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Abstract—We have computed steady axisymmetric temperature distributions in a tubular photoreactor in
which fluid in laminar flow absorbs light from an azimuthally uniform, radially incident light source. In
addition to the primary on-axis temperature maximum, a second hot spot forms off the centerline as the
optical density y increases. This results from a shift of light absorption toward the wall, which is held at a
fixed temperature (e.g. by forced convection cooling on the outside). At still larger y the centerline hot
spot disappears, leading to a decrease in the maximum temperature and accompanied by an increase in
the temperature near the wall. There is a critical value of y, depending on the Peclet number Pe, below
which the hot spot is located on the centerline and above which a second hot spot forms and moves off
the centerline. The reduction in maximum centerline temperature may be advantageous for product
selectivity and yield in the central core of the reactor, but may be disadvantageous with respect to the
formation of light-absorbing deposits on the interior of the tube wall. Axial heat conduction has significant
effects for Pe < 50, including displacement of the hot spot upstream from the exit plane of the illuminated
section, as well as an increase in the maximum temperature.
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1. INTRODUCTION

A NUMBER of chemical processes are conducted in
fluid-phase photochemical reactors. These include
small-scale batch syntheses of pharmaceuticals and
fine chemicals (e.g. vitamins A and D,), the 145000
ton/year manufacture of the nylon-6 and nylon-12
monomers caprolactam and lauryl lactam, and the
disinfection of wastewater [1-7].

A critical feature of any photochemical reaction is
the inherent nonhomogeneity of the reaction rate (cf.
[81), due to attenuation of light by absorption as it
passes through the reactor. Since heat generation in a
photochemical reactor, whether due to nonradiative
processes following photon absorption or exothermic
reactions following the primary process, is a conse-
quence of light absorption, the temperature dis-
tributions in such reactors are also inherently non-
uniform [9].

In many photochemical systems, undesired thermal
reactions compete with the photochemical reaction(s)
of interest, resulting in reduced product yield and
selectivity along with increased byproduct formation
[10 (p. 582), 11-14]. The temperature dependence
of the rates of the thermal reactions is typically of the
Arrhenius form

Rate ~ exp(—E,/RT) m

so that good temperature control is essential if the
rates of side reactions having significant activation
energies are to be minimized {3, 10 (p. 649), 11, 15].
Examples include many photochlorination reactions,
in which the competing thermal and photochemical
mechanisms lead to different product distributions
[16].

No less important an objective of thermal control in
liquid- and gas-phase photoreactors is to minimize for-
mation of wall deposits, which usually reduce light inten-
sity in the reactor [3, 17-22]. These deposits arise from
chemisorption, condensation, or adsorption of free
radicals or other reactive intermediates produced in the
primary photochemical event following light absorp-
tion, or of nonvolatile products. Condensation/
evaporation and adsorption/desorption rates are
usually sensitive to the temperature at and near the
wall, as are the rates of secondary decomposition
reactions which wall deposits may undergo. Wall
deposit formation has been a problem in at least one
commercialized photochemical reaction, having
been reported in the process development program
leading to large-scale photochlorination of cyclohex-
ane to cyclohexanone oxime [3, 21], a key step in the
synthesis of the nylon-6 monomer, caprolactam.

Thus, the determination of temperature distri-
butions, maximum temperatures, and hot spot
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NOMENCLATURE
a average energy degraded to heat per T temperature
photon absorbed T; temperature of region i
A,, B,, C, expansion coefficients in T, temperature of tube wall

equations (6a—)
specific heat
C, concentration of photosensitizer 4

E, activation energy

H,(§) eigenfunction of equations (8a—)

I, incoming light intensity at tube wall
r=r,

J, integral defined in equation (9)
k thermal conductivity

L length of illuminated region
Pe Peclet number, Uqrqpc,/k

QO(r) internal heating rate due to light
absorption

r radial coordinate

R universal gas constant

ro tube radius

Uy,  centerline fluid velocity
z axial coordinate.

Greek symbols

optical density, uC,r,

Kronecker delta

molar extinction coefficient
dimensionless axial coordinate, z/(r,Pe)
dimensionless temperature in region i
fully developed dimensionless
temperature distribution

eigenvalue of equations (8a—)

eln 10

dimensionless radial coordinate, r/r,
fluid density

aspect ratio of illuminated region 2, L/r,.
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locations is of considerable importance in the design,
optimization, and operation of photochemical reac-
tors. Despite a general recognition of the importance
of thermal control in photochemical reactors [3, 10
(pp. 582, 649), 11, 23, 24}, including the possibility
of overheating, ignition, and explosion [3, 16, 25],
very little is known about temperature distributions
in photochemical systems.

With the exception of our earlier brief report [26],
previous work on heat transfer in photochemical reac-
tors has focused on the causes and prevention of natu-
ral convection in unmixed batch reactors [9, 2740]
of interest to physical chemists, rather than on the
prediction of temperature distributions in continuous
flow reactors of engineering interest. There is also a
large literature concerned with the experimental and
theoretical determination of light intensity dis-
tributions in photoreactors (cf. refs. [14, 41)).

In this work, we consider heat transfer in laminar
flow tubular photoreactors, which have been a popu-
lar choice for laboratory studies of kinetics and scale-
up [18-20, 42-49], and have also been proposed for
large-scale use in production of fuels and other
materials in solar photochemical systems [23, 24]. The
present work concentrates on temperature distri-
butions, hot spot locations, and maximum tem-
peratures, with particular emphasis on the influence
of the optical density of the absorbing fluid.

2. MODEL AND GOVERNING EQUATIONS

We consider photochemical reactions in which light
is absorbed by a sensitizer. Two factors motivate the
choice of photosensitized reactions in this work. First,
these reactions have been studied in the photo-

chemical engineering literature (cf. refs. [49-51]) and are
of interest in connection with photopolymerizations
and other industrially important processes [S1, 52].
Second, the assumptions that only the sensitizer
absorbs radiation (i.e. that the reactant(s) and pro-
duct(s) do not absorb) and that the photosensitizer is
not consumed ensure that the energy balance can be
decoupled from the species balances. Thus, this rela-
tively simple model allows for detailed analysis of and
insight into the basic heat transfer processes in the
reactor. More complicated models, incorporating
state-of-the-art treatments of the radiation field [14]
coupled to the mass balances appropriate to the kin-
etics of nonsensitized (direct) photochemical
reactions, would yield a set of nonlinear three-dimen-
sional partial integro—differential equations, solution
of which would require a fully numerical treatment
that would not allow for the detailed exploration of
reactor thermal behavior possible with our simpler
model.

Specifically, we consider steady Poiseuille flow of a
Newtonian fluid containing a photosensitizer 4 at
concentration C, in a long optically transparent cir-
cular tube of radius r,. The fluid enters an illuminated
section of length L (region 2 in Fig. 1) where A absorbs
radially incident light. The molar extinction coefficient
& of A (which absorbs radiation but is not destroyed
by photochemical or thermal processes) is taken as
a constant for all wavelengths absorbed. (We can
equivalently assume that only one wavelength is
absorbed.) We also assume that the reactant(s) and
product(s) of the photosensitized reaction do not
absorb at the wavelength(s) of interest. Finally, we
assume that the density, viscosity, thermal conduc-
tivity, and specific heat of the fluid, as well as the
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FIG. 1. Geometry of the laminar flow tubular photochemical reactor.

molar extinction coefficient of A4, are independent of
temperature and composition. With these assump-
tions, the steady energy equation is

o (1PN frafen], o
PepHo r2)az = " |ror "or z?

+6,0(r) (2)

where T; is the temperature in region i, Q(r) =
auC (I(r) is the rate at which absorbed energy is con-
verted to heat,

21
Ir) = ._.:Ee"“CA’D cosh (uC,r) €)

is the light intensity within the reactor, « is the average
energy ultimately degraded to heat per photon
absorbed, 4 =¢ In 10, and [ is the light intensity
(power/area) entering the illuminated region. The
Kronecker delta in (2) arises because heating is con-
fined to region 2. In (2), we have neglected viscous
dissipation heating ; we have retained the axial con-
duction term due to its importance in some of the
previous experimental work, as described in Sections
4 and 5. The thermochemical interpretation of a in
terms of radiative and nonradiative molecular energy
transfer processes (e.g. collisional deactivation and
internal conversion) and exothermic reactions has
been discussed by Pearlstein [9].

The radial incidence model (3) is a simple approxi-
mation to the light intensity distribution in real photo-
reactors [14] and has been used in a number of
studies of the effects of convective and diffusive mixing
in tubular reactors [42, 44-47], where its qualitative
validity is now well established [14]. This model of the
light intensity distribution serves as a good starting
point for the analysis of heat transfer in photo-
chemical reactors.

We take the boundary condition at the tube wall to
be one of fixed temperature

T(re,2) =Ty, —00<z<® 4)

corresponding, for instance, to a thin tube wall and
very good forced convection cooling (or heating) of
the outer surface of the tube. An example of the
approximate realization of this boundary condition is
found in the work of Matsuura et al. [20], in which

heated air was passed through an annular quartz
jacket surrounding the tubular photoreactor.

The assumption of laminar flow is consistent with
the experimental work of Matsuura et al. [20] in which
the photolysis of acetone was studied in a circular
tube photoreactor with a Reynolds number (based on
tube diameter, average velocity, and an estimate of
the He-acetone viscosity according to standard
methods [53 (p. 24)] of 3.1, as well as with the exper-
imental work of Dolan ef al. [43] in which a large part
of an extensive study of the photodecomposition of
hexachloroplatinic acid in a circular tube photo-
reactor was conducted under laminar flow con-
ditions. Consideration of a tube of infinite length is
not a serious restriction in light of the Peclet num-
bers and aspect ratios used in the previous exper-
imental work (see Section 4.2).

3. ANALYSIS

Introducing the nondimensionalization

r=_E%ry z=nroPe y=puCyry

2al,yr,

Pe = Ugropcplk T, =To+ 2

0,

(2)~(4) become

13 (8
”‘“%’cac(éac>+

1 8%,
Pe? 0n?

ye~"cosh (y£)

+0d;2 z (52)

6,(1,n) =0 (5b)

i P06 _ L 00,En) o o
=0 0f e 0N

where i = 1, 2, and 3. We require the temperature to
be bounded everywhere.

We represent the solution of (5a—) by eigen-
function expansions in regions 1-3, supplemented by
the fully developed solution in region 2:

0,En) = T AHEEN n<0  (6a)

n=—w
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0Em = T BH,EM+04(E) 0<n<p

n=—uw P
(6b)
0.(6m = T CH@OM po<n (69

Here, o is the aspect ratio of the illuminated region
and
" sinh (px)
0ra(®) = ¢ f ——dx )
: )

is the fully developed solution of 5(a, b) in region 2,
which will be approached for sufficiently large o.
The eigenfunctions H,(£) and eigenvalues 4, satisfy

ddTH +s %’Z— +4, [If;z —(1—52)]11"(5) —0
(82)
H,(0) bounded (8b)
H,(1) =0. (8¢)

For sufficiently large Pe the axial conduction term in
(5a) and (8a) can be dropped, and (8a—c) reduce to a
Sturm-Liouville problem. For smaller Pe (e.g. about
2.5 in the experimental work of Matsuura et al. [20],
based on the tube diameter, average velocity, and
estimates of the He-acetone thermophysical prop-
erties according to standard methods [53 (pp. 24,
258)], the axial conduction term must be retained,
and so the eigenvalue problem (8a—c) is no longer of
Sturm-Liouville type.

However, it is well known from previous work on
forced convection problems with no internal heating
that (8a—c) admit both positive (denoted by n < —1)
and negative (n > 1) eigenvalues [54], which are real
[55]. The corresponding eigenfunctions are complete
[56] and orthogonal with respect to a properly chosen
inner product [55]. The expansion coefficients can be
determined by matching temperatures and heat fluxes
at n =0 (regions 1 and 2) and at n = g/Pe (regions
2 and 3), where ¢ = Ljr, is the aspect ratio of the
illuminated region. There are several methods [55-58]
for actually computing the expansion coefficients, of
which we have used that of Smith et /. {57]. The final
formulae are

4, = (1—e~4eP) ),

_e—A"u/PeJ” n S _1
Bn = 0 n=0
—-J, nz1l

C,, = (eA”a/Pe_ l)Jn

where
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L H,(O[Pe*(1-&%) = 4,100 (£)¢ dE
J" =

, ©
L HAO)[Pe (1~ &) —24,]E d¢

To compute the integrals in (9), it has been necess-
ary to recompute the eigenvalues A, and eigen-
functions H,(&) of (8a—). Comparison to previous
calculations at various Pe provided a check on our
results, obtained by a shooting procedure employing
a fourth-order Runge-Kutta method and a quasi-
Newton iteration for the eigenvalues. The integrals in
(9) were computed by Simpson’s rule.

In practice, we truncate (6a—c) at a finite number
of terms. Thus, we use

&) = T AH,(@)ew

n=—N

n<0

N
0.6m = 3 BH,QM 0O 0<n<o
n=-N
0,6 = T CH, e 2o <M

with 5 < N < 11, according to the values of Pe, y, and
g, in order to obtain results accurate to about 1%.

4. RESULTS

4.1. Fully developed case

For very long irradiated zones (large o), the radial
temperature distribution approaches a z-independent
profile far downstream from the inlet to region 2. This
profile is given by 64(£) and is shown in Fig. 2 for
several values of the optical density y.

For small y, it is easily seen from (7) that, to second
order in y, @ approaches (y—y*)(1—¢) asy -0, an
asymptotic behavior clearly displayed in Fig. 2. This
almost linear dependence on ¢ reflects the fact that at
small y there is very little attenuation of incident light ;
consequently, 1/& geometric focusing produces, in the
limit y — 0, a situation wherein the light absorption
rate per unit volume in an annular region between ¢
and £+ A¢ is independent of £. This leads to a nonzero
value of df,/d¢ at & = 0 and accounts for our speci-
fication of (8b) rather than the more familiar
dH,(0)/d¢ = 0.

For larger y, an increasingly large fraction of the
light absorption occurs near the wall. This leads to,
in the limit of large y, very little transmission to the
interior, and hence little opportunity for geometric
focusing effects to be manifested in the temperature
distribution. This is reflected in a progressive
reduction of df,/d¢ along the centerline as vy
increases.

Figure 3 shows the centerline (maximum) value of
0:4 as a function of y. We observe that a maximum
occurs for y = 1.15; for smaller y, 0.4(0) decreases due
to reduced light absorption, while for larger y, 0:4(0)
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Fi1G. 2. Fully developed radial temperature profiles for various values of the optical density ».

decreases due to increased absorption near the per-
fectly conducting (cold) wall at £ = 1.

4.2. Irradiated zone of finite length

We begin with a discussion of the temperature dis-
tributions for ¢ = 1. This corresponds to a shorter
illuminated region than that used in most of the pre-
vious experimental work [18-20, 43, 45, 48], but pro-
vides a useful illustration of the temperature dis-

0.4

tribution in an illuminated section of relatively small
aspect ratio. Moreover, as discussed in Section S, ther-
mal considerations will frequently argue for using a
number of short illuminated regions separated by
dark zones, rather than a single longer illuminated
region.

For a small value (1.0) of Pe, Fig. 4(a) shows
that the maximum temperature 0,,, occurs on the
centerline, close to the center of the illuminated region

03

0.2

Q.

00

00l Ql

Fi1G. 3. Dimensionless centerline temperature of the fully developed profile as a function of y.
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FIG. 4. Isotherms and hot spot temperatures 6,, in the illumi-

nated section (0 <y < 1) for Pe=1, ¢ =1, and various

optical densities: (a) y = 0.1, 8,, = 0.068, A8 = 0.003; (b)

y=10, B, =0.291, A0 =0.02; (c) y=5.0. 8, = 0.088,

A8 =0.005; (d) y=6.5, Oy(centerline) = 0.0595, 0,,(n =

0.57, ¢ = 0.50) = 0.0601, A = 0.005; () y = 8.0, 0,,, = 0.0494,
A0 = 0.004; (f) y = 10.0, 6,, = 0.0405, A9 = 0.003.

for small y (0.1). In Fig. 4(a), we see that the profile
is an approximately linear function of £ in the center
of region 2. (Note that, by definition, the temperature
at the wall is 6 =0. The temperature difference
between isotherms, A8, is given separately for each
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figure.) This is not surprising, in light of the almost
linear dependence of 84(£) on £ as y — 0, as discussed
earlier. However, because of the relatively small value
of o (length/radius), the radial temperature profile
does not approach 0;4(£) anywhere in the tube. This
accounts for the fact that the maximum temperature
(on the centerline) is only about 0.068, rather than
the fully developed value of 0.090. The approximate
symmetry of the profile (about the plane n = 0.5) is
due to the pronounced effect of axial conduction at
this low value of Pe.

For Pe=1 and o =1, Figs. 4(b) and (¢) show
that, as the optical density y increases, the hot spot
temperature initially increases (from 0.068 for y = 0.1
to 0.29 for y = 1.0) and then decreases (to 0.088 for
y = 5.0). This is due to the fact that, as y increases, an
increasing fraction of the absorbed light is absorbed
close to the wall, to which heat is easily lost.

Figure 4(d) shows that, as y increases to 6.5, a
second hot spot forms away from the centerline. For
still larger optical densities, Figs. 4(¢) and (f) show that
the centerline hot spot disappears and that the off-
axis hot spot moves closer to the wall. This is
accompanied by a continued reduction of the hot spot
temperature (to 0.040 at y = 10.0) as it moves closer
to the cold (0 = 0) wall. The approximate axial sym-
metry is due to the low value of Pe, and thus persists
as y increases.

For Pe = 10, Figs. 5(a)-(f) show a sequence of
isotherms as 7y is increased. For small y (Fig. 5(a))
the temperature in the central portion of region 2 is
an approximately linear function of radius (equally
spaced isotherms), although the maximum centerline
temperature (0.050) is still considerably below the
fully developed value 0.4(0) =7y = 0.1, due to the
shortness of section 2. We observe that for Pe = 10,
there is much less axial symmetry (about
n = a/(2Pe) = 0.05) than in the Pe = | case, and the
hot spot has shifted toward the downstream end of
section 2. These effects are due to the reduced import-
ance of axial conduction relative to convection.

As vy increases (Figs. 5(b) and (c)). a second hot spot
forms away from the centerline. We note that this
occurs via pinching and closure of isotherms, rather
than via movement of the centerline hot spot away
from the centerline. For y = 4.5, we have 6 = 0.063 at
the centerline hot spot, and § = 0.059 at the new one
(near n=10.09, £ =0.5). As y increases, the tem-
peratures of the two hot spots approach until at
y = 4.9 (Fig..5(d)) the two hot spots have nearly the
same temperature. For still larger p, the maximum
temperature occurs at the off-centerline hot spot (Fig.
5(e)). For sufficiently large y (Fig. 5(f)), there is only
one hot spot, which is off the centerline. In accordance
with the previous discussion, the temperature at the
off-centerline hot spot decreases as y increases.

For Pe = 30, Figs. 6(a)—(d) show a similar sequence
of isotherms and hot spot displacement as y increases.
This is close to the Pe above which axial conduction
effects are likely to be unimportant except in a small
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FIG. 5. Isotherms and hot spot temperatures 6, in the illumi-
nated section (0 < 1 < 0.1) for Pe = 10, ¢ = 1, and various
optical densities: (a) y = 0.1, 6,, = 0.0497, Af = 0.003; (b)
y = 4.0, 6, = 0.0766, Ag =0.005; (c) y = 4.5, By (center-
line) = 0.0630, 6,,(n = 0.090, ¢ =0.48) =0.0586, A6 =
0.003; (d) y=49, O(centerline) =0.0553, 6y(n=
0.088, & = 0.55) = 0.0549, A@ = 0.003; (&) y = 5.0, O (center-
line) = 0.0531, 6,,(n = 0.087, &=10.57) =0.0540, A0 =
0.004; (f) y = 10.0, 6,, = 0.0336, A8 = 0.003.

region very close to the entrance [58]. In this regard we
note that although entrance effects are still important
(due to a relatively small o), the isotherms near the
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FIG. 6. Isotherms and hot spot temperatures 8, in the illumi-

nated section (0 < n < 0.0333) for Pe = 30, 0 = 1, and vari-

ous optical densities: (a) y = 0.1, 6, = 0.0299, A0 = 0.002;

(b) y=28, Oylcenterline) = 0.0618, O,,(y = 0.033,

& =0.56) = 0.0385, A0 =10.003; (c) y=4.0, O(center-

line) = 0.0304, 6,,(n = 0.032, &=0.70) =0.0368, Af=
0.003; (d) y = 10.0, 6,,, = 0.0273, A§ = 0.002.

exit of region 2 are relatively free of any influence of
axial conduction. This reduced importance of axial
conduction is further reflected in the fact that, as Pe
increases, the hot spot moves closer to the down-
stream exit of the illuminated region.

A result having a less obvious explanation is that
the maximum temperature (i.e. at the hot spot)
decreases as Pe increases (compare the Pe = 10 and
30 results of Figs. 5(a) and 6(a) for y = 0.1, Figs.
5(b) and 6(c) for y = 4.0, and Figs. 5(f) and 6(d) for
y = 10.0). This is because, as shown previously {59],
the thermal entry length increases with increasing Pe.
Thus, for a tube having the relatively short aspect
ratio ¢ = Lfr, = 1, the temperature field is con-
siderably less fully developed at the exit plane for
Pe = 30 than for Pe = 10. Thus, 8 at (or near) the
exit plane should lie further below the fully developed
value, consistent with the results. We will return to
this point in connection with the ¢ = 10 results.

Figures 7(a)-(c) and 8(a)-(d) show isotherms for



)

o

F1G. 7. Isotherms and hot spot temperatures 8, in the illumi-

nated section (0 < n < 1) for Pe = 10, ¢ = 10, and various

optical densities: (a) y = 2.0, 6, =0.338, AG =0.02; (b)

y=5.0, 0, = 0.135, A0 = 0.01; (c) y = 10.0, B, = 0.0564,
Af = 0.005.

o = 10. This aspect ratio is the same as that of the
reactor used in the experiments of Cassano and Smith
[45] and is similar to the aspect ratios (3.81 and 11.43)
of the reactors employed by Dolan et al. [43], as well
as the 0 = 20 reactor of Matsuura et al. [20]. Figures
7(a)—(c) present results for ¢ = 10 and Pe = 10. The
tubular reactor is illuminated for 0 < n < 1. We first
note that, in contrast to the ¢ = 1 results described
earlier, the temperature distribution has become rela-
tively fully developed in the central part
(0.4 < n < 0.9) of the illuminated region upstream of
the exit at y = g/Pe = 1. For the range of y studied
(0.6-20), there is a single hot spot on the centerline.
The effects of low Pe are manifested in the approxi-
mate symmetry of the isotherms about the center
(n = 0.5) of the illuminated part of the tube, and in
the location of the hot spot distinctly upstream of the
exit plane, due to significant downstream conduction
near 5 = 1.

For Pe =30, Figs. 8(a)-(d) show an isotherm
sequence as y increases. The primary effect of increas-
ing Pe is to reduce the importance of downstream
axial conduction in the vicinity of the exit plane at
1 = o/Pe = 0.333. Thus, the temperature distribution
has considerably less upstream/downstream sym-
metry than for Pe = 10, and the centerline hot spots
are much closer to the exit plane. We also note (com-
pare Figs. 7(a) and 8(b) for y = 2.0, Figs. 7(b) and
8(c) for y = 5.0, and Figs. 7(c) and 8(d) for y = 10.0)
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Fi1G. 8. Isotherms and hot spot temperatures 6, in the illumi-

nated section (0 < 5 < 0.333) for Pe = 30, o = 10, and vari-

ous optical densities: (a) y = 0.1, 6,, = 0.0829, A8 = 0.01;

(b) y = 2.0, 6, = 0.307, A@ = 0.02; (c) y = 5.0, 6, = 0.120

A8 =0.01; (d) y=10.0, 6 (centerline) = 0.0497,
0,,(n = 0.32, £ = 0.44) = 0.0508, A8 = 0.005.

that the maximum temperatures are somewhat lower
in the higher Pe case, as was earlier observed and
discussed for the lower aspect ratio (¢ = 1) tube. Fin-
ally, we note that the difference between the maximum
temperatures for Pe = 10 and Pe = 30 is considerably
smaller for & = 10 than for the shorter tube (¢ = 1)
case. This is because the temperature distribution is
considerably more fully developed for ¢ = 10, so that
the localized effect of axial conduction in the vicinity
of the exit plane is relatively more important for the
higher ¢ case than for small ¢, for which axial con-
duction was important everywhere in the flow.

The above points can be conveniently summarized
in Table 1, where we show the maximum temperatures
for several combinations of Pe and y with ¢ = 1, 10,
and oo (fully developed). The results clearly illustrate
that the ¢ = 10 case is nearly fully developed for
Pe = 10, is somewhat less fully developed for Pe = 30
(consistent with increasing thermal entry length as Pe
increases), and that for ¢ = 1, the trend is similar,
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Table 1. Maximum dimensionless temperature, §

o=
Pe Y og=1 o=10 (fully developed)
10 5.0 0.0531 0.135 0.1354
(0.0540)t
10.0 0.0336 0.0564 0.0566
30 0.1 0.0299 0.0829 0.0905
2.0 0.0949 0.307 0.3385
10.0 0.0273 0.0497 0.0566
(0.0508)F

T Quantities shown in parentheses are at off-centerline hot
spots.

except that the temperature distribution is much less
fully developed for both Pe = 10 and 30.

5. DISCUSSION

Our results show that for sufficiently small y, the
maximum temperature in a laminar flow tubular
photoreactor occurs on the centerline. For sufficiently
large optical densities, the maximum temperature
occurs at a hot spot away from the centerline. For
intermediate values of the optical density, there may
be two local hot spots. The results thus show that the
off-centerline hot spot develops independently of that
on the centerline and does not result from movement
of the centerline hot spot.

The results also show, as might be expected, that
for 6 =1, the temperature distribution does not
approach a fully developed profile anywhere in region
2 for any Pe and y examined. This may be significant
in minimizing the maximum temperature in the reac-
tor, an objective that will usually be desirable for
the reasons discussed in Section 1. Thus, in a given
situation, it may be desirable to divide the reactor into
a number, say M, of illuminated regions separated by
M —1 unilluminated interstage cooling sections. If the
lengths of the irradiated and unirradiated regions are
properly chosen, the fluid will have sufficient residence
time between illuminated zones to lose its excess heat
to the tube wall, thus resulting in a lower maximum
temperature than would be possible with a single
irradiated zone of equivalent length.

Upstream displacement of the hot spot(s) from the
exit plane of the illuminated zone (Section 2) is, as
might be expected, more pronounced at lower Pe, for
which axial conduction is more important. We also
note for both small y (Figs. 4(a), 5(a) and 6(a) for
y =0.1) and large y (Figs. 4(b), 5(f), and 6(d) for

= 10.0), the maximum temperature is a decreasing
function of Pe. This is because our (standard) non-
dimensionalization gives 7., = ¢/Pe, so that as Pe
increases, the dimensionless length of region 2
decreases, resulting in a radial temperature profile that
is less fully developed as Pe increases. For the Pe
shown, this effect is more important than axial con-
duction, which tends to reduce the maximum tem-
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perature in addition to displacing the hot spot
upstream from the exit.

Deciding whether centerline or off-centerline hot
spots are more deleterious in a given situation will
typically depend on several factors. If thermal
decomposition of the reactant(s) or sensitizer is
important, then thermal control everywhere is impor-
tant, owing to the nature of the mass flow rate dis-
tribution for a parabolic velocity profile. If, however,
thermal decomposition of the desired product is to be
avoided, then the maximum temperature near the tube
wall will be especially important for high optical
density, in which case light absorption (and product
formation) is concentrated close to the tube wall.
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