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The stationary stote hypothesis, commonly used for intermediates in complex kinetics in 
botch reactor studies, is analyzed in a tubular flow photoreactor. For practical values of the 
rate constants for the chosen kinetic sequence, it appears that the hypothesis i s  valid over 
all but o short entrance region of the reactor for both streamline and plug flow models. Even 
though the stationary state is quickly achieved, for the normol range of diffusivities, the con- 
version to product may be affected by radial diffusion and velocity profiles. 

In the course of the analysis the pertinent dimensionless parameters establishing the be- 
havior of the reactor were identified. These arose from the differential equations expressing 
the conservation of radiant energy and mass in the system. 

In an earlier paper (6) kinetic constants for the photo- 
chlorination of propane were evaluated from data ob- 
tained in a laboratory scale, flow reactor. By differential 
reactor operation with small concentrations of reactants 
it was possible to circumvent most of the complexities as- 
sociated with photoreactors. In a tubular flow reactor 
these complexities are due to diffusion and complex 
kinetics. The variation in light intensity with radial posi- 
tion causes variation in the rate of the initiation step, and 
this gives rise to radial concentration gradients and dif- 
fusion, even for a plug flow reactor. The difficulties due 
to complex kinetics can be avoided by the stationary state 
hypothesis for reaction intermediates. However, the con- 
ditions for which this is a suitable approximation have not 
been established. In this paper the effects of diffusion and 
complex kinetics upon the conversion are analyzed for a 
relatively simple sequence of reactions. The results, par- 
ticularly the identification of parameters measuring the 
importance of diffusion and the stationary state assump- 
tion, should be generally valuable. Also, the limiting 
values of the parameters for which simplified design pro- 
cedures are adequate provides a guide for cases involving 
more complicated reaction sequences. 

The validity of the stationary state hypothesis appar- 
ently has not been studied in a %ow reactor, although 
Benson (2) has discussed its suitability for batch condi- 
tions. In a valuable contribution Hill and Felder (12) 
have considered effects of three degrees of mixing: 1. no 
mixing, 2. complete radial but no axial mixing, and 3. com- 
plete mixing for slab, cylindrical, and annular reactors. 
The main assumptions were low conversions and sta- 
tionary state kinetics. The first assumption limits the re- 
sults to near differential reactor operation or low con- 
version per pass. Both assumptions imply either a con- 
stant attenuation coefficient, or very small absorptivity so 
that the attenuation coefficient, p = aC, approaches zero. 

In the analysis that follows the incident light is directed 
radially into the tubular reactor under the following con- 
ditions: 

1. Monochromatic light. If the quantum yield for the 
initiation step is not dependent upon wave length, poly- 
chromatic light could be treated by summing the contri- 
butions to the light absorbed over the range of wave 
length involved. 

2. Isothermal conditions. This assumption is not likely 
to be severe, since activation energies for photochemical 
reactions are normally small. 

3. Constant intensity at the wall. 
4. Constant absorptivity, a. 
5. No dark reaction, 

6. Negligible axial diffusion. 
7. No wall reaction. 
8. Negligible reflection of light at the reactor wall. 
9. Constant pressure (for a gaseous reaction). 

The chosen reaction sequence involves absorption of 
light by reactant A and subsequent reaction of the acti- 
vated molecule or atom to produce product B. The ac- 
tivated form of A can also be destroyed by a first-order 
termination step, for example, by collision with an inert 
component M present in constant concentration. By choos- 
ing the rate constant for this step to be zero, results for 
the irreversible formation of activated A are obtainable. 
The reactions and the local rates of formation of each 
component are 

kz 
A*+ B 

k 3 = k s ' ( C ~ M )  
A" + M A + M 

where cp is the quantum yield for the initiation reaction 
and kz and k 3  are first-order rate constants. Thus 

SLA* = - (b + k 3 )  CA*(T,Z) + p Z(r,z) C A ( ~ , Z )  (1) 

(2) 

(3)  

. n ~  = - cpa Z(r,z) C A ( ~ , Z )  + ks CA 

SLB = kz CA. (r,z) 

The solution required is the conversion of A to B at 
the exit of the reactor. To accomplish the stated objectives 
four cases need to be considered: Case I. General solution, 
Case 11. Plug flow (no radial velocity gradient), Case 111. 
No radial concentration gradient, and Case IV. No radial 
concentration gradient and stationary state hypothesis. 

The equations of Case IV, and special forms of Case 
111, could be solved analytically, while the remainder re- 
quire numerical solution. The problem is defined by a 
radiation equation (conservation of radiant energy), mass 
conservation expressions for each species, and the appro- 
priate boundary conditions. The mass conservation ex- 
pressions are given for each case in later sections. The 
radiation equation for cylindrical geometry is developed 
next. 

R A D I A T I O N  E Q U A T I O N  FOR A C Y L I N D R I C A L  T U B E  

Figure la shows the geometry of the system with two 
beams of radiation of intensity Z,. and ZR+,. at an radial 
position r .  Conservation of radiant energy appliedrto this 
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situation gives 

The total intensity I ( r , z )  from both beams is needed in 
Equation (1). By integrating Equation (4)  this becomes 

where I, is the intensity at the inside wall surface from 
one direction. Equation (5) is applicable for solution of 
Cases I and 11. 

No Rodial Concentration Gradient 

(5)  can be evaluated, giving 

I ( T )  =- Eexp ( - a ~  C A ( Z )  R ) ]  cash ( U A  C A ( Z )  TI 

Now CA ( r , z )  = CA( z ) ,  and the integrals in Equation 

21,R 
r 

(6) 

The intensity is still a function of T .  However the rate of 
the initiation step is first order in I ( r )  , according to Equa- 
tion ( l ) ,  so that an average intensityTacross the tube can 
be used to obtain the average rate of the initiation step. 
Integrating Equation (6) and dividing by the area gives 

Equation ( 7 )  is applicable for Cases I11 and IV. 
Special Situations 

If the conversion is low, C A ( Z )  will be approximately 
constant. Then the intensity equation [Equation (6) ] will 
not be coupled with the mass balance expressions and can 
be written in terms of a constant attenuation coefficient 
p = (Y C as follows: 

Ce-@(R-r )  + &R+r)]  (8) I ( ? )  =A I R  
r 

This equation has been used widely, but it should be 
noted that it is only applicable when p is constant. 

If the absorptivity is very low, Equations (6) and ( 7 )  
reduce to the simple forms: 

2R I ,  
Z ( r )  = - 

T 
(9) 

- 
1 = 4 1 0  (10) 

CASE I 

balance of species i is 
For laminar flow in the reactor (Figure 1) the mass 

+ 4 = 0  (11) 

The choice of laminar flow will create the greatest devia- 
tion from plug flow behavior. At the reactor inlet suppose 
CA* and Ce are zero and C,(T,O) = CA,. With no wall 
reactions the concentration gradient of each species at the 
wall will be zero. At the axis the boundary condition is 
given by the method of Schechter and Wissler (16); that 

CI 

c 

c 

c 

z= 0 
c 

O - r  R 

b 

Fig. 1. Reactor geometry. 

is 

This form is necessary because the intensity approaches 
infinity at the axis [Equation ( 5 ) ]  but the volume for 
reaction approaches zero. The rate for component B is not 
a function of I ( T )  so the right side of Equation (12),  
when applied to B, is zero. For A* and A the limit form 
must be used. 

By writing Equations (11) and (12) in dimensionless 
form with the independent variables 

p = r / R  (13) 

5 = z / L  (14) 

e = zd / f i=  eo(; (15) 

(16) 

indicates that the following parameters are needed: 

d = kz + ks 

Here 2c, is the optical thickness at the reactor inlet, ro 
the mean residence time, and K the equivalent first-order 
rate constant for the initiation step, evaluated at the wall 
intensity. If the dimensionless, dependent variables are 

X = CA*/CA, (23) 

Y = CA/CA, (24) 

Z = CB/CA,  (25) 

Vol. 14, No. 4 AlChE Journal Page 585 



the three mass balance equations may be written 

cosh [ c0 sop Y dp’ ] = 0 (26) 

dY 

de aP2 
2 ( 1  -p2) -- M A  ( +$- + ”) - ( 1 - a )  x 

+*Y[exp( P -c,S,; ~ d p ’ ) ]  

cosh [ E, sI Y dp’ ] = 0 (27) 

dZ 1 az a 2 2  
2 ( 1  - p ” )  -- ae M B ( F ; I + F )  - a X = O  (28) 

The boundary conditions are 

X(p,o)  = 0; Y(p,o)  = 1; Z(p ,o)  = 0 (29) 

cosh [I s o p Y d p f ]  (31) 

= - Y [  2b exp( --e0J1 Y d p ’ ) ]  
( $)n,, M A  

cosh [ c0 sop Y d p ‘ ]  (32) 

(5) = o  
0,L 

(33) 

Equations (31) to (33) were obtained from Equation 
( 12) by applying L’Hopital’s rule. 

Equations (26) to (28) were written in difference form, 
using the implicit method (8, 14) for the second term, 
and the explicit method for the first term and the reaction 
terms. The equations were solved numerically using the 
Thomas method ( 4 ,  1 4 ) .  The stability and convergence 
of the solution would be improved by using the implicit 
form for the reaction terms, as was done by Cleland and 
Wilhelm (7) for a single partial differential equation. This 
approach is not suitable for this case where three equa- 
tions must be solved simultaneously. To check the ap- 
proach we used, both methods were applied to an artificial 
problem where but one equation of the form of Equation 
(26) was involved. The two methods gave results for X 
which agreed within 0.2%. 

It  was assumed that the diffusivities of all the compon- 
ents were equal, so but one value of M was needed. Sum- 
mation of Equations (26) to (28) for this case requires 
that X + Y + Z = 1.0. This property was used to check 
the numerical results. The mean concentrations were evalu- 
ated by integration across the diameter of the reactor; for 
example, for X we obtain 

(34) 

CASE II. PLUG FLOW 

In a conventional isothermal reactor the radial diffusion 
term in the balance disappears for plug flow conditions. In 
a photoreactor this is not the case because of the variation 
in light intensity with radial position. Hence the only sim- 
plification in Equation (11) for plug flow is that z) = u. 
In dimensionless form the resulting three mass balances 
are identical to Equations (26) to (28) except the co- 
efficient, 2(1 - p”), of the first term disappears in each 
case. Equations (29) to (33) for the boundary conditions 
are uncnanged. 

The same general numerical techniques were used for 
this case. Convergent solutions were obtained more rapidly 
than for Case I. The sum of the dimensionless concentra- 
tions was close to unity for all solutions, the maximum 
difference being 0.06y0. The average concentrations at any 
reactor length were evaluated, for example, X, from the 
following integral: 

(35) 

CASE 111. NO RADIAL CONCENTRATION GRADIENT 

The premise here is that radial diffusion is rapid with 
respect to reaction and convective flow so that M i  = to. 
Since the rates are first-order, a velocity profile for this 
case has no effect on the average concentrations. Benson 
( 2 )  has considered situations similar to this case and also 
to Case IV. The three mass balance equations are those of 
Case I1 with Mi = 00 and Ci( r , z )  = Ci(z). They may 
be written: 

2b dY 
de €0 

(1 - a ) X  + - (1 - e - 2 r o Y )  = 0 (37) -- 

a X = O  
dZ -- 
do 

with the initial conditions 

X = O ,  Y = l ,  Z = O  at 4 = 0 (39) 
Equations (36) to (38) are a set of nonlinear, coupled, 

ordinary differential equations. The set does not appear to 
be solvable analytically so a numerical solution was ob- 
tained using the Runge-Kutta-Gill method (14). The re- 
liability of the method was checked by comparison with 
the analytical solution of Equation (37) for a = 1. 

Low Optical Thickness Case (Il lo) 

Since in some photochemical reactions to will approach 
zero, the equations for E, -+ 0 define an important special 
case. Equations (36) to (39) become: 

d X  
+ X  -4bY = O - 

de 

dY 
d0 

-- ( 1  - a ) X  + 4bY 0 

ax = 0 
dZ 
de 
-- 

This set can be solved analytically to give 
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1 
@I - % 

y=- [- ( @ z  - 8b) exp (- @.,8/2) 

+ (a1 - 8b) exp (- @p26/2)] (44) 

- @I exp (- d / 2 )  1 (45) 
where 

= (4b + 1) + [ (4b + 1)'- 16ab]"z 
@2 = (4b + 1) - [ (4b + 1)'- l6abl"z 

(46) 
(47) 

These results show that the performance of the reactor is 
determined by three parameters: 8, = T o ( k 2  + k 3 ) ;  

e, 6 10-4 the numerical solution of Equations' (36) to 
(39) was nearly the same as the analytical result from 
Equations (43) to (45). 

CASE IV. STATIONARY STATE KINETICS AND 
NO RADIAL CONCENTRATION GRADIENT 

According to the Stationary State hypothesis the con- 
centrations of intermediate, unstable species (A" in our 
system) are negligible with respect to the concentrations 
of the stable components. If stoichiometric relations hold, 
this hypothesis. also means that the rate of reaction for 
the unstable species is essentially zero, or dX/d8  = 0 for 
our system. Applied to Case 111, Equations (36) to (39) 
reduce to 

(1 - e-%Y) + 0 (48) 
2b X = -  
€0 

(49) 

The analytical solution is straightforward giving 

2b 
X = -  (1- [1+ ( e % - l )  e-4abe]-1}-+0 (51) 

€0 

(In[ 1 + (e% - 1) e-4ab9 1) ( 5 2 )  

z= l-Y ( 5 3 )  

1 
2% 

y = -  

and 

Low Optical Thickness Case (IVd 

simplified still further and lead to the following solution: 

X = 4b e - 4 a b @ +  0 

If so + 0, differential Equations (48) to (50) are 

(54) 

(55) 
(56) 

y = e-4ab9 

= 1 - e-4abO 

REQUIREMENT FOR STATIONARY STATE 
HY POTH ESlS 

For the concentration of A" to be low, the rate con- 
stants of the reactions for destruction of A' should be large 
with respect to the rate constant of the initiation step. A 
criterion for this is the parameter b = ( c p a ~ I , ) / (  kz + k 3 ) .  
It  can be shown that Equations (43) to (45) for Case 
IIIa reduce to Equations (54) to (56) for IVa when 
b + 0. While this reduction cannot be verified analytically 
when E, z 0, machine computation at successively lower 
values of b indicated that b + 0 was sufficient for the re- 
sults of Case 111 to equal those for Case IV. Hence a 
necessary and sufficient criterion for the stationary state 

hypothesis for our reaction system is that b + 0. This 
means that X 3 0 in Equations (48), (51), and (54). 
For more complex reaction sequences additional, relative 
rate parameters would need to be defined, but it appears, 
as Benson pointed out ( 2 ) ,  that such parameters constitute 
a satisfactory requirement for the Stationary State hypo- 
thesis. The stationary state hypothesis as defined is a kinetic 
one. The fact that b += 0 does not mean that radial dif. 
fusion is unimportant. To evaluate this effect requires a 
comparison of Cases I or 11 and 111. Comparison of Cases 
I11 and IV establishes the significance of the stationary 
state hypothesis since no radial gradients exist for either 
case. 

The design parameters that determine the concentration 
in the reactor are summarized for Cases 111 and IV in 
Table 1; a and b are relative rate constants, and 8, is the 
product of the average residence time and ( k ,  + k 3 ) .  

The results for stationary state conditions can be repre- 
sented in terms of two parameters ab8, and c,, and this 
reduces to ab6, if C, += 0. 

TABLE 1. PERTINENT DESIGN PARAMETERS (CASES 111 AND Iv) 

Reactor model Parameter 

I11 

IV 
I IP(  9, + 0 )  

I V q  €0 + 0 )  

E,; a; b; e, 
h; ab; e, 
so; abe, 
abr, 

NUMERICAL VALUES OF PARAMETERS 

In order to calculate the reactor performance over a 
practical range of parameter values, it was necessary to 
estimate rate constants. This was done for the photochern- 
ical variables with the aid of information in various refer- 
ences (1, 3, 5, 6, 9 to 11, 13, 15). 

The range of values for kz was estimated by the Rice, 
Ramsberger and Kassel theory (1, 3) for the unimolecular 
reaction of a hot radical or molecule. The range of wave 
length 1 was chosen to be 4,000- 2,000 A. (79 to 130 
kcal./g. mole), the activation energy for the forward re- 
action was 25 to 84 kcal./g. mole, the frequency of trans- 
fer of energy from one degree of freedom to another was 
105-1017 set.-', and the number of active degrees of 
freedom equal to 10. Then kz was calculated to be from 
lo3 to 10" see.-'. For k3 the following equation was 
employed: 

k3 = AD K A o  (33) 
is the fraction of the collisions of A' which result in 

deactivation; its range was taken as to 1 (1). K A ~  
is the collision frequency of A* with inert M .  The results 
for gas and liquid phase systems are given in Part A of 
Table 2 along with values for the other variables. From 
the stoichiometry of the reaction, A, A", and B all have 
the same molecular weight. This provides some justifica- 
tion for assuming equal diffusivities for all the species. 
Without this simplification, separate values of Di and M i  

would be introduced for each component, which would 
lead to confusion in interpreting the results. 

The values of the groups of variables that are significant 
for design are given in part B of the table. The maximum, 
practical levels estimated for b and Mi are and 1 0 - 4 .  
In making this estimate for Mi, molecular diffusivities were 
used. These parameters determine the significance of de- 
viations from the stationary state hypothesis and the im- 
portance of radial diffusion. Considering that the esti- 
mates may be in error, computer results were also obtained 
at larger values for these two quantities. Also, for turbulent 
flow the convective contribution to radial mass transfer 
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would increase Mi. Turbulent flow conditions would cor- 
respond most closely to Case 11, with relatively high 
values of Mi. 

TABLE 2. ESTIMATED RANGE OF DESIGN PARAMETERS 

A. Variables 
R, cm. 
CA,, g.mole/cc. 

cp, g.mole/Einstein 
I,, Einstein/( cm.)2( sec.) 
a, cc./(cm.)(g.mole) 
kz, set-1 
k3, sec.-1 

K, sec.-l 
d, see.-' 
D, sq.cm./sec. 

to, sec. 

10-1 -20 
10-7 -105 (gas); 10-5 -10-3 

0.1 -1 
(liquid) 

10-11 -10-6 
103 -106 
l@ -10'2 
108 -1011 (gas); 107 -1011 

103 -1012 
10-2 -1 (gas); 10-5 -10-6 

10 -102 

(liquid) 
10-9 -1 

(liquid) 

B. Design parameters (dimensionless) 
a = kz /d  10-8 -1 

€0 = RCA,CY 10-5 -104 
eo = sod 104 -1014 

Me,  10-10 -1 
B = beo/eo 10-12 -103 

b = K/d 10-21 -10-3 

abe, 10-17 -1011 
M = D/R2d 10-21 -10 -4  

RESULTS AND DISCUSSION 
Stationary State Hypothesis 

A comparison of the results for Cases 111 and IV shows 
the conditions for which the stationary state hypothesis is 
valid. Table 1 indicates that the comparison should depend 
upon a, b, and e, at a fixed value of abe,. Figure 2 illus- 
trates the results. Here ab0, is unity (which would cor- 
respond to reasonably large conversions), a = 1, and c0 
and b vary. Of particular interest are the three solid curves 
for X ,  (A*/A,) vs. reactor length at the bottom of the 
fi ure. When b is much less than 10-2, the concentration 

( b  -+ 0 ) ,  which is the horizontal line at 0. The solid 
curves for 2 show similar results: the curve for b = 
closely approaches the dotted line corresponding to Case 
IV at c, = 1.0. For the kinetic system chosen the largest 
practical value of b was estimated to be (Table 2 ) .  

o P A" will be very small and nearly to that for Case IV  

Hence the stationary state hypothesis seems likely to be 
satisfactory for real systems represented by kinetics of 
Equations (1) to ( 3 ) .  

The dotted lines in Figure 2 show the effect of eo under 
the restrictions of the stationary state hypothesis. Com- 
parison with the dashed curve for e, + 0 shows that there 
is a negligible effect of E ,  below at lo-'. The increase in 
conversion to product B with decreasing 6, may seem 
strange. However, b also depends upon Q and is a measure 
of I,. The pertinent factor measuring the effect of I ,  on 
conversion is the ratio of the rate of incident radiation to 
the feed rate of reactant, or 

Z0(2rrRL) 2be, 
C~,urrR' p o  

- -- Einsteins/g. mole 

This can be conveniently expressed as the dimensionless 
intensity per unit concentration of reactant, or 

2p = - 
Since abe, = 1 and a = 1 in Figure 2, be, is constant. 
Equation (34) shows that ,3 increases as E ,  decreases. 
Hence the conversion to B should increase as e, decreases. 

The decrease in Z with increasing b in Figure 2 may 
also seem strange, because b is an effective rate constant 
for the initialtion step. However, the restriction of constant 
a and ab8, means that 7, and kz also decrease as b in- 
creases. 

Figure 3 is similar to Figure 2 except that, a = 0.1, 
and only the results for e, 3 0 (Cases IIIa and IVa) are 
included. At this lower a value, Y becomes a function of 
h, while for a = 1 in Figure 2 there is but one Y curve for 
all b. The results in Figure 3 again show that the sta- 
tionary state hypothesis is satisfied after the first section 
of the reactor at b l.0-3. Comparison of the curves of 
X ,  Y, Z in Figures 2 and 3 shows that as a decreases 
(corresponding to an increase in k3), the induction period 
and the extent of deviation from the stationary state both 
decrease. 

Radial Concentration Profiles 
The solutions for Cases I and 11 show radial concen- 

tration profiles of product B for different levels of diffusion 
(A4 values). These are illustrated in Figures 4 and 5 for 
ab8, = 1, a = 1 and b = 0.1 for a position near the re- 
actor entrance ( [  = 0.25), and at the exit ([ = 1.0). The 
results in Figure 4 (plug flow) suggest that M = 10 i s  

(34) 
2b6, 
€0 

-0 I .2 .3 .4 .5 - .6  .7 .8 
- I  

Fig. 2. Effect of kinetic constants and €0 for Fig. 3. Effect of kinetic constants at €0 -+ 0 Fig. 4. Radial concentration profile of Z for 
for Case 111, (a = 0.1, ab0 = 1.0). Case Ill, (a  = 1, abe, = 1.0). Case II, a&, = 1, a = 1, b = 0.1. 
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Fig. 7. Z/(X+Z) vs. C for different reactor 0.1). Fig. 5. Radial concentrotion profile of Z for 

Case 1, abe0 = 1.0, u = 1, b = 0.1. 

high enough for the concentration profile to be nearly 
flat. At lower M ,  profiles develop and correspond to 
higher concentrations of product near the center. This 
reflects the effect of the converging radiation to a higher 
intensity near the axis. Note that for a conventional plug 
flow reactor, radial gradients would not exist. 

Comparison of Figures 4 and 5 illustrates the effect of 
the laminar velocity profile. The profiles for laminar flow 
(Fig. 5) exhibit a minimum caused by the counteracting 
effects of the light intensity and velocity profiles. The 
former increases the rate of reaction near the axis, and 
the latter increases the residence time near the wall. Both 
cause Z to increase. 

The dotted lines in Figure 4 describe the significance 
of the optical thickness to on the profiles for no diffusion, 
M = 0, midway along the reactor, ( 5  = 0.5). The general 
effect of increasing product concentration as to decreases 
was observed in Figure 2 and is due to a larger 6 [see 
Equation (34)]. At low to, the radiation passes through 
the reactor with little absorption. This results in higher 
rates of reaction near the tube center and a rising profile 
toward the center, as illustrated by the dotted line for 
zo = 1. At high co, not much light is transmitted so that 
the intensity is greatest at the wall. I t  is again high, for 
geometrical reasons, very close to the center. These fac- 
tors cause the concentration of product to rise both near 
the wall and near the center, as shown by the curve for 
co = 5. 

Effect of  Radial Diffusion! 

The effect of the profiles shown in Figures 4 and 5 on 
the average concentration of product is illustrated in Fig- 
ure 6. Again ab0, = 1, a = 1.0 and b = 0.1. For the 
laminar flow reactor the product concentration increases 
with M in the range to 10-l but flattens out above 
10-1, approaching the maximum result, corresponding to 
Case 111. This increase is in agreement with conventional, 
laminar flow reactor performance (7). The plug flow 
photoreactor, Case 11, exhibits the same general effect of 
M in contrast to a conventional plug flow reactor for which 
no influence of M would be possible. 

At low zo the product concentration is higher for lami- 
nar flow while at high to the situation is reversed. I t  ap- 
pears that the normal disadvantage of a laminar flow re- 
actor due to short residence time near the center of the 
tube is offset by the higher light intensity. At high to, the 
radiation does not reach the center so that the high inten- 

models, aM, = 1, a = 1. 

sity is not achieved, and the relation between laminar and 
plug flow operation is the usual one. 

Axial Profile and Stationary State Hypothesis 
Cassano and Smith (6) interpreted photochlorination 

data in a laminar flow reactor by assuming stationary state 
kinetics and neglecting radial diffusion. Since their results 
were for low conversions (differential reactor operation) 
radial diffusion was not likely to be important. I t  is of 
interest to know if radial concentration gradients would 
affect reactor performance in an integral reactor. Two 
points seem significant: does the criterion of b 4 
for the stationary state hypothesis hold when there are 
radial gradients (Cases I and 11) as well as it did for Case 
I11 (see Figure 2) ,  and do radial gradients affect the 
average product concentration even when the stationary 
state hypothesis is valid. 

Graphs of concentration versus reactor length for dif- 
ferent b values provide information on the first question. 
The ratio z/(w + approaches unity when the station- 
ary state hypothesis is satisfied. Figure 7 shows a plot of 
this type for abOo = 1 and a = 1 for Cases I and I1 with 
M = 0. The results indicate that when b the 
stationary state is attained shortly after the entrance to the 

1.0 

.9 

.8 

.7 

.6 

IN 
. 5  

I 
- 4  

0 .I .2 . 3  .4 .5 .6 .7 .8 .9 1.0 
- 5  

Fig. 8. I vs. 5 for different reactor models, 
a&, = 1, a = 1. 
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reactor, and just as soon for Cases I and I1 as for Case 111. 
Hence the b 6 10-3 criterion appears to be a valid one 
for the laminar flow reactor, for the kinetic system chosen. 

for the 
different cases. For low optical thicknesses (co  = 
the curves for Cases I and I1 are lower than that for the 
stationary state case with no radial gradients. For high 
c, (to = 10) the radiation is absorbed near the outer wall 
and the effects of radial gradients on the average product 
concentration are negligible. Hence the answer to the 
second question depends upon the level of c,, but for the 
important case of low optical thickness, it appears that 
radial gradients can affect reactor performance even at 
stationary state conditions. 

Effect of Operating Variables on Reactor Performance 
The effect of an increase in a single variable, for ex- 

ample light intensity I,, on the concentration of product 
is difficult to visualize because of the number of, and the 
interaction between, the dimensionless parameters. To 
clarify this, Table 3 shows the effect, in the fourth column, 
on Z of an increase in the variable given in the first 
column. The second and third columns give the parameters 
that must vary and remain constant to give the desired 
effect. 

The results in Table 3 are illustrated in Figure 9 where 
2 is plotted vs. c,, at constant 8, a, and 8, for Case 111. 
From the table the variation with c,, under these condi- 
tions shows the effect of the absorptivity (Y. According to 
the table, the effect of intensity also can be obtained by 
comparing curves at the same e,, but different 8; for ex- 
ample, points A, B, C and D for €,, = 1.0 show this effect. 

Figure 8 compares z v s .  5 curves at b = 

TABLE 3. THE EFFECT OF OPERATING VARIABLES ON 
PRODUCT CONCENTRATION Z4 

Variable 
(which 

increases ) 

CAO 
TO 
R 

10 
t o  + k3 
a 

~o + kz 
kZ 

* Results are independent of velocity profile. 
t ( + ), ( - ) indicates direction of variation. 

I .o 
.9 

.8 

.7 

-6 
I 
IN .5 ' .4 

.3 

.2 

. I  

0 

5 - 
Fig. 9. Effect of €0 on Z at constant (O = 1, e0 = 10). 

E f f e c t  
on 
z 

decrease 
increase 
decrease 
increase 
increase 
increase 

or 
decrease 
increase 
increase 

CONCLUSIONS 

Equations were developed for the concentrations in a 
tubular photoreactor for first-order termination and propa- 
gation (nonchain) kinetics. Four reactor models were 
considered: laminar flow (Case I ) ,  plu flow (Case II), 
complete radial mixing (Case 111), an% complete radial 
mixing plus stationary state kinetics (Case IV).  The di- 
mensionless parameters which determined the perform- 
ance of the reactor were identified; of particular signifi- 
cance are the optical thickness, 2 e ,  the ratio of initiation 
to propagation plus termination rate constants, b, and a 
parameter abe, which is proportional to the mean resi- 
dence time and the rate constant for the product reaction. 
The results showed that: 

1. The necessary and sufficient condition for the station- 
ary state hypothesis to be satisfied is b & 10-3, regardless 
of the reactor model. Estimates of likely values of rate 
constants suggest that the stationary state criterion will 
be met for real systems obeying the chosen kinetics. 

2. Even at stationary state conditions, radial diffusion 
may affect the conversion to product for realistic calues of 
the diffusion parameter ( M )  and the optical thickness. 
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NOTATION 

a =  
b =  
c =  
~ A o  - 
D =  
d =  

I =  
I ,  = 

Z(r)  = 

' i =  

kz, k3 = 

- 

L =  
M =  

R =  
r =  

u =  
a =  
- 

relative rate constant, kz/d 
rate parameter for initiation step, K/d 
point concentration, g. mole/ (cc.) 
inlet concentration of A, g. mole/ (cc. 'I 
molecular diffusivity, sqcm./sec. 
total rate constant for destruction of unstable in- 
termediate, set.-1 
point light intensity, Einstein/ (sq.cm.) (sec.) 
light intensity at inner wall, Einstein/( sq.cm.) 
(sec. ) 
net light intensity at radial position r, Einstein/ 
(sq.cm.) (sec.) 
average radial light intensity, Einstein/ (sqxm. 
(sec.) 
rate constants, sec.-l 
reactor length, cm. 
diffusion parameter = D2/dRz 
radial distance from axis, cm. 
radius of reactor, cm. 
velocity in axial direction, cm./sec. 
average velocity, cm./sec. 

X ,  Y, Z = dimensionle'ss concentrations of A*, A, B 
z = axial distance, cm. 

Greek Letters 
(Y = molal absorptivity, sq.cm./g.mole 
8 
E,, 

5 
Q Z ~  

8, 
e 
K 

p 
p = radial distance, r / R  

= light intensity parameter, be,/e, 
= one half of optical thickness, RCA,(Y 
= axial distance in reactor, z / t  
= rate of formation of species i, g.mole/(cc.) (sec.) 
= modified contact time, rod 
= modified average contact time at 5, eat 
= rate constant of initiation step based on light in- 

= attenuation coefficient, .cuACA, cm.-1 
tensity at inner wall, p A Z 0  
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T,, 

rp 

Su bscripts 

i = component 
r = radial distance 
x = axial distance 

LITERATURE C I T E D  

= average residence time = L/U 
= quantum yield of initiation step, g.mole/(Ein- 

stein) 
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The Dynamic Behavior of a Packed 

Liquid Extraction Column 
JOSEPH E. DONINGER 

International Minerols and Chemical Corporation, Libertyville, Illinois 

and WILLIAM F. STEVENS 
Northwestern University, Evanston, Illinois 

The dynamic behavior of a packed liquid extraction column was investigated by comparing 
experimental frequency response data obtained from pulse testing with theoretical fre- 
quency response data. The theoretical model, which assumed that the column can be repre- 
sented by a series of perfectly mixed cells, did not adequately describe the frequency 
response characteristics of the extraction process. However, by the utilization of various 
magnitude and phase correction foctors, a technique was developed to obtain a semiempirical 
model that could be used to duplicate the actual performance of the liquid extraction column. 

In the past few years various attempts have been made 
to extend the frequency response method of analysis to 
countercurrent mass transfer operations. Gray and Prados 
(9, 10) have presented a thorough theoretical and ex- 
perimental investigation of the dynamic behavior of a 
packed gas absorption column in which carbon dioxide 
is absorbed from air by water. The frequency response 
data were obtained by direct sinusoidal forcing of the 
carbon dioxide input concentration of the gas stream. 
Several models such as the slug flow, mixing cell, and 
axial diffusion models were proposed to describe the dy- 
namic behavior of the gas absorption column. Comparison 
of theoretical and experimental results showed that none 
of the models completely characterized the gas absorption 
process. Doninger and Stevens (3 ,  4 )  proposed that a 
graphical, semiempirical method be used to describe the 
frequency response characteristics of a packed gas ab- 
sorption column. 

The first application of arbitrary pulse forcing tech- 
niques to obtain frequency response data for chemical 
engineering processes was made by Lees and Hougen 
( 1 3 )  in the study of heat exchanger dynamics. Hougen 
and Walsh (11) extended the use of this technique to 
determine the dynamic behavior of pneumatic control 
systems, heat exchangers, differential refractometers, and 
liquid mixing vessels. Watjen and Hubbard (18, 19) in- 
vestigated the dynamics of liquid extraction for a pulsed 
plate extraction column in which methyl isobutyl ketone 

was used to extract acetic acid from water. The mass 
transfer and fluid flow dynamics were excited by inject- 
ing a rectangular pulse of acid of short duration into the 
water phase above the top plate of the column. Samples 
of the raffinate were taken until the column returned to 
steady state conditions. The raffinate samples were ana- 
lyzed by titration and the transient response data were 
reduced to frequency response data by numerical inte- 
gration using rectangular area approximation methods. 
Experiments were also conducted in which only the fluid 
flow dynamics were excited. The experimental results in 
the mixer-settler flow region of low column pulse fre- 
quency were found to be in good agreement with the 
linear model theory. 

It was the work of Watjen and Hubbard (18, 19) 
which suggested the application of the pulse forcing 
technique to determine the dynamic behavior of the 
liquid extraction column. It was felt, however, that an 
improvement could be made in the type of concentra- 
tion pulse used to excite the mass transfer dynamics and 
in the approximation methods used for data reduction. 
In Watjen’s pulse experiments, 2 cc. of pure acetic acid 
were injected into the system over a period of 1 sec. This 
caused a high instantaneous concentration of acid in the 
aqueous phase above the top plate of the column. In the 
pulse experiments conducted in this study, a rectangular 
acetic acid pulse with a longer duration but lower con- 
centration was used to minimize the introduction of non- 

Vol. 14, No. 4 AlChE Journal Page 591 




