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A three-dimensional radiation model coupled with two-dimensional 
mass balances for the intervening chemical species is solved for the 
photochemical chlorination of ethane. The analysis was carried out 
using the full mechanistic kinetic sequence and employing polychro- 
matic radiation for a process conducted in a tubular reactor placed 
inside an elliptical reflector. 

Theoretical predictions were compared with bench-scale experi- 
ments and showed excellent agreement. Using the validated model, 
computational experiments were conducted to explore the influence of 
reactor design and operational parameters upon the degree of chlorina- 
tion. Dichlorination reactions were also added to the kinetic model to 
analyze reactor behavior from the viewpoint of selectivity. The a priori 
design method described can be applied from first principles and 
requires no experimentally adjustable parameters. 
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introduction 
A method proposed for the design of a photoreactor may 

ascertain its quality by producing good results even in the pres- 
ence of the three following operating situations: 

1. Prediction of reactor behavior for multiple-step or chain 
reactions 

2. Modeling of a reactor with a rather complex radiation 
field 

3. Inclusion of heterogeneities in the reacting system, for 
instance, in a gas-liquid reaction 
In this work we develop an a priori design of a reactor for a 
homogeneous photochemical chain reaction, in a system with an 
elliptical reflector, thus addressing the first two problems. The 
third difficulty was dealt with in a separate work (Alfano, 
1984). 

To achieve the scope indicated in situation 1 we studied the 
gas-phase photochemical monochlorination of ethane in a tubu- 
lar cylindrical reactor. To provide the conditions for a decisive 
answer with respect to situation 2 we chose a difficult setup to 
model: a cylindrical reflector of elliptical cross section with a 
tubular lamp located at  one of its focal axes and the reactor tube 
at the other axis. This is perhaps the most practical tubular reac- 
tor system for laboratory and bench-scale work in continuous, 
single-phase experiments, although in many cases its applicabil- 

ity to large-scale purposes may be questioned. Success in model- 
ing its radiation field should provide the necessary confidence to 
extend the methodology to simpler situations. 

The system, known as an elliptical photoreactor, is shown 
schematically in Figure 1. For a chain reaction it has never 
before been strictly modeled from first principles without the 
use of experimentally adjustable parameters. On the other hand, 
it has been extensively used in experimental work since the early 
studies of Baginsky (1951). We may cite, for example, Huff and 
Walker (1962), Cassano and Smith (1966, 1967), Jacob and 
Dranoff (1969), Matsuura et al. (1969), Boval and Smith 
(1970), Matsuura and Smith (1970), Harada et al. (1971), 
Zolner and Williams (1972), Williams and Yen (1973), and 
Williams (l976), to mention only a few applications. 

A good radiation model is always necessary because the rate 
of reaction of the first step (initiation), in any single-photon- 
activated photochemical reaction is proportional to the local vol- 
umetric rate of energy absorption (LVREA), as was shown by 
Irazoqui et al. (1976). The LVREA is proportional to the radia- 
tion energy flux density, which is a local property of the radia- 
tion field inside the photoreactor. In any practical reactor this 
field is necessarily strongly nonuniform. This nonuniformity is 
due to the attenuation produced by the radiation absorption by 
reactants (and sometimes inerts and products) and the geomet- 
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Figure 1. Elliptical photoreactor. 
R, reactor; S, radiation source. 

rical characteristics of the reactor-radiation-emitting system. 
In segregated flow reactors the effect of these nonuniformities is 
even more severe; thus, the existence of a nonuniform velocity 
profile incorporates additional complexity in the problem. 

Several attempts have been made to model such a system. We 
can mention the work performed by Dolan et al. (1 965) where a 
radial incidence model was used; by Matsuura and Smith 
(1970) with a bidimensional, incidence, diffuse radiation model; 
and by Zolner and Williams (1971), introducing a three-dimen- 
sional, incidence, diffuse radiation model. All of these models 
needed one or two experimentally adjustable parameters, which 
is an intrinsic characteristic of all incidence models. CerdB et al. 
(1973) applied an emission model to a diactinic (nonabsorbing) 
elliptical photoreactor as an extension of the extense source 
model first proposed by Irazoqui et al. (1973) for a diactinic 
annular photoreactor. This was the first proposal of a three- 
dimensional emission model with no experimentally adjustable 
parameters. 

Although some indications exist as to the ability of the 
extense source model to reproduce the behavior of a reactor 
(CerdB et al., 1977), no test with complex reactions has yet been 
performed. On the contrary, in spite of the fact that this model is 
recognized as the most rigorous available (Gebhard, 1978; 
Spadoni et al., 1980), it has always been said that its complexity 
may preclude its use in practical situations. 

I n  this work we solved the problem with the reactor and the 
reaction modeled with almost no simplifications, using the best- 
known mechanism and the specific microkinetic constants taken 
from results well established in the literature. N o  overwhelming 
computational problems were encountered. However, in order to 
work without the necessity of using a three-dimensional mass 
balance for the reactor (due to the presence of angular asymme- 
tries in the radiation field), some design restrictions had to be 
observed, as shown by De Bernardez and Cassano (1982). All 
these provisions were taken into account in this work. 

Through the analysis of initial computer simulation results, 
the solution of the complete problem also showed that there 

exists reliable evidence for some significant simplifications of 
the design methodology. 

Afterward, we compared predictions of the model with exper- 
imental data obtained under precisely controlled experiments 
with the object of  (1) verifying the quality of the proposed 
model under severe testing conditions, and (2) showing the pos- 
sibility of performing a satisfactory photoreactor design using 
true microkinetic (mechanistic) rate constants and a radiation 
modeling that requires only reliable information provided by 
carefully evaluated manufacturing specifications regarding the 
lamp, the reflector, and the reactor. To do so, bench-scale results 
were obtained working with polychromatic radiation (also in- 
cluded in the analysis) and the reaction between ethane and 
chlorine. Nitrogen was used as a diluent to avoid excessive heat- 
ing of the reactor. 

Once the applicability of the design method was confirmed, a 
detailed study of the reaction and the reactor behavior was made 
by additional computer simulation runs, providing much more 
insight about the performance and parametric sensitivity of the 
system. 

The important practical application of this work lies in the 
fact that if in a reactor such as the one dealt with, our method 
verifies that the kinetic mechanisms and rate constants that 
have been published are not laboratory-dependent (i.e., they are 
appropriate to accurately predict conversions a priori), then 
using this approach it will be possible to make any change of 
scale for any desired size or geometry. For the new situation, 
which could easily be on the industrial scale, it will be necessary 
to model only the new radiation field. With this purpose one 
could follow an entirely similar procedure to the one described in 
this paper for the elliptical case. 

Modeling of Local Volumetric Rate 
of Energy Absorption 

Irazoqui et al. (1976) showed that the initiation rate of a pho- 
tochemical reaction activated by a single photon absorption may 
be written as follows: 

R,,,, = f dv (1 )  

Here, @" is the primary quantum yield and e," is the IOCdl volu- 
metric rate of energy absorption (LVREA). The value of e," is a 
function of the distribution of the radiation field and the chlo- 
rine concentration in space as well as of other physical and geo- 
metrical parameters of the source-reactor system. To predict the 
radiation field we made use of the extense source model with 
voluminal emission (Irazoqui et al., 1973, 1976; CerdB et al., 
1973, 1977). From now on it will be called the VEES (voluminal 
emission extense source) model, indicating that it physically 
represents a lamp whose emission is produced by the volume of 
the tube, as opposed to other sources with superficial emission, 
such as fluorescent lamps. No use of the linear models was made 
because it has been shown that the existing formulation is useful 
only to predict the field produced by direct radiation (Alfano et 
al., 1984). The rate of initiation is represented by: 

where a, is the chlorine absorption coefficient. 
Since we have a reflecting surface, the modulus of the radia- 

tion energy flux density I q, 1 should be obtained by adding the 
I 
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where: 

I 

I -  

Figure 2. Variables involved in theoretical analysis of in- 
direct radiation. 

contributions of both direct incident radiation and indirect or 
reflected incident radiation wpith one or more reflections at  the 
mirror wall. At this point we will introduce the first simplifica- 
tion of the problem. Cerdi  et al., (1977) showed that for many 
elliptical photoreactors the indirect radiation with only one 
reflection accounts for 80 to 95% of the total radiation. Later, 
De Bernardez and Cassano (1982) made a study of the azi- 
muthal asymmetries in these systems, mainly originated in the 
existence of direct incident radiation and the presence of a 
radiation-absorbing reactor of significant size in the trajectories 
of the indirect contributions. They developed design criteria 
under which angular asymmetries can be neglected. Under 
these conditions the mass balances will also be simplified 
became they can be written in only two dimensions. The key 
parameter is the ratio of rR to r L ,  the cylindrical radial coordi- 
nates of reactor and source, respectively. The established condi- 
tions can easily be achieved in bench-scale apparatus and they 
were taken into account for this study of the reactor ( e  c. 0.4, 
c / r L  z 20, and m / r L  CI 0.5). 

Under these terms the value of the modulus of the radiation 
energy density flux vector at any point I inside the reactor, Fig- 
ure 2 ,  considering the attenuation produced by the absorbing 
reactant can be written as follows: 

which is valid for monochromatic radiation. 
Equation 3 can be integrated analytically for the p coordi- 

nate; integration along 8 and 6 must be done numerically. The 
integration limits are rather complex functions of the geomet- 
rical characteristics of the lamp-reflector-reactor arrangement. 
They were derived by Cerdk et al. (1 977) and we will write here 
the final results only (see Figure 2): 

- (hb' cos 4 + k d  sin 4) 
+ &[a2 - ( h  sin 4 - k cos (b)']1/2 

u2sin 8 
(4a) PI = ___ 

u2 = b' cos2 4 + a2 sin2 4 14b) 

k = rl sin f i r  ( 4 4  

D sin [ = - [ ( x p  + h + c )  sin 4, - ( y p  + k )  cos ( b E ]  (4e) 

D cos [ = - [ ( x p  i- h + c )  cos 4E + ( y p  + k )  sin d E ]  (4f) 

x p  = p I  sin 8 cos 4 (49 

The limits for 8 are: 

The limits for 4 must be obtained by solving the following 
implicit equation: 

Clearly, from Eqs. 4a-4j, D and .$ are functions of 4; that is: 

(7) D2 sin' f - rt = f(#) 

Reaction Mechanism: 
Selection of a Kinetic Scheme 

More than forty years ago it was already clearly understood 
that the absorption of a single photon of light by chlorine mole- 
cules leads to chlorine dissociation into atomic species which, in 
the presence of saturated hydrocarbons, react with them via a 
chain reaction (Bodenstein and Unger, 1930; Rollefson and Eyr- 
ing, 1932; Dickinson and Carrico, 1 9 3 4  Schumacher, 1937; 
Rollefson, 1938). 

In 1956, Gosselain et al. used a general reaction sequence, 
even though including homogeneous chain-stopping steps only: 

9e" 
CI, -- 2 CI*) (Initiation) 

(8b) 

(8c) 
(Propagation) i k ,  

C1' + EtH -A CIH + Et' 
k-z 

k3 

k-3 

C1, + Et' - ClEt + C1' 
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k, CI' + CI' + M--- CI, + M 

C1' + Et' --+ ClEt 
k, 

ks 

They reported that the kinetic sequence is applicable to ther- 
mal or photochemical halogenations of saturated hydrocarbons 
in homogeneous gas phase or in liquid solutions with nonpolar 
solvents. They indicated that the mechanism includes all possi- 
ble reactions within the experimentally explored conditions 
( T  < 600 K and low pressures). The heterogeneous termina- 
tions were neglected in their proposal because there exist experi- 
mental conditions under which they are negligible (high ratio of 
volume to surface in the reactor; atmospheric or even higher 
total pressures) and hence they should not be included in a gen- 
eral case. 

Noyes and Fowler (1 95 1) indicated that when the atomic 
chlorine concentration is relatively large (high CI, concentration 
and high LVREA), the dominant termination step is the atomic 
chlorine recombination. However, when the concentration of C r  
decreases, a first-order termination step is observed. Two expla- 
nations were proposed for this experimental evidence: 

1. Bodenstein and Unger (1930) and Kramers and Moignard 
( 1  949) assumed that the first-order termination results from 
atomic chlorine deactivation with some impurity (scavenger of 
an atomic or free radical species) that is present a t  an almost 
constant equilibrium concentration. 

2. Another possible mechanism includes deactivation of 
atomic or free radical species by collisions against the wall. They 
admitted that under controlled experimental conditions, partic- 
ularly regarding purity of reactants, this second explanation 
would be much more plausible. 

Regarding this point, since we propose to operate a t  atmo- 
spheric pressure, computational experiments will be performed 
including the following wall reactions as boundary conditions 
for the mass conservation equations: 

( 8 4  

' terminations) (se) 
(Homogeneous 

(8d 

(8h) 

k, 

ke 

cl' -t Prod. (Heterogeneous 

Et' + W -  Prod. 
terminations) 

In addition, following the suggestion of Pritchard et al. 
(1955) we excluded the reaction on the righthand side of Eq. 8c 
because its activation energy is much higher than that for the 
direct reaction. Finally, the true nature of reaction 8f is of no 
significance for the aims of this work. Be it a disproportionation 
reaction or a recombination one, for all practical purposes the 
final products will be almost indistinguishable. Chlorinations 
are long chain reactions, and products from termination reac- 
tions are almost impossible 10 detect. Hence, for this work we 
adopted a recombination reaction, Eq. 8f, with the appropriate 
kinetic parameter. 

For simplicity we will use the following notation: C12 ( l ) ,  CI' 
(2), EtH (3), ClEt (4), Et'(5), CIH ( 6 ) ,  C4Hlo (7), and N, (8). 
Nitrogen will be used as an inert to facilitate the temperature 
cQntrol and the monochloroethane selectivity. 

Reactor Modeling 
Under the following assumptions: 
1. Steady state 
2. Streamline, incompressible flow 
3. Negligible thermal effects 
4. Newtonian fluid with constant physical properties (diffu- 

5. Angular symmetry 
6. Negligible axial diffusion 

sivities, viscosities, etc.) 

we can write the mass conservation equations. In  dimensionless 
form, choosing appropriate characteristic scales, they are: 

1 1 a*. a*. F G z ( a y '  -+--- y a,) - U ( y ) - + $ = O  a?? (9) 

vq ,y  = 0 - = 0 [: 

in which j stands for stable species ( j  = I ,  3 ,  4, 6, and 7), II 
denotes atomic or free radical species, and a , ,  is the rate of het- 
erogeneous termination for species Q, (Q = 2 and 5). 

We will see further ahead that the boundary condition of Eq. 
9f can be simplified for this system without losing accuracy in 
the final results. 

The geometric number Ce(Ge = r R / L R ) ,  is an important 
number in photoreactor analysis. Not only does it affect the 
Peclet number, it also has a strong influence on the optical thick- 
ness of the reactor. 

In Eqs. 9 and 9f we defined: 

and 

which have the following dimensionless expressions: 
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Qw,2 = K7*2 

Qw, = K895 

In all these equations, the following 
were used: 

(18) 

(19) 

(20) 

additional definitions 

r = 2, - 2 ,  3,5,  and 6 

The reactor model and the radiation field model are now com- 
pletely described by Eys. 4 to 7 and 9 to 24. We still have to deal 
with the existence of polychromatic radiation and the explicit 
form of e”. 

Description of the System 
The photoreactor model shows a strong dependence on the 

geometrical characteristics and optical properties of the system 
(reactor, reflector, and lamp), as well as the radiation spectral 
distribution of absorption by reactants, emission by the source, 
absorption by the reactor wall, and reflection by the “elliptical 
mirror.” 

For all the preliminary studies and computations, the follow- 
ing conditions were adopted: 

Chlorine absorptivities were taken from the original data 
by Gibson and Bayliss (1933) and recalculated by Cassano 
(1968); they agree very well with values reported by Calvert and 
Pitts (1966). Absorption by ethyl chloride need not to be 
accounted for since it is only significant a t  wavelengths shorter 
than those used in this work (below 2,300 A). 

The radiation source output power was taken as a nominal 
100 W, using the spectral distribution of a commercial lamp 
provided by Hanovia (Hanovia SOL 608 A). 

0 The geometrical characteristics of the reactor, reflector, 
and radiation source are listed in Table 1. Since e = 0.4 and rR/ 
r, = 0.33, the conditions found by De Bernardez and Cassano 
(1982) to  safely neglect angular asymmetries are satisfied. 

0 The physical properties were obtained as follows: 
(i) Densities and viscosities were calculated by a linear com- 

bination of the properties of the pure components using composi- 
tion as a weighting factor; given the excess of nitrogen further 
refinements would have been unjustified. 

(ii) Molecular diffusivities were calculated considering that 
the system will be tested under excess of an inert ( N 2 ) .  Follow- 
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Tahle 1. Geometrical Characteristics of Reactor, Reflector, 
and Lamp 

r,, cylindrical radial coordinate 
of reactor 0.2 cm 

L,, length of reactor 10 cm 
r,, cylindrical radial coordinate of lamp 0.6 cm 
L,, length of lamp 12 cm 
L,, length of reflector 40 cm 
a, ellipse semimajor axis 53.5 cm 
c, half-distance between focuses 21.4cm 
e, ellipse eccentricity 0.4 

ing Reid et al. (1977) we used the empirical correlation of Fuller 
et al. (1966). For the buthane-nitrogen and ethane-nitrogen 
mixtures we used the experimental data published by Boyd et al. 
(1951). 

Kinetic constants were taken from well-established pub- 
lished data; they are included in Table 2. When more than one 
source of information was available we found excellent agree- 
ment among data from different laboratories. The only excep- 
tion was the value of k,,, and we adopted k4 = 2 x 10I6 (cm’)’/ 
moll - s according to Ayscough et al. (1962), Hutton and 
Wright (1965), and Clyne and Stedman (1968). An experimen- 
tal value on Pyrex glass was used for k7 (Hutton and Wright, 
1965; Clyne and Stedman, 1968). On the other hand, consider- 
ing that the collision efficiencies for different radicals and atoms 
are similar (Noyes and Fowler, 1951), k8 was assumed to have 
the same order of magnitude. 

The primary quantum yield needs a more careful analysis. 
Our model requires its numerical value and, for the general case, 
its wavelength dependence. Consequently we must look into the 
primary process. Generally, the absorption of light by diatomic 
molecules results in the dissociation of the absorbing molecule 
into two atomic species. Under these conditions, resorting to the 
primary quantum yield as it was defined by Noyes and Leighton 
(1941), we have: 

number of molecules dissociated 
by the primary process 

number of quanta of frequency 
u absorbed by the molecule 

*” = (25) 

After absorption of radiation, the primary process has the fol- 
lowing possibilities: 

Cl: - 2C1’ spontaneous dissociation (PI )  

Tahle 2. Kinetic Constants 

Constant Value Refs.* 

4.03 10’’ cm3/mol . s 
2.18 106cm3 mol. s 
2.34 10”cm mol . s 
2.99 10-*cm !i mol . s 
2.00 (cm / )’/moI2 s 
2.00 loi4 cm3/moI . s 
3.16 10” cm’/mol - s 
0.5 cm/s 

b, c, e, i, j 
b 
b 
b 
a, b, d, f 
b 
g, h, k 
d, f 

*a. Ayscough et al. (1962). b. Chiltz et al. (1963). c. Clark & Clyne (1970), d. 
Clyne & Stedman (1968). e. Davis et al. (1970), f. Hutton & Wright (1965). g. 
k i n  & Steacie (1951). Ivin et al. (1952). h. Kerr & Trotman-Dickenson (1960). i. 
Knox & Nelson (1959). j. Pritchard et al. (1955). k. Steacie (1954) 
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Cl: - CI, + hu fluorescence (P2) 

Cl: + M -  2C1" $- M 
dissociation induced by collisions (P3) 

Clf + M -  C12 + M deactivation by collisions (P4) 

(P5) Cl: + W- CI, + W deactivation by wall collisions 

For the most general case XI  is defined by the lower practical 
bound of the primary quantum yield, lamp emission, reactant 
(or product) absorption, reactor wall transmission, and reflector 
reflectivity, whichever is largest. Similarly, A, is defined by the 
upper practical bound of the same properties, whichever is 
shortest. In practice, rRLk for aluminum sheets of the specular 
type and ah for chlorine, are continuous functions of A. On the 
other hand, most UV lamps provide an emission spectrum that is 
discontinuous. Let us write: 

Cl: + A -* Products reaction with other molecules (P6) 
EA = E,,,6(A - A,) (29) 

By inspection of the potential energy curves for the Cl, mole- 
cule (Herzberg, 1950) it can be concluded that Cl: is very 
unstable and immediately dissociates into two atomic species. 
Thus, reaction PI will be the dominant process with the only 
possible exception of P3. Since both produce the same product, 
it can safely be assumed that ip, = 1. This behavior occurs along 
the total range of continuous absorption by chlorine. Therefore 
the result can immediately be extended and we can choose Q, = 1 
regardless of the wavelength. In support of this, it should be 
noted that Chiltz et al. ( I  963) observed no variation in the pri- 
mary quantum yield for chlorine dissociation, adding more 
evidence to the hypothesis of adopting Q, = 1. Under these cir- 
cumstances, when using polychromatic light in our photochlori- 
nations we can safely neglect spectral variations in the primary 
quantum yield. However, the lamp output power and the 
absorption by chlorine are wavelength-dependent. A deeper 
analysis shows that the wavelength dependence of r R f  and TR 
must also be included. Average values provided by the quartz 
manufacturer indicated that for the wavelength range of inter- 
est, TR # TR(u) (Heraeus Quarzchmelze Tech. Bull .) .  On the 
other hand the values of rRI ,+  were incorporated in thc model 
equations. 

Polychromatic Radiation 
The dimensionless form of the LVREA is: 

x d$(r i  - D2 sin2 E)"' 

Let us concentrate on the frequency integral. It can be written 
as: 

The range of appreciable continuous absorption by chlorine 
covers from XI = 2,500 8, to A, = 5,000 8, (Herzberg, 1950); the 
reflector is effective between A; = 1600 8, and A; - 00 (Sylvania 
Tech. Bull.); the lamp emission is significant from A; = 2,200 A 
to A: = 14,000 A (Hanovia, 1959). 

Hence, chlorine absorption puts much closer bounds to the 
frequency integral. It can be rewritten as: 
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with 6 being the Dirac function. We can now substitute for the 
polychromatic lamp a finite number of monochromatic lamps, 
each emitting the output power corresponding to each line of 
emission E,. The interval of the lamp emission lines for this par- 
ticular case is wider than the one corresponding to absorption by 
chlorine. Hence X I  and A2 can remain as the iower and upper 
bounds for I. Then Eq. 28 can be written as: 

The summation must be performed over all the spectral lines 
of the lamp emission spectrum for which a, f 0 and rHI,* f 0. 
Here, E ,  is the lamp output power at  A = A,; ac, is the absorption 
coefficient of chlorine at  A = A,; rRf,, is the reflection coetficient 
a t  X = A,: and n is the number of emission lines produced by the 
lamp between X I  and A2. 

With the following definitions: 

D sin 
r L  

e=- 

a = p * / r H  

Eq. 26 is finally written in dimensionless form as: 

Equation 36 must be substituted into Eqs. 12 and 13. It 
clearly establishes two important features of a photochemical 
reactor: 

1. The reaction rate terms are coupled with an energy bal- 
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ance (radiation balance) even for isothermal conditions. This 
coupling is transferred into the system of partial differential 
equations. Since the attenuation is mathematically expressed 
through an integral, every photochemical reactor must be mod- 
eled by integro-differential equations. 

2. The radiation source is an inseparable part of photoreactor 
modeling. In fact the shape ( rL,  LL)  as well as the total ( E )  and 
spectral distribution (E , )  output power, go into the system of 
differential equations governing the process. Moreover, they are 
part of key dimensionless numbers. 

Simplifications; Final Model Equations 
Two aspects can be further analyzed in order to achieve a 

simpler mathematical modeling. We will look at  the problem of 
wall reactions and at  the possibility of applying the microsteady- 
state approximation (MSSA) locally. 

To do so we will solve the system of partial integro-differen- 
tial equations (PIDE's) under the following conditions: 

1. With wall reactions 
2. Without wall reactions 
3. With the full set of PIDE's 
4. With the MSSA. 
To solve the equations we are faced with the following diffi- 

culties: the LVREA is not only a point function of position [ea = 

e"(r,, P I ,  zIr parameters)], but is also a functional of all the 
optical properties of the space through which every ray reaching 
point I has traveled. This is illustrated by Figure 3a. As a conse- 
quence, there exists a very close association between the extent 
of the reaction in the whole reactor (which controls the concen- 
tration of the reactant absorbing species) and the absorption 
rate a t  each point; that is, to know the reaction rate a t  each point 
I we must know the value of 1q.1, at  that point, which in turn 
depends on the concentration or the absorbing species along the 
trajectory of every ray reaching point I from the whole reaction 
volume; a t  the same time, in order to know the concentration of 
the absorbing species a t  each point in the reaction volume we 

ABSORBING SPECIES 61 at z=L)  

ABSORBING SPECIES (c ;  1 
G= C d r , z )  

Figure 3a. Representation of coupling attenuation-of- 
radiation/extent-of-reaction. 

372 March 1988 

need to know the reaction extent a t  every point. (Or what is the 
same, the reaction rate a t  every point). Therefore, in order to 
solve this cyclic link extent-of-reaction/attenuation-of-radia- 
tion, an iterative procedure must be superimposed on the numer- 
ical technique used to solve the system of PIDE's. Starting from 
an initial value of concentration, for instance 9, = 1 in the whole 
reactor, one must solve the problem until an essentially steady 
state concentration of reactants is achieved. This is done by 
sweeping the finite-difference mesh as many times as needed 
until an acceptable, prescribed minimum error is attained. 

This is only part of the problem because the attenuation phe- 
nomenon is a three-dimensional process, Figure 3b; with the 
hypothesis of angular symmetry, the mass balances are bidi- 
mensional. Without loss of rigor, the problem can be solved by 
using a cylindrical projection of all concentration values on the 
rectangular mesh used in the numerical solution, Figure 3b. 
This approach was initially suggested by Romero et al. (1983) 
for an annular reactor. The extension to reflected radiation is 
only a matter of a more complex algebra. 

The problem was numerically solved with a Digital-Vax 1 I /  
780 computer with 2 Mbyte core memory and 200 Mbyte disk 
memory, thus making the work expedient. The Vax was used on 
a time-sharing basis (20 terminals), and the time for each run 
(calculation of the average outlet conversion at  one given operat- 
ing condition) took, on the average, about 30 min. 

Wall reaction eflects 
Figure 4 shows radial profiles for atomic chlorine obtained 

with the boundary conditions given by Eqs. 9e and 9f for stable 
and atomic or free radical species, respectively. It is seen that 
close to the reactor wall there is a small effect. However, no 
appreciable changes in the concentration profiles for stable mol- 
ecules were observed when the results were compared with those 
obtained using boundary condition Eq. 9e for all species, includ- 
ing i = 2 and i = 5. 

Table 3 shows the average exit conversion for stable species 
with and without wall reactions. These values were computed 

Figure 3b. Cylindrical projection incorporating three-di- 
mensional attenuation of radiation into two- 
dimensional mass balances. 
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Figure 4. Atomic chlorine radial concentration profiles 
with and without wall reactions. 

according to: 

and 

(38) x =  1 - 

It is clear that wall reactions have no influence on the reactor 
modeling, a t  least for this particular kinetic system. Since the 
ratio of reactor surface to reactor volume is rather large for this 
case (2/rR with rR = 0.2 cm), we may conclude that for all prac- 
tical purposes, a t  atmospheric pressure (or higher pressures) 
they can surely be neglected. The reason is that a commercial- 
scale reactor will have a ratio of AR to V, always smaller than 
the one used here, perhaps up to two orders of magnitude small- 
er. Consequently, we have excluded reactions 8g and 8h. This 
means that all reactor walls were considered nonpermeable and 
boundary condition Eq. 9e can be used for i = 1 to 7. 

Table 3. Average Exit Conversions 

x, % 

x,,, - X S S  Wfout Wall . 100 
Re Exact Reactions MSSA Xem, 

500 43.74 43.79 44.7 1 2.2 
1,000 25.35 25.40 26.65 5.1 
1,200 22.25 22.29 23.44 5.4 
1,500 14.94 14.97 16.01 7.2 

Microsteady-state approximation 
In a photoreactor with practical optical thickness, nonuni- 

form radiation energy flux density profiles are unavoidable. 
Hence, concentration nonuniformities are always present. Thus, 
mass fluxes will also be present. Unless the experiments are car- 
ried out in a well-stirred reactor we cannot apply the steady 
state hypothesis for the whole reactor but only locally. This pro- 
cedure can be applied to short-lived intermediates such as C1' 
and Et'. Locally, it implies that: 

(39) Q i =  0 for i 3 2and 5 

For these two species we must then solve only algebraic equa- 
tions. They remain coupled to the remaining PIDE's through the 
reaction rate terms where concentrations of atomic chlorine or 
ethyl radicals are involved. Equation 39 has the following form: 

With the MSSA we can reduce the modeling of the monopho- 
tochlorination of ethane to a system of five parabolic PIDE's 
(with the appropriate initial and boundary conditions), coupled 
to two algebraic equations for the unstable intermediate species. 
The system was solved with Eq. 9 with Eqs. 9a to 9e (valid for 
i = 1 to 7), Eqs. 12 to 18, and Eq. 36. The results were compared 
substituting Eqs. 40 and 41 for the PIDE's for i = 2 and 5. 

Figure 5 shows atomic chlorine axial concentration profiles 
for y = 0 using Re as a parameter. Recalling the order of magni- 
tude of these concentrations ( to lo-" mol/cm3), it is clear 
that the MSSA holds, The most unfavorable condition was 
found for higher Re (Re = 1,500). 

The plot shows significant difference when 7 - 0, which is 
what we might have expected since reactants must spend some 
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Figure 5. Atomic chlorine axial concentration profiles 
with and without local MSSA. 
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time inside the reactor to achieve the “near-constant” concen- 
tration of intermediates. It is also seen that the MSSA hypothe- 
sis is only a very good approximation and that in fact, in the 
axial direction, intermediate species follow a pattern of behavior 
close to that corresponding to the stable species from which they 
originated (C1’with C1, and Et’ with EtH). (This is not the case 
for radial concentration profiles of atomic chlorine, as will be 
seen.) To compare the quality of the MSSA we may compute: 

where tss is the mean residence time needed to reach a quasi 
steady-state concentration for an intermediate species and vss 
the value of the axial coordinate where it is achieved. The longer 
the value of tss, the poorer the approximation. When Re is large 
due to a large value of ( u ) ,  vss must also be large since LR is 
fixed and tss is constant for a given reaction and a given value of 
the radiation field. Hence for large values of ( u )  the MSSA will 
deviate appreciably from the exact results. In this case, a large 
fraction of the total reactor length will be calculated with an 
assumption that is not adequate, not even as a good first approx- 
imation. For these cases, under extremely unfavorable condi- 
tions vss may represent more than 50% of the reactor length. Let 
us indicate here that we have never gone to Re larger than 1,500 
in order to make sure that the laminar flow is maintained. Under 
this restriction, molecular properties have a very precise mean- 
ing. (Nitrogen concentration was always larger than 80% in 
order to work within a range of concentrations where the values 
of D,, may be estimated as pseudobinary mixtures). All this dis- 
cussion regarding C1’ also holds for Et’. 

For practical applications, it is important to know how much 
the average exit concentration of a key compound (some stable 
species) differs when it is calculated with the exact solution and 
when the MSSA is used. Results for different values of Re (by 
changing only ( u ) )  are shown in Table 3. These results indicate 
that even under the most unfavorable conditions (higher values 
of Re), the error is never larger than 8%. Consequently, the 
MSSA can be incorporated to the reactor modeling, consider- 
ably reducing the complexity of the problem. This will be even 
more significant if the reacting system operates a t  high chlorine 
concentrations and conversions. Then, di- and trichlorinated 
compounds will appear and the reaction mechanism will involve 
a larger number of species and steps. 

However, we may keep in mind that an additional simplifica- 
tion could have been used. In long chain radical reactions as in 
our case, the long-chain approximation (Gavalas, 1966), can be 
used since under most operating conditions initiation and termi- 
nation steps will be negligible in comparison with propagation 
steps. We did not resort to it because it does not simplify the 
problem drastically once the kinetic microsteady-state approxi- 
mation has been used. The bottIeneck clearly lies in the predic- 
tion of the radiation field and in the solution of the coupling 
attenuation-of-radiation/extent-of-reaction described a t  the be- 
ginning of this section. 

For a value of 7 = 0.5, Figure 6 shows atomic chlorine radial 
concentration profiles. The influence of the parabolic velocity 
profile superimposed on the radiation field is clear. 

Having reached a reasonable degree of simplification in our 
model, we can proceed with a description of the experimental 
verifications. 
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Figure 6. Atomic chlorine radial concentration profiles 

with and without local MSSA. 

Experimental Method 
Setup 

apparatus. 
Figure 7 shows a schematic flow sheet of the experimental 

The feed gas contains: 
Nitrogen: La Oxigena. 99.998%. Purified by four absorb- 

ers, three containing Na2S204 solution and one concentrated 
H,S04. They were in line with traps for liquid drops. The flow 
was measured and controlled with a Matheson mass flow rate 
meter that was previously calibrated against a wet test meter. 

0 Ethane: Matheson, C.P. grade, 99.0%. Although no detect- 
able 0, was found in the feed, it was purified by two absorbers 
containing Na2S20,  solution and concentrated H2S04,  respec- 
tively, which were followed by liquid drop traps. The ethane 
flow rate was measured with a Matheson mass flow meter cali- 
brated against a bubble flow meter. 

Chlorine: Matheson, H.P. grade, 99.5%, was dried with 
concentrated H2S0, (a second flask was used to eliminate liquid 
drops) and then condensed in a Monel Metal gas cylinder a t  70 
KPa and -6OOC. Then it was vented to eliminate any noncon- 
densable gases. Its volume was chosen so as to contain enough 
liquid chlorine to permit 10 h of normal operation. After reach- 
ing ambient temperature, the small cylinder was connected to 
the chlorine feed tube in the system. The chlorine flow rate was 
measured with a Matheson mass flow meter calibrated by chem- 
ical absorption followed by chemical analysis. 

All parts in contact with chlorine or the reacting mixture were 
made of glass, quartz, Teflon, or Monel Metal. All pipes were 
exclusively made of Pyrex glass or Teflon. Teflon Swagelok fit- 
tings were used in all connections. The reactor was made of 
quartz Suprasil quality, with 0.4 cm ID and 0.625 cm OD. Two 
nominal reactor lengths were used, L,, = 12 cm and LR2 = 30 
cm. Since the reactor tube must be cleaned very often and posi- 
tioning at  the focal axis of the ellipse is very critical, a special 
device was constructed. It consisted in a holding support having 
three arms controlled by micrometric screws, symmetrically 
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Figure 7. Flow sheet of experimental setup. 
A,, A*, A>. Nitrogen, ethane, chlorine purification absorbers 
B . Distillation system for chlorine purification 
C . Mass flow rate flowmeters and controllers 
D.  Mixer 
E . Elliptical reflector 
F . Dark reactor 
G .  Quartz reactor 
H .  Chlorine gas sampling 

separated 2.09 rad (1 20O) from each other. The lamp was a Gen- 
eral Electric G30T8 (Germicidal) with 30 W nominal input 
power. Its dimensions were L, = 81.3 crn and rL = 1.27 cm. Its 
operation was continuously monitored (intensity, voltage, and 
input power) and its input voltage was constantly controlled to 
ensure that 30 W were always fed to the lamp. A germicidal 
lamp is not the best choice for a chlorination reaction; it emits 
95% of its output power in the far UV range, with almost 90% of 
it at 2,537 A. Absorption by chlorine has a maximum at  3,300 
A. Hence, other radiation sources may have a much better 
energy yield. However, the G30T8 source was the best choice in 
order to have a low-energy, nonfluorescent arc lamp with the 
length and diameter required for a suitable verification of the 
radiation and reactor model (Ue Bernardez and Cassano, 1982). 
In accordance with the manufacturing specifications, the lamp 
was always used after a minimum of 100 h of operation to make 
sure that it was used during the most stable period of its average 
lifetime. Provisions were taken to ensure the proper operation of 
the lamp according to its nominal output power. The reflector 
was made of aluminum sheet, specularly finished with Alzac 
treatment. Its dimensions were L ,  = 59 cm, a = 53.5 cm, e = 

0.4. It was constructed within less than 0.05 cm tolerance. With 
the exception of the irradiated length of the reactor, all other 
parts of the system were blackened to avoid any possible effect 
produced by laboratory light. An additional tube (dark reactor) 
with the same hydrodynamic characteristics as the one made of 
quartz was placed in a bypass position to improve the control of 
the steady state operation and to check for the dark reactions. 

Procedure 
After setting flow rates, 2 h were allowed for stabihation. 

The chlorine in the feed was always checked by chemical 
absorption and iodine titration. This was also done to verify the 
stability of the chlorine mass flow rate calibrations. For every 
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1 . Tubular radiation source 
J , Pt resistance thermometers 
K .  Digital temperature meter 
L.  Voltage regulator 
M. Lamp operating intensity, voltage, and input power meter 
N .  Chlorine gas absorber 
P . Gas sampling loop for GC analysis 
Q .  vent 

operating condition, the absence of dark reactions was checked 
in the dark reactor. After the lamp was turned on, all the operat- 
ing parameters were allowed to reach their steady state. values 
(about 30 min). Then all measurements were repeated. In all 
cases, they included feed and product stream concentrations by 
chemical absorption (C1,) and gas chromatography (ethane 
when the lamp was off, ethane and chlorinated compounds when 
the lamp was on). To avoid corrosion of the gas chromatograph 
(GC), the exit stream was always passed through a NaOH 
aqueous solution and a water absorber. The G C  gas sampling 
loop could be placed in the sampling stream whenever it was 
needed. The C1, and GC analyses were repeated until steady 
state conversions were obtained. Every 45 min an analysis was 
made (C12, CzH6, and chlorinated compounds). After three con- 
secutive analyses showed that the steady state had definitely 
been achieved, the run was concluded. Every experimental point 
obtained with this procedure required about 8 h of operation. 

Once the run was completed, the lamp was turned off and the 
entire system was washed with N2 for several hours. Then the 
reactor was removed and cieaned with carbon tetrachloride, 
KOH alcoholic solution, distilled water, and finally absolute 
ethanol. It was finally dried with dry air and positioned again at 
the focal axis of the reflector. 

Temperature was carefully controlled at the inlet and outlet 
reactor ends. When the chlorine conversion was lower than 5070, 
temperature differences were never larger than 2°C. Beyond 
50% conversion temperature differences as large as 5OC were 
observed. 

The dark reactions were found to be negligible and the 
observed values were always smaller than the experimental 
error. 

The experimental exit conversion defined as: 
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Figure 8. Compendium of experimental results. 

was compared with results computed by means of 

with ( \ J r i )  calculated according to Eq. 37. 

Results 
Figures 8a and 8b give a compendium of the cxperimental 

results for the LRI and LR2 reactors, respectively. The chlorine 
mole fraction was changed between 0.5 and 7%, ethane between 
0.5 and 14%. Nitrogen always provided the make-up gas to 
achieve atmospheric pressure. The Reynolds number was main- 
tained near 650 and the nominal temperature was always kept 
a t  25OC. For the small reactor, the chlorine conversion was 
below 20%; for the large reactor it reached values up to 60%. 
Under no conditions were differences between predicted and 
experimental values greater than 15%. Only at  very high conver- 
sions were dichlorinated compounds ( I ,  1 ethane dichloride and 
1,2 ethane dichloride) observed in the GC analysis, and the 
amounts were negligible. It should be recalled that we always 
worked under excess of ethane and low chlorine mole fraction in 
the feed. 

Figures 9a and 9b (for LR, and LRz, respectively) show pre- 
dicted (solid line) and experimental values. From these, the 
effect of the chlorine mole fraction in the feed on the average 
exit chlorine conversion can be analyzed. Figures 1 0a and 10b 
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show the effect of the mole fraction of ethane on the product 
yield. Volumetrically averaged exit conversions were again 
used. 

All the experimental results show extremely good agreement 
with the theoretical predictions. It is interesting to remark that 
the total mass balance was also experimentally verified within a 
3% error, satisfying: 
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Figure9. Effect of chlorine male fraction on average 
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Figure 10. Effect of ethane mole fraction on average chlorine exit conversion. 
-predicted; n experiment 
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and 

20 

C%” = CeEtH 4- G l E L  (46) 

simultaneously. 
The agreement suggests two important conclusions: 
1 .  The microkinetic constants reported in the literature are 

very good for reactor design purposes 
2. The proposed radiation and reactor models provide a reli- 

able design method 
As an additional result, Figure 1 1 shows clear evidence of the 

inability of the present-day formulation of linear models to pre- 
dict the experimental values when curved reflecting surfaces are 
part of the radiation emitting system. This is a common problem 
when a tubular lamp (if it is modeled as a line) is placed parallel 
to the straight line that generates the cylindrical reflector. Previ- 
ously, this result had been found experimentally in a different 
emission system by Alfano et al. ( 1984), performing measure- 
ments with a thermopile, and by Clarii (1984) for the case of an 
actinometric reaction. The experimental points can be inter- 
preted satisfactorily only by a model that includes the curvature 
of the cylindrical tubular lamp as a parameter in the modeling 
equations. 

Therefore, since the model has shown its ability to predict the 
reactor performance, we can proceed further with a detailed 
parametric analysis, using computer simulation experiments. 

- 

Parametric Study 
Choice of radiation source 

This is one of the best choices among operating variables to be 
manipulated in order to improve yield. Let us cornpare conver- 
sions obtained with the G30T8 lamp and another radiation 
source with the same power consumption but with a different 
spectral distribution of the output power. As an idealization let 
us assume that a lamp concentrates all its emission at  3,300 .&, 
all geometrical characteristics remaining the qame. This would 
be the ideal lamp for optically thin chlorinations, particularly to 
obtain monochlorinated derivatives when very low proportions 
of chlorine must be used. Figure 12 shows the predicted results. 
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Figure 11. Prediction inability of linear models when 
used in combination with curved reflecting 
surfaces. 
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Figure 12. Comparison of conversions obtained using 
germicidal lamp and “ideal” lamp. 

With the same power consumption, conversions can be tripled. 
This shows that the design of a photoreactor is a combination of 
reacter analysis with an appropriate choice (or design) of the 
radiation source. 

Concentration proJiles 
Here we present the computer simulation results obtained 

under the conditions given earlier in the system description sec- 
tion. Stable species, (excluding some negligible concentrations 
of radical-radical homogeneous recombinations that are not rel- 
evant for this study) as well as atomic and free radical interme- 
diates will be discussed. In all the computer runs, the Reynolds 
number was kept below 1,500 in order to have laminar flow and 
to make sure that the adopted velocity profile and the molecular 
properties (such as viscosity and diffusivities) are  well-defined 
quantities. 

Figure 13 shows axial profiles for atomic and molecular chlo- 
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Figure 13. Simulated atomic and molecular chlorine axial 
concentration profiles. 

AIChE Journal March 1988 Vol. 34, No. 3 377 



rine dimensionless concentrations with Re as a parameter. 
Along the axial coordinate atomic chlorine concentration fol- 
lows the pattern of the molecular species. Since in the axial 
direction the irradiation is almost uniform, the influence of the 
radiation field cannot be observed. The results show why the 
microsteady-state approximation (MSSA) works well. In spite 
of an apparently significant change in the axial profile for qCl, it 
is clear that more than six orders of magnitude separate the 
slopes of both curves. The effect of the volumetric flow rate 
(through changes in Re) is as expected. 

It is also clear that the MSSA cannot hold a t  the entrance of 
the reactor since the near-constant concentration has not been 
reached. If the mean residence time of the reactor is too short, 
the fraction of the reactor volume where the MSSA is not valid 
will be significant; consequently, predictions of exit conversions 
could have an important error. This result is directly related to 
the induction period postulated by Benson (1952) for batch 
reactor operations. 

Figure 14 shows radial profiles a t  the middle of the reactor 
(q  = 0.5). The system under analysis may be considered as one 
with optical thickness ranging from medium to thin. Under 
these operating conditions some additional information may be 
drawn about the realtive influence of the radiation field and the 
fluid velocity field on the reactor performance. For this reactor, 
the velocity profile influences the shape of the concentration 
profiles and the conversion of the stable species to a certain 
extent. Consequently, conversion of C1, is a minimum a t  the 
reactor centerline. On the other hand, atomic chlorine very 
closely follows the pattern of the radiation field, which in optic- 
ally thin media will concentrate when y approaches zero. Since 
concentration of radiation due to the geometry of the system 
prevails over the attenuation provoked by chlorine absorption, 
the radiation field is strengthened toward the reactor centerline. 
At the same time, since the lifetime of atomic chlorine is very 
short its concentration profile does not follow the shape of that 
corresponding to molecular chlorine (as in the case of the axial 
direction) but the variations of the local value of the absorbed 
energy. Plots of the local volumetric rate of radiant energy 
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Figure 14. Simulated atomic and molecular chlorine ra- 
dial concentration profiles. 

absorption vs. y (not shown here) have almost the same shape. 
Radial concentration profiles for C12 at  y = 1 do not vary signifi- 
cantly because in our case rR = 0.2 cm and the radiation profile 
cannot be too steep (Cerd6 et al., 1973; Jacob and Dranoff, 
1969). 

This behavior can be seen in more detail in Figure 15a, which 
shows the effect of changing the reactor radius. It is seen that 
when the radius is very small the velocity profile compensates 
the effect of the radiation distribution and the concentration 
field is almost flat. Only for intermediate values of rR does the 
shape of the velocity field influence the pattern of the chlorine 
conversion. For larger reactors, the concentration of radiation 
when y approaches zero clearly compensates the shorter resi- 
dence time. In fact, for rR = 0.8 cm the point of maximum con- 
version has moved toward the wall. Figure 15b shows behavior 
along the axial coordinate that is consistent with what has been 
said. It also shows that in a photochemical reactor, even when it 
is not optically thick, increasing the radius may not be the 
proper way to increase production. This is a result almost inde- 
pendent of the type of reactor configuration (Romero et al., 
1983). It should be remarked that strictly speaking, these con- 
clusions regarding changes in reactor radius are only qualita- 
tively exact because when rR / rL  0.5, the assumption of angu- 
lar symmetry for the mass balance equations is no longer valid 
(De Bernardez and Cassano, 1982). 

Changes in the feed molar ratio and in the volumetric flow 
rate show an impact similar to that in conventional thermal 
reactors and they do not need to be discussed here. On the other 
hand, changes in the chlorine initial concentration produce the 
expected results in an optically thin photoreactor. Figures 15c 
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Figure 15. Effects of reactor radius and feed mole frac- 

tion. 
(a) Effect of reactor radius on chlorine radial concentration pro- 
files; q = 0.5 
(b) Effect of reactor radius on chlorine axial concentration pro- 
files; y = 0 
(c) Effect of chlorine feed mole fraction on chlorine radial con- 
centration profiles; I) = 0.5 
(d) Effect of chlorine feed mole traction on chlorine axial concen- 
tration profiles; y = 0 
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for radial profiles and 15d for axial profiles show that an 
increase in the chlorine concentration increases conversion; due 
to the thin optical thickness, radiation penetrates efficiently in 
the whole reactor volume. It should be noted that this behavior is 
different from that observed in other systems (mainly liquids), 
where high values of the optical thickness produce a decrease in 
the overall exit conversion when the absorbing species concen- 
tration is increased. In such systems, radiation penetrates effi- 
ciently only to a small fraction of the reactor volume. In fact, 
under extreme conditions a considerable fraction of the reacting 
mixture could go through the whole reactor length with no com- 
position changes. 

The effect of chlorine concentration can be deduced from Eq. 
4. The chlorine concentration enters first as a linear effect and 
second in a decreasing exponential inside the attenuating inte- 
gral. For certain values of the optical density number (aCCl2rR), 
the attenuating integral could overcome the effect of the first 
contribution and the conversion could be decreased. 

Note that since the reactor radius also contributes to the value 
of the optical density number, its effect is felt not only in the 
Peclet and Reynolds numbers, but in the rate of the initiation 
step. 

Summarizing, the reactor radius and the absorbing reactant 
concentration are specific photoreactor key parameters in any 
product yield optimization problem. 

Selectivity Studies 
In spite of the experimental evidence that in our operating 

conditions dichlorinated compound concentrations were negligi- 
ble as compared with the monochloroethane production, some 
additional computed simulation runs were performed including 
all possible reaction paths in the reaction mechanism. 

With this objective the reaction sequence previously de- 
scribed in Eqs. 8a to 8h was completed with: 

(8k) 
ki I 

C1' + C1Et'- C1,Et 

(81) 
k12 

ClEt' + C1Et'- Prod. 

where C1,Et is C2H4C12 and CiEt'stands for ClC2H;. 
With the same reasoning as before, the reaction on the right- 

hand side of Eq. 8j will be neglected. Heterogeneous termina- 
tions of ClEt'could also have been included. However, their con- 
centration will always be smaller than Et'. Consequently, we 
decided to disregard their participation in the mechanism. 

Let us extend our notation and include: CIEt'(9) and 
Cl,Et(lO). 

With the extended mechanism we have added five more reac- 
tion steps and two more reacting species. This means one more 
partial integro-differential equation for i = 10 and one more 
algebraic equation for i = 9. 

With the exception of the reaction rates for i = 3,5, and 7, all 

the others described by Eqs. 12 to 18 must be replaced by: 

and we must add: 

The MSSA for i = 2 and 9 will now be: 

while for i = 5 Eq. 41 remains unchanged. 
Diffusivities were calculated using the same correlations as 

indicated before. Similarly, we needed additional specific rate 
constants. They were obtained from reliable data in the litera- 
ture and are indicated in Table 4. 

The performance of the reactor was then again simulated 
with all these additional reactions incorporated. The following 
definition will be used: 

Also, when Eq. 44 is used with the reaction mechanism of 
Eqs. 8a-8h the exit conversion will be designated as X,,,, and 
when the additional reaction steps, Eqs. 8i--81, are  included, the 
average exit conversion will be indicated as X,,. 

Table 5 shows the results of the manipulation of different 
operating variables on the formation of dichloroethanes. Al- 
though most of these results could have been expected qualita- 
tively, one important fact must be stressed from these results 

Table 4. Additional Kinetic Constant Data 

Value 
cm3/mol. s Refs. 

- ~ _ _  
Constant 

k9 2.62 10l2 Chiltz et al. (1963) 
Cillien et al. (1967) 

k-9 1.97 lo5 Chiltz et al. (1963) 
k,o 4.61 10" Kurtz (1 972) 
k-lo 4.02 lo-' Chiltz et al. ( 1  963) 

Chiltz et al. (1963) 
1.26 10" Chiltzet al. (1963) 

kl I 2.00 1 0 1 ~  

kl2 

AIChE Journal March 1988 Vol. 34, No. 3 379 



Table 5. Simulation Results for Selectivity Analysis 

(a) % Mole Feed Conc. (b) % Mole Feed Conc. 
ClZ = 3 C1z = 2; EtH = 4 

% EtH/% C12 h Q, cm’/s h 
0.5 6.73 
0.75 3.85 
1 .o 2.62 
2.0 1.12 

(c) % EtH/% CIZ = 2 

h ~ _ _ _  % clp 
1 0.74 
3 1.12 
5 1.32 
7 1.46 

20.00 1.18 
26.61 0.97 
30.00 0.89 
33.33 0.83 

(d) % EtH/% C1, = 1 

% a; h 
1 1.60 
2 2.19 
3 2.62 
7 3.72 

and from those that were experimentally obtained. All of them 
indicate that if we do not want to produce secondary products 
(such as  dichlorinated compounds) when the process is carried 
out photochemically and the appropriate operating conditions 
are selected, they will not show up. This is not the case for ther- 
mal reactions; the main difference is due to the selectivity pro- 
duced by the low operating temperature permitted by photon- 
activated reactions. 

Table 6 shows the effect of the inclusion of the extended reac- 
tion mechanism in the prediction of the average chlorine exit 
conversions. Clearly, with the definition provided by Eq. 55, the 
dichloroethane formation is negligible, as shown in the experi- 
mental work. Therefore, when monochlorination is the only 
objective, as long as CC1H6/CC,I > 1, there is no need for the 
inclusion of steps 8i to 81 in the design of the photoreactor. 

All these results strongly suggest that an optimal design of a 
chlorination photoreactor will surely be able to produce ethyl 
chloride with a selectivity very close to one. 

Conclusions 
From our work we can conclude the following. 
1. A homogeneous photochemical reactor for chain-type 

reactions can be rigorously modeled from first principles. All 
that is needed is: 

Microkinetic information about the reaction 
Physical properties of reactants and products, which should 

include optical parameters 
Operating characteristics and dimensions of the radiation 

source, which should include spectral distribution of the lamp 
output power 

Optical properties of the surface through which radiation 
enters 

Optical and geometrical properties of reflecting devices, if 
they are used. 

2. There is a strong coupling between the radiation source 
characteristics and the modeling of the photoreactor, which is 
translated into the design equations. Thus, to design a photo- 
chemical reactor, an iterative procedure will always be required 
in order to obtain the best combination of reactor parameters 
and radiation emission system characteristics (with or without 
reflectors); the main reasons are the unavoidable interactions 
between the properties of the energy supplier (lamp) and the 
energy receptor and user (reactor and reacting species). 
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Table 6. Simulation Results: Average Exit Conversions with 
and without Inclusion of Dichlorinated Compound Formation 

I 33.68 34.04 1.06 1.60 
2 42.59 43.11 1.21 2.19 
3 48.18 48.82 1.31 2.62 
7 60.05 60.97 1.51 3.12 

LR - 30 cm; Re = 600; % EtH/% Clp = 1 

3. Under all circumstances the radiation balance (which 
includes an “attenuation integral”) is coupled with the mass 
conservation equations through the reaction rate terms. From 
the mathematical point of view, this always poses an integro-dif- 
ferential problem. The only exception would be a true photosen- 
sitized reaction. 
4. Wall (heterogeneous) reactions can safely be neglected in 

most practical situations. The only possible exception is a reac- 
tor operating under a highly turbulent flow with very good 
radial mixing. 

5. Over a critical minimum value of the mean residence time, 
the local or microsteady-state approximation can safely be used, 
thus considerably simplifying the design of the photoreactor. 
This happens when the time needed to reach near-steady con- 
centration of the intermediate species is significantly smaller 
than the mean residence time of reactants inside the reactor vol- 
ume. 

At the same time, our computer simulation together with our 
experimental results clearly indicate that: 

6. The extense source model produces very accurate predic- 
tions of the radiation fields inside photoreactors. This is also true 
even for complex emission-reflection systems such as the ellipti- 
cal photoreactor. The significance of this result lies in the fact 
that this model is derived from the fundamental laws of radia- 
tion and requires no experimentally adjustable parameters. 
Only lamp, reflector, and reactor wall manufacturing specifica- 
tions and dimensions are needed. 

7. A homogeneous continuous photochemical reactor can be 
satisfactorily designed a priori. This is true even for complex 
chain reactions. The design can be accomplished using the com- 
plete reaction mechanism, with reliable microkinetic data ob- 
tained from laboratory-scale batch reactors. 

8. To obtain good agreement between model predictions and 
experimental results, a careful purification of reactants and a 
systematic cleaning of the reactor walls through which the 
radiation enters are indispensable. This experience singles out 
some areas of further research work for industrial-scale applica- 
tions, particularly oriented toward obtaining stable wall condi- 
tions. 

9. Results indicate that the spectral distribution of the radia- 
tion source output power, reactor radius, and radiation-absorb- 
ing reactant concentration are specific and unique key parame- 
ters for photoreactor optimization. The parametric sensitivity of 
the last two properties is very different from the one that could 
be expected for thermal reactions. This is a consequence of the 
existence of an optimal optical thickness, which is governed by 
the reactant absorptivity (a), the concentration of the absorbing 
species (Ccl,), and the characteristic radiation path length ( rR) .  
They strongly influence the photoreactor performance. 
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10. A detailed study of the intermediate. species concentra- 
tion profiles shows that they follow the pattern of the stable spe- 
cies from which they are produced in both the axial and radial 
directions. There is one exception to this: when atomic chlorine 
is involved, the radial concentration profile is much more closely 
governed by the profile of the local volumetric rate of energy 
absorption. 

1 1 .  Only under certain operating conditions does the fluid 
velocity field strongly affect the radial concentration profiles. In 
general its influence is hidden by that of the radiation field. 

12. Operating conditions are possible for the selective 
monochlorination of ethane. A complex optimization procedure 
will be needed but no additional conceptual difficulties will be 
involved 
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Notation 
a = ellipse semimajor axis, cm 
A = area, cm2 
b = ellipse semiminor axis, cm 
c = half-distance between focuses, cm 
C = concentration, moI/cm3 
d = density, g/cm’ 
D = value, Eqs. 4e, 4f, cm 

e = ellipse eccentricity 

stein/cm3 . s 

Dim = diffusion coefficient for species i, cm2/s 

e’ = local volumetric rate of radiant energy absorption, Ein- 

E = radiant energy flow rate, Einstein/s 
f 2  = dichloroethane fraction, Eq. 55  
Ge = rR/LR,  geometric number 

h = value, Eq. 4c, cm 
J = local volumetric rate of radiant energy absorption 
k = value, Eq. 4d, cm 
k, = kinetic constant, cm/s (reaction at  wall); cm’/mol . s (sec- 

K ,  = kinetic initiation number, Eq. 33 
K, = kinetic constants, Eqs. 22-24 
L = source, reactor, or reflector length, cm 
m = value, Eq. 4h 

Pei = ( v )  rR/Dinb,  Peclet number for species i 
q = radiation flux density, Einstein/cm2 . s 
Q = volumetric flow rate, cm’/s 
r = cylindrical radial coordinate, cm 

R = reaction rate, mol/cm’ s 
R e  = ( d ( u ) 2 r R ) / p ,  Reynolds number 

t = residence time, s 
U = v , / ( u ) ,  dimensionless velocity 
u = velocity, cm/s 
v = source or reactor volume, cm3 
x = Cartesian coordinate, cm 
X = chlorine conversion 
y = Cartesian coordinate, cm 
z = axial coordinate, cm 

ond order); ( ~ m ’ ) ~ / m o I ~  . s (third order) 

Greek letters 
a = absorption coefficient, cmz/mol 
p = angular cylindrical coordinate, rad 
y == r / r R ,  cylindrical coordinate 
I‘ = reflection coefficient 

6(x -- xi) = Dirac delta function 
A = attenuation distance, Eq. 35 

t = variable, Eq. 32 
v = z / L R ,  cylindrical coordinate 
B = spherical coordinate, rad 

A = absorption number 
f = angle, Eqs. 4e, 4f, rad 
p = spherical radial coordinate, cm 
u = value, Eq. 4b, cm 
T = reactor wall transmittance 
I#J = spherical coordinate, rad 
0 = primary quantum yield, mol/Einstein 
I = C/Cp, concentration 
R = reaction rate 
p 2 viscosity, g/cm . s 

Subscripts 
d = dichlorination reaction 
E = property of a ray emerging from the lamp 

exp = experimental value 
exact = exact solution 

i = species i 
f = point of reception or an incident ray property 

j = stable species 
L = source 
L = unstable species 

m = monochlorination reaction 
P = point of reflection on elliptical mirror 
r = reaction 

R = reactor 
Rf = reflector 

SS = MSSA result 

init = photochemical initiation reaction 

t = theoretical value 

w = termination reactions at reactor wall 
X = wavelength of absorption or emission 
Y = frequency of absorption or emission 
u = property evaluated at X = X, 
o = property evaluated at reactor wall 

Superscripts 
’ = projections on a plane normal to focal axis, also dummy 

variable 
e = outlet section 
o = inlet section 
* = attenuation path 

Special symbols 
( ) = average value - = vector 

1 I = absolute value 
V = “for every value of” 
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