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Experimental Determination of the Light
Distribution in a Photochemical Reactor:

Influence of the Concentration of an Absorbing Substance on This Profile

Knowledge of the local distribution of the light energy, in a photochemical re-

A. TOURNIER and X. DEGLISE

actor in the presence of an absorbing substance which reacts at a rate of order

different from one with respect to the adsorbed light intensity, is important in order
to calculate the mean rate of reaction and the design of the reactor. Here we report
a simple method for the determination of this profile as a function of the concen-
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Université de Nancy |
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tration of an absorbing substance and we compare the results obtained with the and
models of emission from the literature. A semi-empirical model accounting for our

experimental results is presented.

J. C. ANDRE and M. NICLAUSE

Laboratoire de Chimie Générale
E.N.S.I.C.
54042 NANCY Cedex, France

SCOPE

Photochemical reactions have been studied extensively in
both university and industrial laboratories, in particular reac-
tions of order 1 with respect to the absorbed light intensity
(photonitrosation of cyclohexane, for example, Fischer, 1974)
or of order Y; such as the chain reactions of photochlorination
or of photo-oxidation (Deglise, 1968; André, 1971; Tournier,
1978).

In)cases where the reaction is 1st order, knowledge of the
mean number of photons absorbed in the reactor per second is
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sufficient to account for the rate of reaction, and moreover in
general the photoreactor is designed on the basis of heat transfer
phenomena (depending on the endo- or exo-thermicity of the
reaction).

On the other hand, when the order is different from 1, and
when the chemical reaction involves other reactions between
unstable species (excited electronic states, free radicals, ion-
radicals, etc. . . .) only knowledge of the absorption profile allows
us to account for the rate of formation of these species. Thus,
the concentration of different unstable species is no longer ho-
mogeneous in the volume of the reactor, and a concentration
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gradient exists which is a function of the absorption profile of
the light.

This gradient depends on all the different processes of ho-
mogenization of the medium by diffusion, convection, chemical
reaction and mechanical stirring, Indeed, if the mean lifetime
of the unstable reactive species is long compared to mixing
times, the concentration of these species will become uniform
by diffusion, through mixing, out of the absorption zone. This
makes knowledge of the radiation profile dispensable. The total
absorption determined by a more simple way (chemical acti-
nometry, for example) is sufficient for the study of the photo-
reactor. On the other hand, when the mean lifetime of the in-
termediate unstable species becomes too short, the spatial dis-
tributions of these species are directly related to the light ab-
sorption profile, and it becomes important to determine
them.

The bibliographical study which we have carried out has al-
lowed us to establish that, if, up to now, all the authors con-
cerned (Cassano et al., 1967; Jacob and Dranoff, 1966; Irazoqui,
1970; Matsuura and Smith, 1970; Zolner and Williams, 1971;
Hancil et al., 1872; Cerda, 1973; Roger and Villermaux, 1975;
Williams, 1976; Bandini et al., 1977; Costa-Lopez, 1977) agree
on the interest of such a measurement, the majority of them

have only carried out calculations on the design. While photo-
reactors have been studied with the aid of simplified models
describing the different models of light emission, the three-
dimensional nature of the emission of radiation has often been
neglected to the benefit of radiation emitted in the planes per-
pendicular to the axis of the lamp or radially with respect to the
lamp.

The interest of these simplified models resides in their great
simplicity of use, but in general they give an incomplete de-
scription of the physical reality.

Nevertheless, very sophisticated models of emission do exist,
but they are difficult to use. In addition, the experimental ver-
ification of these models has, in general, been carried out only
infrequently and only in the absence of absorbing substance
(Cassano et al., 1967; Jacob and Dranoff, 1970; Williams, 1978;
Sugawara et al., 1979).

For these reasons, it is interesting to carry out such a mea-
surement in the absence and in the presence of a substance
absorbing the radiations emitted by the lamp. The results of this
study should provide a better understanding of the photo-
chemical oxidation and of chlorination reactions (Deglise, 1968;
André, 1971) performed in our laboratory.

CONCLUSIONS AND SIGNIFICANCE

The results of the present study indicate the partial influence
of the stray reflections and the predominant influence of the
stray absorptions of the exciting light by the filtering solution.
The existence of these phenomena means that the models of
light emission published up to now cannot be used to interpret
all our experimental results.

A semi-empirical model has been developed and tries to
take these stray phenomena into account and has been com-

pared satisfactorily with our experiments using the work pre-
sented here. However, our results, show clearly that the de-
scription of the emission profile at high optical densities cor-
responds approximately with that of the radial model. The ki-
netic analysis of reactions carried out in the laboratory, of which
the rate is of an order different from 1 with respect to the ab-
sorbed intensity and which depends on this absorption profile
can then be improved.

EXPERIMENTAL

Principle

In the numerous industrial or laboratory arrangements for photochemical
reactions, one or several filters are interposed between the lamp and the
solution to be irradiated. These are destined to select the active wavelengths
emitted by the lamp (Fischer, 1974) and to dissipate the thermal energy.
Indeed, with the exception of lasers, instrumental devices of monochromatic
emission are practically non-existent and it is often useful, if not essential
to isolate a band of wavelengths for measurements of quantum yield in the
laboratory or to eliminate the destructive wavelengths in industrial reactions
(photochemical synthesis of caprolactam for example) (Fischer, 1974).

This type of setup, Figure 1, presents the advantage of allowing the de-
termination of the absorption profile of the light without, in principle,
having to know the intensities of the different wavelengths emitted by the
lamp, the molar extinction coefficients of the absorbing substance, or finally
the response of the photodetector used for the measurement.

The measurement of the local light intensity in a photoreactor dictates
the use of a photodetector of restricted dimensions, and having large dy-
namics so as to allow the measurement of the absorption profile at high
optical densities.

Those used up to now, like for example microphotoreactors containing
a light-sensitive solution (Williams, 1978) or the physical receptors of the
photopile type, do not allow a sufficient miniaturization, we have been
obliged to construct another system of measurement capable of satisfying
these two conditions.

AIChE Journal (Vol. 28, No. 1)

PROPOSED TECHNIQUE

Photodetector. We have used an optical fibre (Fort Company) of small
diameter (0.2 mm) fixed onto a rigid support of small dimensions (glass tube
of 2-mm external diameter) in order to practically eliminate all perturba-
tions of the light profile to be studied. The optical fibre and rigid support
assembly is jointly responsible for a system of reference in three-dimensions.
Evidently only the extremities of the optical fibre are stripped as is shown
in Figure la.

The choice of a long optical fiber, i.e., of several meters avoids modifi-
cation of the transmission of the fiber by displacements of the rigid support
in three dimensions. For the above reasons, the end of the fiber is uncovered
and recovered by a diffusing sphere.

When using an optical fiber, partially uncovered or not, part of the in-
cident rays can enter it, as is shown in Figure 1b. However, only the rays
making an angle greater than the limiting angle and corresponding to total
reflection in the zones which are uncovered or those which are not are able
to reach the other end of the fiber.

1f n, and 7 represent the indices of refraction of the fiber (5, = 1.5) and
of the liquid (n = 1.33), in the non-uncovered zone, this limiting angle a,
is:

1
a, = Arcsin — = 4].81°
Mo

and in the non-uncovered zone is:

a1 = Arcsin - = 62.46°

No
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Figure 1. a) Representation of a classical experimental setup and the principle
of the determination of the transmitted light intensity.
b) Demonstration of the reflected rays in the interior of the optical fiber.
c) Qualitative representation of the inhomogeneity of transfer of the light
in a partially uncovered optical fiber.
Zone |: non-totally reflected rays near the other end of the fiber.
Zone li: effective zone.
Zone {il: totally reflected rays near the other end of the fiber.
d) Visualization of the efficlency of different zones of a weakly diffusing
sphere, during the transfer of luminous flux in an optical fiber.
Zone I: maximum efficiency.
Zone li: partially transmitted luminous flux.
Zone Hi: zero efficiency.
@) Set up of the end of the optical fiber in the PM housing.
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PMT
“

Housing of the PMT

In order to reach angles greater than a, or a; if the light rays cross the
liquid/fiber interface at the cross section, orthogonal to the axis of the fiber,
the maximum angles of incidence i, and { must be:

i, = Arcsin (l cos a,,) =41.37°
o
i) = Arcsin (17— cos al) = 24.20°
U
For such restricted angles, it is not necessary to take the rate of reflection,
R, which corresponds to:
R _1 [s.in (i—a)]2 L+ (cos (i + a))2
2 lsm i+ a)j cos (i —a))

<0.02

with
a = Arcsin [l sin i]
Mo

For light rays penetrating the fiber by its cylindrical surface, taking into
account the small difference between the indices, one can consider that
a large part of the light rays will cross this without being reflected. Those
which are specularly reflected will have an appreciably spiral path, and
will be able to reach the other end of the fiber. However, taking these slight
imperfections of the light conductors into account, the rays which penetrate
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practically perpendicularly to the axis of the fiber will have only a small
probability of reaching the detector. Thus, with such a system there will
be a very important inhomogeneity of light transfer in the fiber, Figure
le.

To remedy this effect, one can fit an adequate optical system to the end
of the fiber comprising a sphere diffusing the light and which is, as it were,
a secondary light source. From the above mentioned considerations re-
marks, it is best to choose a sphere, sufficiently diffusing so that the incident
light is diffused several times in any direction of space, which allows us to
consider, to a first approximation that each ray reaching this sphere, has
about the same probabillity of effectively entering (a > a,) the conductor,
and consequently of reaching the other end of the fiber.

In fact, if the diffusion of the light in this sphere is too small, there will
be at most a change of direction of the light and consequently there will
be, Figure 1d, zones of the sphere which will be illuminated but which will
not contribute to the light transmitted at the exit. To reduce the contribution
of these illuminated zones in which the efficiency of transfer is zero, one
can reduce the size of the sphere but the observation will no longer corre-
spond to a solid angle of 47 steradians.

Having taken all these considerations into account, our choice is reduced
to using a diffusing sphere, which is sufficiently small so that the measured
profile of light transmission is the real profile, unperturbed by the thickness
of the sphere, but sufficiently large to gather the light within a large solid
angle. Experimentally, we have made a sphere of about 0.5 mm diameter
with the aid of a rubber solution {made by Sanford Corp., U.S.A.) adapted
to optical measurements reported in the present article.

The other end of the fiber is also uncovered and penetrates the housing
of a photomultiplier tube, Figure le.

The mean apparent optical density across a diameter is of the order of
one (determined from the solution and knowing the content of dry product).
This product has the advantage for other studies in being nonabsorbent up
to wavelengths of around 300 nm.

For the experiments reported here, we used a home-made housing (cf.,
Figure le) with a PMT 1P28 (HAMAMATZU) with 9 dynodes supplied
with 900 V using a standard power supply with neons as stabilizers.

The electrical signals are measured by means of calibrated load resistors,
in the range between 100 and 10 k2. In all cases, the electrical measure-
ments are carried out with a precision greater than 1% with a practically
negligible dark current.

This thus provides a measuring system sensitive to the radiations emitted
in practically all space, i.e., 47 steradians. Taking into account the large
dynamics of the PMT this measuring system satisfies the conditions defined
earlier.

REMARK

By removing the chemical filter placed between the lamp and
the solution to be irradiated, and placing it between the fiber and
the PMT, this photodetector can also be used to measure the light
distribution in the photoreactor for the different wavelengths
emitted by the lamp. This type of setup has not been used in the
present work, as it does not correspond to the conventional working
conditions of photoreactors.

Reactor Filter and Absorbing Solution

The photoreactor is a glass cylinder 120 mm diameter, and 230
mm high, the inside of which is coated with black paint to suppress
the stray reflections coming from the lamp and from the outside
(non-filtered light) which considerably perturbed our first attempts
to determine an emission model discussed later. The light source
is a cylindrical low pressure mercury vapour lamp mark “Ultra
Violet Products” from which we succeeded in selecting two close
radiations, 404.7 and 435.8 nm with the aid of a chemical filter
CuSQy4, NH,OH. (Murov, 1973).

The transmission curve of the filter is shown in Figure 2a. The
necessity of using two emission radiations obliged us to search for
a substance soluble in water and absorbing with practically the
same molar extinction coefficient e at 404.7 and 435.8 nm in order
to study the absorption profiles. We chose a dye, quinoline yellow,
characterized by the absorption spectrum reproduced in Figure
2b, and which, moreover, shows a non-perturbant fluorescence
emission.

However, as is shown in Figure 2a, the filter does not completely
eliminate the mercury doublet at 366 nm (maximum transmission
0.63%). This radiation being only slightly absorbed by quinoline
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Figure 2. Curve of the transmission of the fiiter CuSO,~NH,OH.
b) Absorption spectrum of quinoline yellow in aqueous solution.

yellow (O.D. 0.246 at 436 nm) leads us to expect to find values in
excess of the real values for high dye concentrations; the larger the
distance of the diffusing sphere from the lamp, the larger will be
this systematic error.

The calculation of the contribution of this radiation to the
measurement of the luminous intensity has been carried out in
Appendix L. It can be shown that the correction of the luminous
intensity is significant only for values of the product u(r — r,)
greater than 1.5 (cf., Table 1) (u then corresponds to absorption
coefficient, and (r — r,) to the distance from a point on the reactor
to the lamp). .(This correction will be applied to the data in the
follow-up to this work.)
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TABLE 1. CORRECTION OF LUMINOUS INTENSITY.

wr —r1,) ulr —1,) Correction Factor, f
404/7 and 435.8 nm 366 nm Ieal = f Iineasured
0.5 0.12 0.99
1 0.24 0.97
1.5 0.36 0.92
2 0.48 0.83
25 0.60 0.67

Control and Limits of the Apparatus

A control of the experimental setup has been carried out by a
verification of the Beer-Lambert law, on excitation by a parallel
monochromatic beam of an aqueous solution of cochineal red (O.D.
0.284 for a 1-cm path length) contained in a reactor with parallel
walls of 5-cm thickness (cf., Figure 3a).

The monochromatic beam is obtained by selecting the emission
wavelength 480 nm of a 150-W xenon lamp with the aid of a
monochromator (FOCI), and using a slit width of 20 nm.

Under these given experimental conditions, we have determined
the absorption profile of the light by moving the end of the optical
fiber in a plane, longitudinal with respect to the reactor. The profile
thus obtained is in perfect agreement with that forecast by the
Beer-Lambert law for radial emission (cf., Figure 3b).

The precision of the luminous intensity measurements is limited
by the following phenomena:

¢ Subsidence of non-filtered stray light

o Non-negligible volume of the diffusing sphere

o Finally, difficulty of imposing a perfectly radial path with
respect to the lamp on the support for the optical fiber
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Figure 3. a) Experimental set up for testi
reactor.

b) Profile of the distribution of the light in a planar reactor in the presence
of cochineal red.
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Taking into account the great reliability of the optical fiber-PM
ensemble, the reproductibility of the measurements will be a
function only of the quality of the localization of the optical fiber
with respect to the lamp, either during the reading (+0.1 mm) or
during the mechanical positioning (+0.5 mm).

In practice, the experimental setup allows measurements of
transmitted light intensity, with a good accuracy up to optical
densities of about 3 for 1 cm of optical pathlength.

RESULTS

Results Obtained in the Absence of an Absorbing Substance

First of all, we have determined the profile of the light intensity
in the absence of absorption, by filling the photoreactor with dis-
tilled water. The optical fiber has, therefore, been moved on a ra-
dial trajectory with respect to the lamp, from the sheath of the filter
up to a pathlength of 31 mm. The results obtained are shown in
Figure 4.

Taking into account the inaccuracy which exists in the mea-
surement for the points close to the filter walls, this curve coincides
perfectly with that calculated from the hypothesis of radial emis-
sion (LSPP model, Dolan et al., 1965; Harris and Dranoff, 1965;
Hill and Felder, 1965; Cassano and Smith, 1966; Cassano, 1968;
Irazoqui et al., 1970).

In addition, in order to evolve a design for our photoreactor we
have tried to determine the theoretical model of emission which
gives the best possible representation of the assembly consisting of
the UV lamp and chemical filter.

In order to do this, we have studied the distribution of light in-
tensity obtained by applying to the outside wall of the filter a mask
of black adhesive substance in which we have cut out a circular
window sufficiently large so that the sensitivity of the measurement
is acceptable, and sufficiently narrow so that one can consider its
height as negligible compared with the distances between the filter
and the collecting sphere. Experimentally, a value of 2 mm satisfies
these two conditions. The aperture of the window has been chosen
large enough to avoid, the solid angle at which the window is seen
by the end of the optical fiber being too large, and we have mea-
sured the transmitted intensity by displacing the optical fiber on
a trajectory parallel to the axis of the lamp, to a distance of 17 mm
from the filter.

The profile of the distribution of the light obtained is shown in
Figure 5. The results of this curve will be used to establish the
semiempirical model of emission presented later.

Results Obtained in the Presence of Quinoline Yellow

After taking the mask away from the filter, and by moving the
optical fiber on a radial trajectory with respect to the lamp, we have
determined the light distribution profile in the presence of an ab-
sorbing substance.

On addition of quinoline yellow to the solution present in the
photoreactor, we have carried out measurements of the optical
density varying from 0 to 2.1 for 1-cm optical pathlength; optical
densities were measured with a Cary 15 UV/visible spectropho-
tometer.

The profiles obtained are shown in Figures 6a and 6b. The mo-
delization of these curves will be carried out later.

DISCUSSION

Different Types of Emisslon Models

As the majority of industrial photoreactors are of the immersed
lamp type, numerous authors have tried to schematize the profile
of the light distribution in an annular space. A certain number of
theoretical models have thus been developed, with hypotheses
based on the following:
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Figure 4, Profile of the distribution of the light on a radial trajectory in the
absence of a substance absorbing the radiations 404.7 and 435.8 nm.

e The light emitted by the source is supposed monochro-
matic

e The phenomena of reflection, refraction, diffusion and dif-
fraction of the light are neglected

e The light source follows the Lambert law, or emits with the
same probability in all directions of space

e The absorption coefficient of the liquid is supposed inde-
pendent of the direction of propagation of the light rays (homo-
geneous and anisotropic fluid}

Radial Model (LSPP Model). In this model, one supposes that
the lamp is of infinite length and that all the light rays are radial
with respect to the lamp. At a distance r from the axis of the lamp,
the flux per unit length of the cylinder is:
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Figure 5. Profile of the distribution of the light emitted through a circular
window In the absence of an absorbing substance.

O: experimental data.

: best fit curve,

- - -: emission following the Lambert law.
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2wrl, = 2ar, I, e~rr — 7o)

where u represents the product of the concentration of absorbing
substance and the molar extinction coefficient at the wavelength
being considered, that is:
I =1t 0 (1)
T
This model is evidently very easily applied but gives a poor g priori
explanation of the physical reality.

Two Dimensional Model. Depending on the type of photo-
reactor, several models of two-dimensional radiation have been
developed. In the case of the cylindrical reactor the authors
(Matsuura and Smith, 1970; Zolner and Williams, 1972; Roger and
Villermaux, 1975) suppose that the light rays are exclusively sit-
uated in a plane perpendicular to the axis of the reactor and that
in this plane, the wall emits according to Lambert’s law. For the
design of annular reactors, Jacob and Dranoff (1970) assimulate
the light source as a straight line each point of which emits light
rays in all directions (LS model).

Under these conditions, the law defining the absorption profile,
at mid-depth of reactor, is written with the notations of figure

Ta:
L — pplr = ro)/r
2 s o p2

with
p = (r® + z2)1/2

Three-Dimensional Model (ES model, Irazoqui et al., 1973).
When the precedent models simplify the geometry of the emission
of the light source, the diffused three-dimensional model will, on
the contrary, take into account this geometry, with the following
hypotheses:

¢ The emission of a photon is distributed uniformly in all the
volume of the lamp

e The emission of each element of volume is isotropic

e The quantity of energy emitted by each element of volume
is proportional to its volume

o FEach element of volume inside the lamp is transparent to the
emission of the other elements of volume
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Figure 6. Presentation of some results of measurements of distribution of the
emitted light in the presence of quinoline yellow.

-——: our model
cvsd: two dimensional model
cvdd: radial model

Optical density for 1-cm optical pathiength

a
A—0
v-—0.200
0—0.400
X—0.605
0—1.180

Having taken into account these hypotheses in the absence of
absorbing substances and with the notations of Figure 7b, the in-
tensity at a point M of coordinates (z,7) is written:

I
Irz)= =2 f j‘ f sin & cos¢ dadedp
4T v ¢ P

After integration with respect to p and « we have

I ¥
H{rz) = 2'; f : (r2cosZ¢ — 12
@

1

+ r2)/2 (cosqry — cosas) cosede  (3)

with
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b
A—0.068
0-—0.280
X—0.540
v—0.940
0—2.10

oy =tg= {(r cose — (r2 (costp — 1) + 12)1/2) /(L — z,))
ag = tg~1 [(r cosp — (r2 (cos?p — 1) + 15)V/2)/(— z,)]
and
—@1 = @y = cos™! [(r2 — r5)V/2/r]
It is clear that whilst this model allows us to include a large number
of parameters, it appears to be difficult to handle and leads to very
complex calculations in the presence of an absorbing substance.

We have therefore, not tried to make use of it in the interpretation
of our experimental results. [This model has been tested by Cerda,
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Irazoqui and Cassano (1973) in the absence of an absorbing solu-
tion. |

Comparison of Models LS and LSPP with Experiment. The
comparison of our experimental results has been carried out for
radial models (LSPP model) and a two dimensional (LS model).
The comparison of these two models with the experimental profiles,
Figure 6, allows us to draw the following conclusions:

¢ The two-dimensional model is in reasonable agreement with
experiment for optical densities less than 1 for 1 cm optical path-
length, but deviates noticeably for higher optical densities.

o The radial model accounts very well for the experimental
results for optical densities which are low (less than 0.1) or high
(larger than 2). Between these two limits the correlation is no longer
satisfactory. Indeed, when the optical density increases, the con-
tribution of non radial light emissions in the profile of the light
intensity drops considerably due to a larger optical pathlength, the
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distribution of the light thus approaches that given by the radial
model.

The interposition of a chemical filter between the lamp and the
solution being irradiated, introduces significant perturbations in
the profile of distribution of the light either by partial or total ab-
sorption of the radiations emitted by the lamp or by multiplication
of the reflections on the glass walls.

The hypothesis according to which the light source obeys a law
of simple emission is no longer verified at the exit of the filter,
Figure 5. It therefore appeared to us to be interesting to establish
a new model of emission for the UV lamp and chemical filter as-
sembly from the experimental results.

On the other hand, the kinetic study of chain photoreactions, in
the case of very short radical lifetimes, requires a good knowledge
of the absorption profile of the light and of the rates of reaction
(Tournier, 1978).

In the case of a chain reaction (I,!/2 law), the calculated profiles
of the rate of reaction starting with the theoretical models LS and
LSPP, diverge perceptibly for optical densities greater than one;
for example, for an optical density of 1, the difference between the
two models reaches 30%, Figure 8.

The precision of these models therefore appears to be insufficient
for such kinetic studies, and only a realistic empirical model will
allow us to obtain a satisfactory precision.

Semiempirical Model for Emission

When the light source has a low cross section compared with the
dimensions of the photoreactor, the solid angle at which the lamp
is seen from a point of the reactor remains small all along the
lamp.

We have, therefore, adapted the hypothesis of a linear light
source in which each point emits photons in all directions of space
with the same probability. We have looked for an empirical law
for light emission by fitting our experimental results with the aid
of an empirical correction function in cos™{}) where () represents
the angle of emission with respect to the normal and (m) a constant
to be determined. The increase of the element of volume of emis-
sion is then attenuated by a more intense absorption of transverse
radiation due to the filter, and by the phenomena of reflection and
refraction at the interfaces. A value of n greater than one expresses
this attentuation f.

On using the notation of Figure 9 and the experimental results
shown in Figure 6, the approximate emissive volume seen by the
collecting sphere is:

Av ~ wer,ry

with:

o 0 20 g

Figure 8. Influence of the model for luminous emission on the profile of the
speed inside a reactor In the case of a chain reaction (u = 10).

-——: LSPP model

-+=1 LS model

- - -: our model
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ie.

1 r
Av~mrie,—
°"% cosb (r — 1,)
Observation at a large distance compared with z, allows us to lo-
calize practically all the electronically excited emissive species in
the vicinity of the axis and leads to a probability of collection de-
fined by:

4)

w2 € cos2f
Ap=—2 = o 2 5
P 47 p2 4r2 ©)

If f(6) represents the coefficient of attenuation, the number of
photons collected has a near multiplicative factor, expressed by:

T aTs
An ~ AvApf(8) = 7 %%, cost (8)

An ~ Kf(8) cosf (6)

The determination of f(f) = cos™8 is determined by the variations
of An/cosf vs. 8. The most probable value for m determined by
a parametric adjustment leads to m = 1.86.

Taking this result into account, it becomes possible to make a
semi-quantitative determination of the variations of the transmitted
intensity with the distance using the notation of Figure 9.

Contrary to the preceding treatment, under these conditions of
measurement where all the lamp emits the light (absence of mask),
¢ is no longer constant but equal to:

r
e=hp~ cos2f A9
leading to:
i’l r_" f_(QZ — 4T — To/cosb
df 1 cosf T h

where u is the product of the molar extinction coefficient and the
concentration of absorbing substance.

Thus, if I(r,p) represents the variations of the transmitted light
intensity at distance r from the axis of the lamp, we shall have:

o =/2 f(8
I(r.u) = 261’—’— -Cf—(()-s—; exp —

ulr = ro)/cost df
or

Ir.u) = 26% j;r/z cos™ 10 exp — u(r — ro)/cosf db (7)
where (3 is a constant.

This empirical model allows us to explain all the experimental
results at whatever optical density, Figures 6a and 6b, with a rea-
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Figure 9. Notation used to define our model of emission.
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sonable accuracy. The use of the correction of the emission law of
the light source which was reasonable is therefore demon-
strated.

In addition, the knowledge of I{r,u) is in fact only a function of
the product u(r — r,) = v. Another proof of the validity of the
proposed model is given in Figure 10a where we have shown the
variations of log {r/r, I{r,u)/I(r,,i)] vs. v for all the values of u used
thus demonstrating the agreement between the experimental re-
sults and the model described (Eq. 7).

The curve shown in Figure 10b which corresponds to the dis-
tribution of the frequency of the differences between the experi-
mental points and the calculated point, shows that 90% of these
experimental points lie in the interval 20, equal to an optical
density of 6.6.1072 [log r/r, I{r,u)/I{(r5.p)).

In particular, the non-linear form of the plot of log [r/7, I{r,u)/
I(r,,1)] vs. v can be interpreted qualitatively by taking into account
the smaller probability which the non radial radiations have of
reaching the collector due to a longer optical trajectory, the larger
is u(r = r,), the larger also is this effect. Under these conditions,
it results that for larger values of p that, as soon as we pass the zone
close to the filter, only the rays emitted practically radially have
the largest probability of crossing the solution. Thus, as is shown
in Figure 6, we see, for the large values of r, there is an almost linear
variation of log [r/r, I(r,u)/I{r,,p)] vs. v with a slope practically
the same as that calculated from the classical radial model.

Remarks

For the smaller values of r, corresponding to the area close to the
limiting surface of the optical filter of the annular reactor, we see
in Figure 5 that the relationship I(r,u) vs. r = r, is not in as good
agreement with the experimental results as it is for larger values
(greater experimentally than 3-4 mm + r,). This result can be
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Figure 10. a) Comparison of our results with our model by dimensionless
analysis.
b) Distribution of the frequency of the diff: bet the experl tal
points and the caiculated point.
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interpreted with the aid of the following considerations:

 Nonvalidity of the correction curve f(6) for the low values of
r — 1,. In fact, the simplifying hypotheses made in the determi-
nation of f(#) concerning Av and Ap can no longer be valid.
Moreover, under these conditions, the influence of the size of the
captor can intervene,

o The lamp has not got an infinitely small diameter with respect
tor,

o Difficulty of the location of the position of the captor

The modelization of the curve in Figure 5 would perhaps have
been better with functions other than those in cos™(f). The choice
of this last function is only justified by the wish to conserve a simple
trigonometric function showing a maximum for & = 0 and a min-
imum for 8 = n/2.

Besides, knowing the sensitivity of the method of analysis, the
few approximations which had to be made can bring about non
negligible errors:

« The optical densities of quinoline yellow at the two wave-
lengths of emission, 404.7 and 435.8 nm are not exactly the same
(<10% difference). We, therefore, had to adopt a mean optical
density, which at strong absorptions can partially modify the cal-
culated profile.

APPENDIX 1

In order to try to judge the influence of the non-filtered 366 nm
radiation, we can make the following hypotheses:

e The lamp has a small cross section compared with the di-
mensions of the photoreactor and the solid angle at which the lamp
is seen from a point on the reactor remains small all along the lamp.
We suppose that the source is reasonably linear and emits photons
in all directions of space with the same probability.

e We neglect the phenomena of reflection, refraction and po-
larization of the light.

In using the nomenclature of Figure 10, the law of variation of
the luminous flux I, which must reach the diffusing sphere, as a
function of the angle of emission 8 is written:

iI. = _k_e—v/cos0

dé 1,
where k is a constant, and » the natural optical density of the filter.
The variations of the flux I as a function of # and v are illustrated
in Figure 11. In Table 2 we have assembled the data for the rays

TRANSMISSION

1

08

06

04

021

0 = = o
/6 /3 T/2

Figure 11. Variation of the luminous fiux | as a function of the angle of emis-
sion.

Curve n° v
1 0
2 0.1
3 0.2
4 0.4
5 0.8
[} 1.8
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TABLE 2. DATA FOR THE LAYS AND FILTERS USED.

Energy  Transmission
Anm w* % Ax I, Ratio
366 81 1072 0.70 4.56 1.8110~¢ 4.010°°
4047 5851072 42 0873 1471072 1
4358 15 1071 34 1.08 3.1 1072

* Murow (1973).

TABLE 3. CORRECTIONS MADE ACCORDING TO LUMINOUS

INTENSITY.
Product Relative Transmitted Stray
ul(r —1,) Product Intensity Light
404/7Tand  pulr ~r1,) 404.7 and Correction

435.8 nm 366 nm 435.8 nm 366 nm %
0.5 0.12 2.28 1071 2.40 1073 1.16
1 0.24 6.03 1072 1.831078 3.03
1.5 0.36 1.66 102 1.86 10~3 8.14

2 0.48 4571073 0.94 1073 20.4

25 0.60 1.32 1078 0.66 103 50.7

and filters used. Taking into account the hypotheses made above,
the percentage of the incident light at 366 nm is about 3% in the
vicinity of the entrance face of the exciting light.

Table 3 assembles the corrections that must be made to the
measurement of the luminous intensity transmitted to the reactor,
in order to eliminate the effect of the stray 366 nm radiation of
mercury, calculated using the data given in Table 1 and from the
previous experimental results.
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NOTATION

8o,81 = limiting angles for total reflection as in Figure 1b

d, = source diameter, length

dy = lamp diameter, length

e = slit width in the direction 8, length

€ = slit width on the source, length

= correction factor defined in Table 1

f@ = coefficient of attenuation in the semi empirical
model

h = depth coordinate, length

i0,i1 = maximum angles of incidence as in Figure 1b

I, = light intensity at distance 7, energy/time

Iy = light intensity at distance r and at height h with respect
to the emission slit, energy/time

k = constant defined in Appendix 1

K = constant defined in Eq. 6

L = source length, length

An = number of photons collected by the diffusing sphere,
defined in Eq. 6

Ap = probability of collection of photons by the diffusing
sphere defined in Eq. 5

T = radial coordinate, length

o = inner radius of reactor, length

1 = radius of the part of the lamp observed in the direction
6 as in Figure 9, length

Av = emissive volume in Eq. 4

z = coordinate of length for reactor height, length

E = coordinate of length for the source, length

Greek letters

a = spherical coordinate
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o

= molar extinction coefficient, length—1
= radius of the diffusing sphere, length
= indice of refraction of the liquid

= indice of refraction of the fiber

= cylindrical coordinate

= wavelength of radiation, length

= absorption coefficient, length

= patural optical density of the filter

= cylindrical coordinate, length

= standard deviation defined in Figure 10b
= spherical coordinate

= solid angle

o
=4

=]

©O6 AT TE >DI I
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R & D NOTES

Process Synthesis Using Structural Parameters:

Inequality Constraints

As a result of their study on the synthesis of a small heat ex-
changer network, Shah and Westerberg (1977) have shown that
“if the structural parameters are to be used for a synthesis problem,
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and if inequality constraints are involved, the problem has to be
formulated very carefully, if indeed it can be, to make it a con-
tinuous one.” The purpose of this note is to show how structural
parameters (Umeda et al., 1972; Ichikawa and Fan, 1973) can be
used to formulate their problem in such a way as to have a con-
tinuous objective function; however, this is not to suggest that the
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