radial position

r/1o, dimensionless position
velocity

dv,/dr, velocity gradient
Newtonian viscosity

T+2, Shear stress

Y R
W

Subscripts
1, 2, 3 = regions of flow, identified in Figure 2 (used as

v, Os, Ey), or defining interfaces (as R;), or iden-
tifying a phase (as ; or K;)

0 = outer boundary, wall of cylinder die

Superscripts

t = associated with limiting case having only two re-
gions, with higher viscosity () in central core

®* = associated with limiting case having only two re-

gions, with lower viscosity (n:) in central core
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Light Distribution in Cylindrical Photoreactors

In a communication published in the AIChE Journdl,
Matsuura and Smith (1970) proposed a partially diffused-
light model in which they derived the radial distribution
of light intensities. Because of the interest in photochemi-
cal reactors during recent years and of the scarcity of
fundamental studies in photochemical reaction engineer-
ing, the paper has been cited as a reference (Markl and
Vortmeyer, 1975).

Unfortunately, it appears that their derivation is am-
biguous because of the choice of a reference intensity at
the wall I,,, depending on the way light rays are dis-
tributed within the reactor.

The purpose of the present communication is to give a
more rigorous derivation of the radial intensity distribution
in the partially diffuse light model and to point out which
results of Matsuura and Smith (MS) have to be revised.

It must first be noticed that a regrettable confusion is
prevailing about the exact meaning of the word intensity
in the photochemical literature. We recall below the more
useful definitions, conserving MS’s notations as far as pos-
sible (following their assumptions, we consider a two-
dimensional problem in a plane perpendicular to the cy-
lindrical reactor axis):

J = photometric intensity = einsteins/s/radian or W/
radian. Let d¢ be the light power received within
an angle dw; then ] = d¢/dw. In the case of an
isotropic light emission, the total power output of
the lamp is ® = 2xJ (J = intensity in the absence
of adsorption).

I = intensity at a point P within the reactor : einsteins/
s/cm? or W/em?. I is the total photon flux received
at P per unit surface area normal to the rays what-
ever the direction of the incident rays (MS).

AIChE Journal (Vol. 21,- No. 6)

MAURICE ROGER and JACQUES VILLERMAUX

Laboratoire des Sciences du Génie Chimique
C.N.R.S.-E.N.S.1.C.

1, rue Grandyille

54042 NANCY-FRANCE

I, = intensity at the wall of the reactor == einsteins/s/
cm? or W/cm?. I, is the photon flux which passes
through a fixed unit area of the reactor’s wall. It
must be noticed that I and I, do not have the
same meaning.

I, = photochemical absorbed intensity = einsteins/s/
cm? or W/cm3, I, is in fact an absorbed power per
unit volume at P (MS). As a consequence of Beer’s
law, I, = pl.

I, = intensity at the wall in MS’ text is such that in the
absence of absorption, I = 2I,, at the wall. As
will be shown below, this definition is ambiguous.

We may now pass on to the correct derivation of the
partially diffuse light model. The notations are those of
MS’ paper to which the reader is asked to refer.

According to the basic assumption of the model, the
reactor is irradiated by isotropic light beams having a
certain breadth 2R, (Ry < R;) and centered on the axis of
the reactor (see Figure 1). Assume the photometric in-
tensity J to be constant in the incident beams.

In the absence of absorption, the intensity at P per unit
length of reactor would be, in the direction (¢, ¢ + dé)

dl = ]d¢/232 (1)

The denominator takes into account the fact that the
power is displayed into a beam of section 2R,.

We may now follow MS’s treatment. Owing to absorp-
tion according to Beer’s law, the intensity at P is in fact

Jdé
= —ux —uz” 9
dl oR, (e + e—#") (2)
where
%’ = — r cos¢ + (R — r2 sin%p) %= (3)
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oP=r
AP =x
Fig. 1 BP=x~ Fig. 2
x” = r cos¢ + (R? — 12 sin%¢)*% (4)
The total intensity is obtained by integration over all
directions:

1=2 f (et em)dp Be=r=R, (3)
—?R—z- _ole + e d$¢ Ry=r=R,

] w2
I= 2—32 s (e + e #")dp 0=r=R, (6)

It should be reminded that
Ry, = r sind = R; sind (7)

The wall intensity I, can be expressed as a function of
J. Let ¢ be the angle between the incident ray and the
normal to the wall surface. According to the definition of
I,

% ] cosy J sinéy ]
I, = dy = =— 8
f_al 2R, v Ry R, ( )
Therefore, J/R; in Equations (5) and (6) may be re-
placed by I,/sin6;.

Another derivation may be obtained as follows. As a
consequence of light isotropy, the wall is seen from the
inside of the reactor as emitting according to the familiar
cosine law. Such a property is encountered in the kinetic
theory of gases. In a direction ¢ (see Figure 2), an ele-
ment of wall surface dS emits a flux:

J cosy dy
2R,

where L = ]J/2R, is the luminance of the wall. Equation
(9) means that the wall behaves as a surface emitting ac-
cording to Lambert’s law with a constant luminance L,
except the fact that ¢ should be comprised between —#6;
and +6;. The contribution of this flux to the intensity at
Pis

dS = L cosy &y dS (9)

L cosy dy dS .
2dy

Taking into account the equivalence x’d¢ = dS cosy, we
get

dl = " (10)

dl =L e~ d¢ (11)
Adding the contribution of the opposite flux, we obtain
dl = L [e=" + e~"] d¢ (12)

which is exactly the same expression as (2). Instead of
(2), MS write
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0\ d¢
dl =1 (—) — (g™  g—w”
WA 01 20 ( + )
The confusion in MS’s treatment comes out from their
definition of I, which is such that

_ - 2]y
2Ipp = [Ipd]‘;gl: R

I, so defined is thus found to depend on Rj. The use of
I, as a reference in the formulas alters the actual depen-
dence of I upon R; as this parameter is varied. Instead, I,
= J/R; should be preferred because it remains constant as
R, is varied, the output power of the lamp (2x]) and the
reactor radius (R,) being kept constant. For instance, MS
obtain

[T)\.u=o]rad =4 Iw,)» (15 MS)
[Dhw=ola = 21un (16 MS)

and they conclude that “for the same average intensity, the
intensity at the wall has to be twice as large for diffuse
light as for radial light.” This conclusion is misleading. In
fact, we find

[Tx,u=o]rad =41

[—Ih,u=o]d =nl

[see (21) below]
[see (22) below]

which proves that the photon flux at the reactor’s wall has
to be 4/x times that for diffuse light (and not twice as
could be inferred from MS’s expression).

The photon flux density across the wall I, thus appears
to be a more fundamental reference than I, the latter
depending on the light distribution pattern within the re-
actor.

In other words, we suggest that I, be used rather than
I, in the formulas. This can be easily achieved by substi-
tuting I, for I, in MS’s results provided 6, is replaced by
sin §;. The expressions for the radial model are identical
owing to the fortunate property that 6; — sin 8, as 6; — o.
Conversely, the discrepancy is maximum for the diffuse
model (Ry; — R;), where 8, — #/2, whereas sin §; — 1.
A factor 2 should be substituted for = in the corresponding
MS expressions: (9 MS) and (13 MS).

For more clarity, we summarize below the relationships
we suggest instead of MS ones.

Partially diffuse light model:

Ig = L fa (e=#* 4 ¢=42") dg (13)
P D sin 6, Y0 ¢

8 = Arc sin(Rq/r) R, =r=R,
(14)
w
§=— r=R
5 2
Radial model:
R
Traa =Io —— [e~#R1=1) 4 g—w(R1+n] (15)
r
Diffuse light model:
Io T/2 .
Iy = 5 J e (em# 4 e~+") d¢ (16)
Special case of no light absorption:
21, 6
Ipd = - (17)
sin 6y

[same definition for § as in (14)]
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R
Irag = 210‘71' (18)

Iqs = =l, (19)

Average light intensities over the whole reactor diameter
(p=0):

—_ 21, [ Ry 72 Ry? ]
I4 = ————— 02 rd 20
P4 TR sin 0, Le At (20)
Trad =41, (21)
Td ==l (22)

In conclusion, the following correction is to be applied
in order to substitute I, for I, in the expressions of I or Ig:

I 4 Rl RZ
= — Arc sin — (23)
I w,A RZ B'1

This factor varies from 1 for the radial case to 1.57 for
the diffuse case.

What are the consequences of this correction upon MS’s
conclusions concerning intensity calculations by actinome-
try and rate constants?

The correction factors

f_ [‘Q)‘]chorr
T [9)pa

remain unchanged because the 6, factor cancels out in the
ratio.

Let I%, 1o be defined similarly to I, as the total photon
flux density across the reactor’s wall, whereas Iy, o is re-
lated to I, as in MS’s paper.

Then, the function g(r) in Equation (24 MS) has to be
corrected according to (23):

I, tot F)

Ry
e Ca% (da) rer 7 ij; g(r) 2ardr
Ty tot

(24 MS)

r=

The calculated ratio Iy, sot/7 is thus modified. 7, being an
experimental quantity, Iy, 1ot/ 7 has to be corrected by a fac-
tor which is the reciprocal of (23), namely Ry/R; Arcsin
(Rs/R;). By applying this correction to the data of Figure
4 MS, it is found that Ib,tot/; exhibits only a slight varia-
tion as a function of R, and remains almost constant in the
range 1.78 to 1.91 einstein X cm/g mole.

At last, the conclusions of MS relative to the effect of
light distribution on reaction rate constants (Table 1 MS)
remain true thanks to a fortunate compensation effect: the
denominator of Equation (25 MS) is the product of two
factors to which reciprocal corrections have to be applied.

In conclusion, it must be emphasized that the maximum
divergence between the two formulations occurs for the
diffuse light model (namely a factor 1.57), which is likely
to be frequently encountered in practice.

Such confusions in the treatment of photoreactor models
should be avoided by a careful utilization of photometry
concepts and/or by using the analogy between fluxes of
photons and fluxes of molecules for which the kinetic the-
ory of gases yields elaborated results.

NOTATIONS

Those of Matsuura and Smith except for J, I, ¢ and ¢
which have been defined in the text.
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Reply to the Note of Roger and Villermaux

We cannot agree with the statement of Roger and Vil-
lermaux that the derivation of our partially diffuse-light
model (Matsuura and Smith, 1970) is ambiguous. Their
entire discussion is based on their definition of I, which
is different from ours.

Let us denote for convenience I,,,, defined by Roger and
Villermaux as L, RV, and that defined by us as I, \MS.

The definition of I,,MS is very clear in our paper. The
intensity at point A is 21,,\MS if there is no light absorption
in the reactor, as stated in the ninth line, second column of
page 321.

This is also shown by Equation (MS10). At point A,
r = Ry and 6 = 8y, therefore

[Ir(R1) Jpa = 21,0 M8

According to the corresponding equation of R and V,
(17), this becomes

2L, 2\RY 6,

[ (BRy) Jpa = -
sin 01
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Since the intensity at point A is the same for both

[-ﬁl— Arcsin ﬁ- ]
R R

2 1

sin 6,
RV = [, \MS

Ly - Iw,)»MS /

N

This difference in the definition of 7, applies through-
out the whole paper. The so-called correction of Ims by
equation (RV23) is simply a reflection of the ratio of
I\ M5 to L, zRY. It is meaningless because intensity I does
not change through a change in definition of L.

Since the meaning of I, et is the same as that of I,
except that Ip, ot is the summation for all wavelengths and
without filter solution, it is quite natural that Ip ;o™S/7 has
to be divided by <& arcsin —R—z) in order to obtain

R R,
I b,totRV/ 7.

The intensity distribution in the reactor remains un-
changed by the difference in the definition of I, There-
fore, our correction factor f and reaction rate constant k
have intrinsically correct values.
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