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The radiation absorption profiles on the surfaces of TiO films in a corrugated-plate2
photocatalytic reactor were modeled based on first principles. A new term, the local-

( )area-specific rate of energy absorption LASREA , was adopted to describe the catalyst
surface radiation in heterogeneous photoreactors. The LASREA and the energy absorp-
tion efficiency were both quite sensiti®e to the dimensions of the corrugated plates. Due
to the multiple photon reflections between the opposing surfaces, corrugated plates pos-
sess a superior capability for recapturing longer wa®elength photons that would other-
wise be reflected out of some reactor designs. This results in higher energy absorption
efficiency and more uniform LASREA on the catalyst films. Compared to a flat plate,
corrugations are predicted to enhance the energy absorption efficiency by up to 50% for
UV-A fluorescent-lamp-powered systems and more than 100% for solar-powered sys-
tems.

Introduction

As a potential water-treatment technology, photocatalysis
has been extensively studied during the last two decades. In
this process an oxide semiconductor, usually TiO , is pho-2
toexcited upon absorbing photons with appropriate energy
levels. The photoexcited semiconductor produces electrons

Ž .and holes that is, electron vacancies that can migrate to the
solid surface and initiate a series of oxidation and reduction
reactions that can simultaneously oxidize toxic organic water

Ž . Žpollutants Matthews, 1987 , kill microorganisms Belhacova
.et al., 1999 , andror reduce the valence of dissolved metal

Ž .ions Aguado et al., 1991 . Photocatalysis has been explored
Ž .for potential use in soil remediation Holden et al., 1993 ,

Ž .drinking-water purification Lawton et al., 1999 , industrial
Ž . Žwater Lin and Rajeshwar, 1997 and groundwater Mehos

.and Turchi, 1993 detoxification, and removing inhibition to
Ž .biodegradation Bolduc and Anderson, 1997 . Reports on the

degradation of different substances, reaction mechanisms and
kinetics, activities of different catalysts, and effects of se-
lected environmental conditions are abundant.

Despite the profuse work on the photochemical process and
areas of potential applications, a similar research effort has
not been reported on the related engineering issues. There is

Correspondence concerning this article should be addressed to W. A. Anderson.

still a shortage of studies on the design and scale-up of pho-
tocatalytic reactors based on radiative and reactor perfor-
mance models. Of the limited number of reactor-engineer-
ing-related publications, radiation fields were modeled rigor-

Žously in only a few studies Romero et al., 1997; Pasquali et
.al., 1996; Cabrera et al., 1994; Marinangeli and Ollis, 1977 .

The effect of the recapture of reflected photons on the radia-
tion absorption of an immobilized catalyst film has not yet
been reported.

Radiative transfer in absorbing, reacting, and scattering re-
action media has been properly described by a set of

Ž .integral-differential equations Cassano et al., 1995 . A het-
erogeneous medium may be regarded as optically homoge-
neous provided that the smallest inhomogeneities are suffi-
ciently small compared to the wavelength of the photon. The

Ž .radiation fields in pseudo homogeneous photoreactors have
been described using the local volumetric rate of energy ab-

Ž .sorption LVREA and modeled with the Lambert-Beer’s law
Ž . ŽRizzuti, 1985 and the principles of geometric optics Roger

.and Villermaux, 1979 . However, the LVREA is not appro-
priate for describing the radiation absorption profiles on im-
mobilized catalyst films.

In this work, a new term, the local-area-specific rate of
Ž .energy absorption LASREA , was adopted to characterize
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Figure 1. Corrugated-plate reactor: top view and
cross-sectional view.
The water flows through the long triangular channels formed
by the corrugations and the lamp sleeves, shown in Section
A-A. The photocatalyst is immobilized on the surface of the
corrugations and illuminated by the lamps. For solar illumi-
nation, only one corrugated plate would be illuminated on
the one side pointed at the sun.

the radiation absorption profiles in heterogeneous photore-
actors. The LASREA on the surfaces of the TiO films in a2
corrugated-plate photocatalytic reactor was modeled based on
the principles of geometric optics, the absorption and reflec-
tion characteristics of the catalyst film, and the refraction
properties of the reaction medium and reactor components.
Effects of the radiation sources, the photon recapture through
multiple reflection, and the geometry of the catalyst support
were considered.

Equipment and Materials
A lamp-illuminated corrugated-plate photocatalytic reactor

is presented in Figure 1. The catalyst can be immobilized on
both sides of the corrugated plates in this type of system,
although only one layer of the corrugated plates could be
directly illuminated in solar-powered systems. For the pur-

Žpose of model development, a single corrugation triangular
.channel is taken from Figure 1 and placed in a rectangular

coordinate system, as shown in Figure 2a. The height and
length of the corrugated plate, B and L in Figure 2, were
kept constant at 0.05 m and 0.5 m, respectively, during the
simulation. The effect of the angle of the corrugated plate
was examined numerically. The lamp sleeve properties were

Ž . Žbased on an ultraviolet-light UV -transmitting Plexiglas G-
.UVT sheet with a thickness of 6.35 mm. Two types of radia-

( ) ( )Figure 2. Coordinate system a , b and radiation pat-
( )terns due to reflection b and due to inci-

( )dence and refraction c .

Žtion sources were considered, UV-A fluorescent lamps with
emission characteristics similar to Philips TLK 40Wr10R

.lamps, Philips Lighting Company, 1998 and solar UV.

Assumptions
The following assumptions were made in developing and

applying the radiation model:
1. Photons from the lamps fall incident on the lamp sleeve

in a diffuse way, as shown in Figure 2c. This assumption
should be close to the real situation, since diffuse emission
models have been found to be suitable for modeling fluores-

Ž .cent lamps Alfano et al., 1986 . The total irradiance on the
surface of the lamp sleeve was assumed to be 120 W ?my2,

Žbased on measurements in experimental systems Zhang,
.1999 .

2. In the UV-A range, solar UV possesses an irradiance
with a direct parallel portion of 20 W ?my2 and a diffuse
portion of 10 W ?my2. As is depicted in Figure A1 in the
Appendix, the spectral irradiance increases linearly with the
wavelength, being zero at 300 nm and reaching a maximum

Žat 390 nm Goswami, 1997; Curco et al., 1996; Turchi and´
.Mehos, 1994 . In the modeling reported here, the sun’s rays

are assumed to be normal to the surface of the reactor cover
Ž .lamp sleeve .

3. The transmittance loss in the acrylic lamp sleeve is due
entirely to extinction in the solid material. Photons are con-
sidered lost once they are reflected back to the lamp sleeve
from the catalyst film. Reflections from the oppositely facing

Ž .corrugated plate Section A-A of Figure 1 are assumed to be
insignificant.

4. Photons hitting the TiO film will be subject to either2
absorption or coherent reflection in a diffuse way, as shown
in Figure 2c. This should be a reasonable approximation since
the immobilized catalyst film was found to be opaque to UV-A

Ž .and optically rough Zhang, 1999 .
5. The spectral absorption coefficients of the TiO film2

agree with the relevant information found in a previous work
Ž .Crittenden et al., 1995 , as plotted in Figure A2 of the Ap-
pendix.
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6. Within the UV-A range, the refractive index of the acrylic
lamp sleeve was assumed to be constant at 1.49, based on

Žrelevant information from the literature U.S. Precision Lens,
.1973 . The reaction medium was assumed to have a refractive

index of 1.33, the same as that of water. The reaction medium
was assumed to not significantly absorb in the wavelength
range of interest.

Model Equations
Specific spectral irradiance on the lamp sleeve and the

plates was calculated based on the assumed diffuse radiation
pattern, the spectral irradiance of the lamps as provided by

Ž .the supplier Figure A1 in the Appendix , and the irradiance
measured with a radiometer in experimental systems. The

Žspectral extinction coefficients of the lamp sleeve Figure A2
.in the Appendix were determined from first principles based

on the refractive index and the spectral UV transmittance of
this material, the diffuse radiation pattern, and energy bal-
ances within a unit hemisphere. The radiative energy profiles
on the surfaces of the catalyst films were derived using the
principles of geometric optics and analytical geometry through

Žintegration over the surfaces of the radiator that is, the lamp
. Žsleeve , the reflector that is, conjugate wings of the corru-

.gated plate , and the wavelength distribution of the photons.
A detailed derivation of the radiation model is provided in
the Appendix.

Based on the coordinate system in Figure 2, the spectral
local-area-specific rate of energy incidence on any point of

XŽ X X X.the upper wing of the corrugated plate P x , y , z , due to
radiation from the lamp sleeve, is presented in Eq. 1.

2w n cos cl w 1X XsI y , z s cos cŽ . HHu w2ž /p n da 1S1

=expŽyk 3 d w1yŽnwrn p sinc w .
2 xy0 .5yk4 d1.dydz. 1Ž .

In Equation 1, surface ‘‘S1’’ represents the region on the
XŽ X X X.lamp sleeve that illuminates point P x , y , z of the upper

wing. It can mathematically be expressed as: n rn sinc F1.w a w
Equation 2 shows the relationship between the incident and

the absorbed energy at wavelength l, for the case where the
fluid between the lamp sleeve and catalytic surface is nonab-
sorbing in the UV-A range of interest:

q s yX , zX s a l I s yX , zX . 2Ž . Ž . Ž . Ž .u u

Equation 3 is valid since the radiation field of the upper and
lower wings of the corrugated plate are symmetric to plane
zs0:

I s yX , zX s I s yX ,y zX . 3Ž . Ž . Ž .u l

Equation 4 gives the spectral local area-specific rate of en-
Ž X X X.ergy incidence on the upper wing point x , y , z due to the

first reflection from the lower wing:

w x s1y a l I y ,y z cos c cos cŽ . Ž .u 4 5X XŽ1.I y , z sŽ . HHu 2p d2l

=exp yk4 d2 dydz 4Ž .

In Eqs. 1 and 4,

2 2 2X X X2d s z cot a y B q y y y q z y z ,Ž . Ž . Ž .1

2 2 2X X X2 w xd s cot a z q z q y y y q z y z ,Ž . Ž . Ž .2

cos c ssin a By z cot a rd ,Ž .1 1

cos c s By zX cot a rd ,Ž .w 1

2Xcos c cos c s4 zz cos ard ,Ž .4 5 2

and the local-area-specific energy profiles can be obtained
through integration over the photon wavelengths. The pro-
files of the spectral local-area-specific rate of energy inci-
dence on the corrugated plates were directly calculated from
Eq. 1. However, none of these equations could be used di-
rectly to determine the LASREA, due to the absorption of
the photons reflected from the conjugate wings. A procedure
was implemented to consider the absorption of reflected
photons while calculating the LASREA of the corrugated

Žplates see the section in the Appendix on the procedure for
.calculating the LASREA . This procedure involves iteration

on expressions based on Eqs. 1 through 4. The preceding
equations were solved numerically using Simpson’s method
Ž .Rice and Do, 1995 . Selected calculation results are pre-
sented and discussed in the next section.

Simulation Results and Discussions
Figures 3 through 9 show the calculated typical radiation

fields on the TiO -coated corrugated plates in regions away2

Figure 3. Radiation field on the surface of a lamp-il-
( )luminated corrugated plate angle s 108 ,

where xrrrrr B s1 is closest to the radiation
source.
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Figure 4. Radiation field on the surface of a lamp-il-
( )luminated corrugated plate angle s 208 ,

where xrrrrr B s1 is closest to the radiation
source.

from the ends, where the end effects were shown to be in-
significant. The radiation fields of lamp-illuminated corru-
gated plates are plotted in Figures 3 through 6, while those
of the solar-illuminated plates are given in Figures 7 through
9. The keys to these figures include:

v Incidence: the local-area-specific rate of energy inci-
Ž .dence calculated with Eq. 1 for the lamp-illuminated case .

v Absorptionrno recapture: the local-area-specific rate of
energy absorption if no reflected photon could be captured
Ž .calculated with Eqs. 1 and 2 for the lamp-illuminated case .

Figure 5. Predicted incidence on the surface of a corru-
gated plate with angles97.58.

Figure 6. Comparison of the LASREA on the surfaces
of lamp-illuminated corrugated plates with dif-

( )ferent angles given in degrees .

v LASREA: the local-area-specific rate of energy absorp-
tion, including the effect of recapturing reflected photons
Ž .calculated with the procedure described in the Appendix .

It can be seen from these figures that the radiation fields
due to solar radiation are much more uniform than those due
to lamp radiation. This occurs mainly because of the contri-

Figure 7. Radiation field on the surface of a solar-il-
( )luminated corrugated plate angles108 .
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Figure 8. Radiation field on the surface of a solar-il-
( )luminated corrugated plate angles208 .

bution of the direct parallel fraction, which was assumed to
be normal to the reactor cover in these simulations. Since
photocatalytic reactions typically follow lower-order depen-

Ž .dency usually between 0.5 and 1 on radiation intensity
Ž .Parent et al., 1996 , a uniform LASREA results in higher
energy efficiency if the system is not limited by mass transfer.

Several observations can be obtained from the results
shown in Figures 3, 4, 7 and 8. For the same radiation inten-
sity on the lamp sleeve, the LASREA profiles of the corru-
gated plates are dependent on the angles of these corruga-
tions. By comparing the ‘‘absorptionrno recapture’’ and the
‘‘LASREA’’ curves in these figures, we can easily note the
significance of the recapture of the reflected photons. This is
particularly noticeable in Figure 3, where the surfaces deeper

Ž .within the corrugation xrB-0.5 have a LASREA greater

Figure 9. Comparison of the LASREA on the surfaces
of solar-illuminated corrugated plates with dif-

( )ferent angles in deg .

than the direct incident energy reaching the surface from the
radiation source. The corrugations tend to ‘‘funnel’’ reflected
photons onto the deeper surfaces, where direct illumination
is more limited. In addition, since photons tend not to be
reflected out of the reactor, the energy absorption efficiency
Ž .that is, absorbedrincident energy is significantly improved.
This enhancement is again a strong function of the angle of

Ž .the corrugated plates Figures 3 vs. 4, 7 vs. 8 .
ŽAs indicated in Figures 3, 4, 7 and 8, regions exist that is,

. ŽxrB close to 1 on the corrugated plates in which these re-
.gions uniform incidence is predicted. The extent of this re-

gion is dependent on the angle of a corrugated plate, but not
Žon the radiation source used Figure 3 vs. 7 and Figures 4 vs.

.8 . This phenomenon is attributed to the effect of refraction
on the phase interfaces at both sides of the lamp sleeve. Based

Žon Snell’s law, the maximum angle of refraction with respect
.to the norm of the lamp sleeve after the UV rays penetrate

the lamp sleeverliquid interface can be calculated to be 48.758
w Ž .xthat is, arcsin n rn . Therefore, when the angle of a corru-a w
gated plate is greater than 97.58, the incidence on the whole
surface should be uniform regardless of the radiation pat-

Žterns that is, spherical, diffuse, direct parallel, or combina-
.tions of the radiation source. This hypothesis is confirmed

by the results depicted in Figure 5.
Figures 6 and 9 show the combined LASREA results for

lamp and solar illuminated reactors, respectively. While the
previous figures suggest that a small angle could result in a
high-energy absorption efficiency, it is seen here that they
also have a less uniform LASREA. Also, the smaller angles
have a lower average area-specific rate of energy absorption,

Ždue to the smaller ‘‘window’’ open to illumination that is,
.lamp sleeve in Figure 2b .

The effect of the angle of the corrugated plates on the
energy absorption efficiency is depicted in Figure 10, where it

Figure 10. Effect of photon recapture on the radiation
absorption efficiency of the TiO -coated cor-2
rugated plates.
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Figure 11. Effect of recapture on the average wave-
length of the photons absorbed by
TiO -coated corrugated plates.2

can be seen that most of the radiative energy incident on a
Ž .flat plate catalyst film angle of 1808 will be reflected out of

the reactor and dissipated as waste. This dissipation is more
severe when the reactor is illuminated with sunlight, since
the abundance of longer wavelength UV photons is not easily

Ž .absorbed see Figures A1 and A2 in the Appendix . In com-
parison, the corrugated plate can enhance the energy absorp-
tion efficiency of the solar UV by more than 100%. The cor-
responding enhancement for a lamp-illuminated system was
calculated to be approximately 50%.

The average wavelength of the absorbed photons could be
calculated using the integration shown in Equation A35 in
the Appendix, and this is shown in Figure 11 for a range of
corrugation angles. In this case, the wavelength is averaged
based on the absorbed energy rather than a number average
based on quantities of photons. It is apparent from this plot

Ž .that the flat-plate geometry angle 1808 can only effectively
absorb the shorter wavelength photons. Longer wavelength
photons, which are still photocatalytically active, are cap-
tured more easily by the corrugated-plate geometries. Again,
the effect is more pronounced for solar illumination, due to
the abundance of longer wavelength photons. Based on these
two plots, we can also confirm that the radiation field is more
sensitive to the angle of the corrugated plate when it is smaller
than 308.

Conclusions
Radiation fields on TiO -coated corrugated plates were2

modeled based on first principles. A new term, the local-
Ž .area-specific rate of energy absorption LASREA , was

adopted to describe the radiation fields in such heteroge-
neous photoreactors.

Recapture of the reflected photons was considered in the
model and was found to result in higher photon absorption

efficiency as well as more uniform LASREA, which was shown
to depend strongly on the angle of the corrugated plates.
Compared to a flat plate, one corrugated plate was predicted
to enhance the energy absorption efficiency by more than
100% for solar UV radiation and 50% for rays from UV-A
fluorescent lamps. The difference in this enhancement is due

Žto the different radiation patterns that is, direct parallel vs.
.diffuse and the different spectral distributions of these two

types of radiation sources. The profiles of the LASREA on
solar-powered corrugated plates were found to be more uni-
form than those powered by UV-A fluorescent lamps.

The angle of the corrugated plate has profound effects on
the LASREA and the energy absorption efficiency. The
smaller the angle, the higher the energy absorption effi-
ciency, but the less uniform the LASREA on catalyst films.
The smaller the angle, the lower the average area-specific
rates of photon absorption due to the reduced area of expo-
sure to the lamp sleeve. The radiation field is most sensitive
to the angles smaller than 308.

The LASREA concept described here can be applied to
optimize other details of the reactor design, such as the cor-
rugation depth and lamp spacing, or to predict the effects of
varying solar positions. It can also be applied to other reactor
geometries that seek to maximize the recapture of reflected
photons.
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Notation
fn sfraction of the UV energy that penetrates a 0.25-in.l

Plexiglas G-UVT, as a function of photon wavelength,
dimensionless

k sextinction coefficient of Plexiglas G-UVTy1
3

n , n , n srefractive indexes of the air, the reaction medium, anda w s
the lamp sleeve

x, y, zsrectangular Cartesian coordinate, m
a shalf-angle of the corrugated plate, degrees
d sthickness of the lamp sleeve, d s0.00635 m

c ssolid angles with respect to the normal of the lampw
sleeve at the water side, Sr

Subscripts and Superscripts
wsreaction medium
nsafter penetrating lamp sleeve
wsreaction medium side of the reaction mediumrlamp

sleeve phase interface
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Appendix: Model Development
Calculation of the spectral specific irradiance

Lamp Radiation. Figure A1 shows the manufacturer’s data
for the relative spectral irradiance of the fluorescent lamps
assumed in this study. As shown in this figure, a normal dis-

Ž .tribution function s s15.75 nm, l s353 nm was foundavg
to fit these data quite well. The lamps were arranged such

Žthat the UV-A reading of the radiometer was constant let it

Figure A1. Spectral irradiance of fluorescent lamp
( )based on Philips TLK 40Wrrrrr10R and solar
UV.

.be w over the surface of the entire outer surface lamp sleeve.
Therefore, the spectral irradiance at any point on the outer
surface of the lamp sleeve can be expressed with:

2w ly353Ž .
w s exp y . A1Ž .l 2ž /' 2s2p s

Based on a radiation energy balance over a unit hemi-
sphere and Eq. A1, the spectral specific irradiance at any
point of the air side of the lamp sleeve can be written as

2w w cos c ly353Ž .l aaw s cos c s exp y . A2Ž .lc a 2ž /'p 2sp 2p s

Solar Radiation. Based on Assumption 2, the spectral spe-
cific irradiance due to the direct parallel fraction of the solar
UV was derived through an energy balance. The result can
be expressed as:

y3 for c s0a4.884=10 ly300Ž .pw s A3Ž .lc ½ for c /0.0 a

The spectral specific irradiance of the diffuse solar UV was
also derived using the same method, resulting in

2.442=10y3
dw s ly300 cos c . A4Ž . Ž .lc p
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Spectral extinction coefficient of the lamp slee©e
If a UV ray is incident on the lamp sleeve at an angle of

c , its angles of refraction after penetrating the airrsolid anda
solidrliquid interfaces, c and c , are calculated based ons w
Snell’s law:

n sin c s n sin c s n sin c . A5Ž .a a s s w w

Based on an energy balance over a unit hemisphere, we
derive:

d kpr2 3
fn w s 2p sin c w exp y dc ,Hl l lc 2ž /0 '1y n rn sin cŽ .a s

A6Ž .

which gives the extinction coefficient of the lamp sleeve as a
function of photon wavelength.

The spectral transmission information, fn from the plasticl

supplier, can therefore be used to calculate the spectral ex-
tinction coefficient, k , through Eq. A7 below. The extinction3
coefficient as a function of wavelength was obtained by nu-
merically solving Eq. A7 with Maple V. The results are pre-
sented in Figure A2:

d kpr2 3
fn s exp y sin 2c dc . A7Ž .Hl 2ž /0 '1y n rn sincŽ .a s

Effect of refraction on radiation pattern
As a result of refraction on the phase interface, the origi-

nal radiation pattern will not usually be preserved when light
travels from one medium to another. The radiation pattern

(Figure A2. Absorption coefficient of the TiO film Crit-2
)tenden et al., 1995 and calculated extinction

coefficient of the acrylic lamp sleeve.

in the second medium can be determined based on Snell’s
law and energy balances on the phase interface. For example,
an energy balance on the airrlamp sleeve and lamp
sleeverreaction medium interfaces requires that:

w a 2p sin c dc sw s 2p sin c dclc a a lc s s

sww exp k dr cos c 2p sin c dc . A8Ž .Ž .lc 3 s w w

By taking derivatives with respect to the solid angles, we
can obtain from Eq. A5:

n cos c dc s n cos c dc s n cos c dc .a a a s s s w w w

Combining this equation and Eqs. A2, A5 and A8, we de-
rive

2 2n cos c n ws s s ls aw s w s cos c .lc lc sž / ž /n cos c n pa a a

The spectral specific irradiance at any point of the liquid
side of the lamp sleeverreaction medium interface can be de-
rived in the same way. The result is

2n w 2 y0 .5w lw Žyk d w1yŽn rn sin c . x .3 w s ww s cos c exp . A9Ž .lc wž /n pa

Radiation fields under lamp radiation
Equations A10 through A18 are obtained using analytical

geometry. Under the coordinate system shown in Figure 2A,
the upper wing of the corrugated plate can be expressed as

xy z tan a s0, A10Ž .

where 0F xF B and y Lr2F yF Lr2 and a is one-half of
the angle indicated in Figure 2A. The lower wing can be ex-
pressed as

xq z tan a s0, A11Ž .

where 0F xF B and y Lr2F yF Lr2, and the lamp sleeve
can be expressed as

xs B , A12Ž .

where y Lr2F yF Lr2 and y B tan a F zF B tan a .
Ž X X X. YŽ Y Y Y.For points P x , y , z on the upper wing, P x , y , z on

Ž .the lower wing, and P x, y, z on the lamp sleeve, the square
of the distance from P to PX can be expressed as

2 2 2X X X2d s z cot a y B q y y y q z y z , A13Ž . Ž . Ž . Ž .1

and the square of the distance from PY to PX can be ex-
pressed as

2 2 2 2X Y X Y X Y2d s cot a z q z q y y y q z y z . A14Ž . Ž . Ž . Ž . Ž .2
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The cosine of the angle between the normal of the lamp
sleeve and line PPX can be expressed as

cos c s By zX cot a rd , A15Ž . Ž .w 1

and the cosine of the angle between the normal of the upper
wing and line PPX can be written as

cos c ssin a By z cot a rd . A16Ž . Ž .1 1

The cosine of the angle between the normal of the lower
wing and line PYPX can be expressed as

cos c s2 zX cos ard , A17Ž .4 2

and the cosine of the angle between the normal of the upper
wing and line PYPX can be written as

cos c s2 zY cos ard . A18Ž .5 2

Based on the principles of geometric optics, the spectral
local-area-specific rate of energy incidence on point
Ž X X X.P x , y , z , due to the radiation from the lamp sleeve, can be

written as

2w n cos cl w 1X XsI y , z s cos cŽ . HHu w2ž /p n da 1S1

=exp Žyk 3 d w1yŽŽnwrn s. sin c w .
2 xy0 .5yk4 d1.dydz. A19Ž .

The integration is over surface S1:n rn sinc F1.w a w
Within the wavelength range in question, the extinction co-

efficient in the reaction medium, k , was assumed to be zero.4
If the photons reflected from the lower wing could be ig-

nored, the relationship between the incident and absorbed
energy at wavelength l could then be expressed by Eq. A20:

q yX , zX s a l I yX , zX . A20Ž . Ž . Ž . Ž .u u

As a result of the absorption of the photons reflected from
the lower wing, neither Eq. A19 nor Eq. A20 give the LAS-
REA on the upper wing. In order to calculate the LASREA,
an additional procedure was developed and is presented in
the section titled ‘‘Procedure for the Calculation of the LAS-
REA.’’

Radiation field under solar radiation
Contributions from the diffuse fraction of the solar UV can

be modeled using the equations in the preceding section, ex-
cept that w d from Eq. A4 should be used instead of wlc lc

from Eq. A2.
Based on geometric optics, the spectral local-area-specific

Ž X X X.rate of energy incidence on point P x , y , z , due to the di-
rect parallel fraction of the solar UV from the lamp sleeve,

has been derived to be

I psw p sin a expŽyk 3 d . . A21Ž .l lc

Ž .This equation holds for both corrugated and flat a s908
plates.

Procedure for the Calculation of the LASREA
Step 1. Imagine at time t photons have just contacted the

two wings of the corrugated plate from the lamp sleeve and
no reflection has occurred yet. The spectral local-area-specific
rate of energy incidence at any location of the upper wing
w sŽ X X.xthat is, I y , x can be calculated from Eqs. A5, A13, A15,u
A16 and A19. Let

I Ž0. yX , zX s I s yX , zX A22Ž . Ž . Ž .u u

and

qŽ0. yX , zX s a l I Ž0. yX , zX . A23Ž . Ž . Ž . Ž .u u

Since the radiation field of the upper and lower wings of the
corrugated plate are symmetric to plane zs0,

I Ž0. yX , zX s I Ž0. yX ,y zX . A24Ž . Ž . Ž .l u

Step 2. Imagine at time tqD t photons on the two wings
Žof the corrugated plate just finished their first reflection to

.conjugate wing and to lamp sleeve . The spectral local-area-
specific rate of energy incidence at any location of the upper
wing due to this reflection can be calculated based on:

w x Ž0.1y a l I y ,y z cos c coscŽ . Ž .u 4 5X XŽ1.I y , z sŽ . HHu 2p dl 2

= expŽyk4 d2 .dydz. A25Ž .

The fraction that is absorbed is

qŽ1. yX , zX s a l I Ž1. yX , zX . A26Ž . Ž . Ž . Ž .u u

Since the radiation field of the upper and lower wings of
the corrugated plate are symmetric to plane zs0,

I Ž1. yX , zX s I Ž1. yX ,y zX . A27Ž . Ž . Ž .l u

Step 3. Imagine at time tq2D t photons on the two wings
of the corrugated plate just finished their second reflection
Ž .to conjugate wing and to lamp sleeve . The spectral local-
area-specific rate of energy incidence at any location of the
upper wing due to this reflection can be calculated based on

w x Ž1.1y a l I y , y z cos c coscŽ . Ž .u 4 5X XŽ2.I y , z sŽ . HHu 2p d2l

=expŽyk4 d2 .dydz. A28Ž .
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The absorbed part can be calculated using

qŽ2. yX , zX s a l I Ž2. yX , zX . A29Ž . Ž . Ž . Ž .u u

Since the radiation field of the upper and lower wings of
the corrugated plate are symmetric to plane zs0,

I Ž2. yX , zX s I Ž2. yX ,y zX . A30Ž . Ž . Ž .l u

( )Step nq1 . Imagine at time tq nD t photons on the two
wings of the corrugated plate just finished their nth reflec-

Ž .tion to conjugate wing and to lamp sleeve . The spectral lo-
cal-area-specific rate of energy incidence at any location of
the upper wing due to this reflection can be calculated based
on:

w x Žny1.1y a l I y ,y z cosc coscŽ . Ž .u 4 5X XŽn.I y , z sŽ . HHu 2p dl 2

= expŽyk4 d2 .dydz. A31Ž .

The absorbed part can be calculated using

qŽn. yX , zX s a l I Žn. yX , zX . A32Ž . Ž . Ž . Ž .u u

Since the radiation field of the upper and lower wings of
the corrugated plate are symmetric to plane zs0,

I Žn. yX , zX s I Žn. yX ,y zX . A33Ž . Ž . Ž .l u

After a sufficient number of reflections, the calculation is
stopped based on the criterion,

I Žn. yX , zX F0.01= I Ž1. yX , zX . A34Ž . Ž . Ž .u u

Given the speed at which the photons travel, D t could actu-
ally be considered to be infinitely small. The LASREA can
therefore be calculated with:

Q yX , zX sQ yX ,y zX s qŽ0. yX , zXŽ . Ž . Ž .�Hu l u
l

q qŽ1. yX , zX q . . . q qŽn. yX , zX dl, A35Ž . Ž . Ž .4u u

where n is selected based on the stopping criterion given
above in Eq. A34.
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