kehoe involves a 
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first-order, constant volume, gas phase reaction A 4 B 
catalyzed by the solid particles. Temperature gradients 
are neglected. The flow patterns assumed for the three 
phases are shown schematically in Figure 1. Note that 
the entire flow of gas UA is assumed to pass through 
the jets and then to divide itself between the bubble 
phase and dense phase at the top of the jets. The mass 
balance equations for the three phases are 

Jet phase (0  L x h ) :  

Bubble phase ( h  < x L H )  : 
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