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k,, k,  = permeabilities in the X A  and YA directions respec- 

L = distance between points for pressure drop mea- 

P = pressure, lb.f/sq.ft. 
AP 

= dimensionless width of plate, A/B mz 
= width of plate, ft. 
= length of plate, ft. 

tively, ft.2 

surement, ft. 

= pressure drop, mm. HE. 

with the boundary condition that the gradient of pressure 
is zero on all the boundaries except at the source at 
(xA', B) and at the sink at (xA", 0), where we have con- 
stant input and output, respectively. The solution to this 
boundary value problem was already given in reference 1. 

Pressure drop measurements were made at various points 
on an actual Allis-Chalmers hydrogen plate as shown in 
Figure 3. The pressure drop vs. flow rate relationships be- 
tween the different points of measurement are shown in 
Figure 2. The pressure profile generated along x = 0.05 
was matched against a theoretical profile, and the results 
are graphically presented in Figure 3. It should be noted 
that, in order to plot each experimental point shown in 
Figure 3, it was necessary to generate a complete flow 
rate vs. pressure drop profile as shown in Figure 2. The 
maximum deviation between the experimental and theo- 
retical values is -+5 % . An error of this magniutde is con- 
ceivable on the basis of errors in pressure drop, flow rate 
readings, and volume of gas in the chambers. This verifica- 
tion enables us to use Darcy's law for description of fluid 
motion in fuel cell cavities with confidence. 
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p = viscosity, Ib.,/ft.-sec. 
p = density, Ib.m/cu.ft. 
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Note on the Feedback Control of a Stirred Tank Reactor 
GAYLORD G. GREENFIELD and THOMAS J. WARD 
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Huber and Kermode (1 ) recently presented a "predictive 
feedback" regulator control analysis for linear, lumped, 
single-variable process systems containing time delays and 
a sample-hold combination. Some additional insight into 
this regulator scheme can be obtained from an analysis of 
the information flow in the system. The process model used 
by these authors can be represented by-the signal flow 
diagram of Figure 1. Conventional feedback control of this 
process is shown by the dashed line of Figure 2, which 
corresponds to Figure 1 of the cited reference. 

PROPOSED CONTROL SCHEME 

In the method proposed by Huber and Kermode, two 
more control functions are added to reduce the effects of 
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the operator D on the control quality. This control scheme 
is illustrated in Figure 3, where the two controllers are 
shown as F1 and F2. This Figure 3 corresponds to Figure 
4 of the cited reference. The controller F1 is specified as 

the negative of the transmission path ( g l / g z ) D  from e to 

O .  This exactly eliminates the transmission from 0 to x O .  

The controller F2 is then specified as being equal to the 

A 

A / \  

Fig. 1. Continuous flow stirred tank reactor 
model. 

July, 1971 Page 1071 



A h  
transmission path (gl/g2) from B to x. 

In other *ords, these two control functions effectively 

cancel the transmission between B and x. The result cor- 

responds to Figure 4. Note that the variable f l o  is not equal 

to x or x O. Rather, f l o  = (gl/gz)t9 + ggxi, a function of 
the present temperature and the delayed, sampled inlet 
composition. The present and the sampled, delayed re- 

actor composition (x and x ") have both, in effect, been 
eliminated from the controlled system. 

The information flow represented in Figure 4 can also 
be shown as in Figure 5. The significance of the proposed 
control scheme is more evident if Figure 5 is then drawn 
as shown in Figure 6. This illustration clearly shows that 
the proposed control scheme consists of feedback control 

of the reactor temperature B and feedforward control of 

the inlet composition disturbance xi. The reactor com- 

position x is not directly regulated at all. Figure 6 also 
shows clearly why the characteristic equation of the con- 
trolled system does not contain the operator D. 

Three additional items should be noted with regard to 
the pro osed scheme: 

paths of Figure 6 would give better results for the problem 
simulated. 
3. The effect of D in the feedforward path of Figure 6 

is analogous to model error in the ideal single-variable 
feedforward-feedback control problem. The desirability of 
using feedforward control will depend on the amount of 
model error introduced into the ideal model structure by 
the operator D. This problem has been thoroughly treated 
by Luecke and McGuire ( 2 ) .  

3. Because the reactor composition is not actually 
regulated in the proposed scheme, more effective use of 
the composition analyzer could be obtained by using it to 

measure the inlet composition xi directly. This would elimi- 
nate both gi from the feedforward path of Figure 6 and 
the need for the controller F1. 

A h  

A 

A A  h A A 

A A  

A 

A 

A 

1. T K e use of different g, functions in the two controller 

A 

DESIGN PROCEDURE 

The application of these three items to the feedback 
temperature control and feedfonvard disturbance control 
of Figure 6 would lead to Figure 7. Here GC is the feed- 
back controller and GF is the feedforward controller. An 
effective, simple design procedure would be as follows: 

1. Determine GF from the invariance principle, ignor- 
ing the operator D in the feedforward path. Approximate 
the resulting GF function as closely as desirable. 

2. Use standard single-variable feedback design proced- 
ures to design Gc. 

3. Select the arbitrary weighting constant W. This con- 
stant allocates the control effort between the feedforward 
and feedback roles. It would depend on both the relative 
model error introduced by the analyzer dynamics D and 
the approximation made in GF above. In this reactor ex- 

'L - - --- -% --- -------- -xO' 

Fig. 3. "Predictive feedback control" of the 
reactor. 

Fig. 5. An equivalent structure of the effec- 
tive control. 

I 
I 

Fig. 6. Basic controller functions of "Predictive 
feedback." 
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ample, the best value of W would probably be less than 
one and possibly even zero. 
This “near-optimal” procedure is based on the optimal 

composite feedforward-feedback control study of Luecke 
and McGuire ( 2 ) .  The same method could be applied to 
Figure 6 if the inlet composition were actually not avail- 
able for measurement. If the total control effort available 
is limited by manipulative input constraints, the constraints 
can be included directly (as in saturation clipping) or 
treated in terms of a penalty function. 

In this note, a straightforward signal flow graph anal- 
ysis has provided valuable insight into an involved multi- 
loop control scheme. It is an example of the value of 
graphical signal flow diagrams as analytical aids in control 
system design. 

n 

Fig. 7. Feedback temperature-feedforward 
disturbance control. 
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NOTATION 

A 

D 

E Laplace transform of the variable perturbation 
from steady state 

= operator representing the time delays L1 and &, 
the sampler TI, and zero-order hold hl of refer- 
ence ( 1 )  

f l o  = a variable generated by the controlled process 
system 

F1 = a controller function of the predictive-feedback 
scheme 

F2 = a controller function of the predictive-feedback 
scheme 

g ,  = a controller function of the predictive-feedback 
scheme 

g1, g,, g3, g,Z = process transfer functions given in refer- 
ence ( 1 )  

Gc 
GF 
qc = coolant flow rate 
w 

x = reactor composition variable 
x I) 
xi = inlet composition variable 
8 = reactor temperature 
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Comments on “A Phenomenological Interpretation and 
Correlation of Drag Reduction” 

R. J. GORDON 
Deportment of Chemical Engineering 

University of Florido, Gainerville, Florida 32601 

In the above-mentioned paper (1 ), Astarita, Greco, and 
Nicodemo proposed the following correlation for turbulent 
drag reduction in dilute polymer solutions: 

(1)  
f 

f o  
- = @ ( N D e )  

Here f is the measured friction factor, f o  the friction factor 
predicted from the usual Newtonian relationship (2), and 
N D ,  = 0 U/D NRe0.75 is the Deborah number (1 ) . In the 
development of Equation ( 1 ) ,  it was assumed that 8, the 
characteristic fluid time, is constant for a given polymer 
solution. 

According to the aforementioned authors, f l (  N o e )  should 
be a universal function; that is, independent of solution 
characteristics, Reynolds number, and tube diameter. This 
being the case, Equation ( 1 )  may be rewritten as 

where NDe,O.S is the unique Deborah number correspond- 
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ing to B = 0.5. It follows that 

where o = U/D NRe0,75 is a characteristic frequency. 
Astarita and his co-workers verified Equation (2) by 

plotting f / f o  versus o/o ,o .~  for five concentrations of ET- 
597 in three different-diameter tubes, obtaining a single 
curve. However, as the authors noted, some conceptual 
difficulties arise with regard to the definition of N R ~  for 
the more concentrated solutions where pseudoplastic effects 
are present. Furthermore, as Equation (2) is now written, 
a value of f i  less than unity does not necessarily correspond 
to true drag reduction. Finally, we have the difficulty in 
evaluating 0,0.5 (corresponding to @ = 0.5) for slightly 
drag-reducing systems. 

These problems may be eliminated in the case of &Jute 
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