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ABSTRACT: The optimization of a corrugated wall photocatalytic reactor for air treatment was addressed using the concept of
efficiencies in series. A new concept has been introduced: the inner incidence efficiency, associated with the internal configuration
of the reactor (for instance, the folding angle in the considered case). The goal of the study was to obtain an optimum for the
folding angle, subjected to certain constraints: fixed reactor volume, radiation flux, and gas flow rate. Previous experimentally
determined degradation kinetics of a gaseous pollutant was used in the reactor modeling. The simulations of the reactor were
performed computationally by using a computational fluid dynamics (CFD) package. The results showed opposed behaviors for
the relative catalytic area per unit window area and the relative incident flux with the folding angle. Given that the inner incidence
efficiency comprises the product of the two mentioned variables, an optimal folding angle was identified.

1. INTRODUCTION

General concern about indoor air quality problems has risen in
the last few decades. Given that people spend most of their
time in confined environments, indoor air quality and pollution
are considered key aspects regarding human health.1−3

Indoor air quality may be controlled by heterogeneous
photocatalysis, which is an effective alternative to conventional
technologies that has been probed to chemically destroy a large
variety of airborne pollutants. In a photocatalytic reactor, the
compounds contained in the air stream may be adsorbed onto
the surface of the irradiated catalyst, where a series of superficial
reactions can, ultimately, eliminate the pollutants. Generally,
the organic pollutants are converted into harmless, simple
inorganic compounds, such as water and carbon dioxide.
Photocatalytic wall reactors must provide the contact among

three entities at once: the molecules of reactant, the surface
where the photocatalyst particles are immobilized, and the
radiation energy at the proper wavelength. Thus, the modeling
of such reactors presents an additional complexity: the need for
solving the radiation field in addition to the classical
momentum, energy, and species mass balances.
The design fundamentals of photocatalytic reactors are based

on the classic chemical engineering balances, with the addition
of the radiative transfer equation.4,5 Photocatalytic reactors
used for gas-phase purification have a relatively small number of
possible configurations which are very different to each other.
However, all of the designs must include an immobilization of
the catalyst to some support material. Among the geometries or
configurations of photocatalytic wall reactors that have been
studied and present satisfactory efficiencies, one may mention
the following: the monolith and honeycomb reactors,5 the
mesh reactor,6 the annular or multiannular reactor,7 the flat
plate reactor,8,9 the multiplate reactor,10 and the corrugated
reactor.11,12

In order to perform trustable comparisons among different
reactor configurations and their performances, a comparison
criterion must be defined. Such a performance parameter for
photocatalytic reactors must be independent of the operating
conditions, reactor geometry, and catalyst nature. In this regard,
some authors have developed valuable concepts such as the
quantum yields,7,13 the photonic efficiencies,14,15 and the
electrical energy per order or per unit mass.16 A different
parameter was also proposed: the photochemical thermody-
namic efficiency factor.17 Similarly, a novel insight was
developed introducing the concept of mass-transfer units.18

The present work is aimed at the definition and application
of photoreactor efficiencies to provide design criteria for the
optimization of such devices. To this aim, the concept of
multiple independent efficiencies in series contributing to the
overall reactor performance is applied. This approach, based on
the works by Cerda ́ et al.19 and Imoberdorf et al.,7 is extended
and applied here; it allows the identification of reactor design
advantages and drawbacks, offering useful tools for subsequent
optimization.
Having established the comparison criteria and design

parameters, the individual efficiencies are then applied and
computed for a corrugated wall reactor in order to identify a
possible optimum folding angle. A previous experimentally
determined degradation kinetics for formaldehyde in air9 is
used in the computational simulations. The entering radiation
flux is evaluated through a ray-tracing-based algorithm written
ad hoc; the radiation interchange inside the reactor is modeled
through the use of local view factors. Finally, the mass balance
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for the pollutant in the reactor is solved using a CFD package in
which the radiation boundary conditions, reflection and
absorption phenomena, as well as the degradation kinetics,
are introduced by custom-defined functions. The influence of
the fraction of reflected radiation on the incidence efficiency is
also studied.

2. FUNDAMENTALS
2.1. Photoreactor Design Features. Given a certain

polluted air stream with known flow rate and pollutant
concentration to be treated, photocatalytic reactors require a
careful design and the selection of several parameters,4

including (i) the UV radiation source; (ii) the geometrical
arrangement of the radiation source, with respect to the
reaction space; (iii) the type of fluid dynamic operation
(continuous flow, batch, semibatch, recycle, etc.); (iv) the inner
reactor geometry (shape and dimensions); and (v) the
photocatalyst nature (which includes optical and catalytic
properties, stability, deactivation, and the interaction among
radiation, the catalyst, and the fluid).
When treating polluted air streams, it is required that the

TiO2 be fixed on some material acting as a support, since the
catalyst should not be dragged by the gas stream. The two types
of catalyst immobilization on the support material are (i)
dispersion in a matrix that serves as support and (ii) as
photocatalyst coatings, layers, or films. The purpose is to obtain
the largest possible surface area exposed to radiation and good
adhesion to an inert substrate.
Given a certain irradiation system, the possibilities of

exposing a reactor volume to it are many. The key aspect
regarding the outer configuration is how the reactor
“window”the area of radiation entrance to the reactoris
exposed to the radiation source. This outer configuration is
independent of the way the reactor makes profit of the
radiation within its inner volume. In order to compare these
configurations, one might consider a global outer configuration
efficiency.
The outer configuration efficiency may be thought as a global

configuration factor, such as the usually defined in the radiation
transfer bibliography.20,21 The view factors are integrated forms
which have been tabulated for many different geometries. One
of the simplest is the flat plate reactor; other configurations
include the annular reactor, the corrugated reactor, and the
monolith reactor. Of course, these geometries have advantages
and drawbacks, depending on the application needed.
2.2. Definition of Efficiencies. An analysis of the factors

affecting the photoreactor performance may be carried out by
considering the overall behavior as a series of interlinked
phenomena; the individual processes have a unique probability
of occurrence or efficiency, which may be estimated.
The total quantum efficiency (ηT), defined as the ratio of

pollutant molecules decomposed to photons emitted by the
radiation source, can be used to determine the reactor
performance and compare different operating conditions or
reactor configurations; yet, it is interesting to discriminate in
which way a series of successive events, each one having its own
efficiency, determine the final ηT value.19

In the first term, the radiation source has a certain capacity of
converting electrical energy (actually consumed power, P) into
emitted radiant power (PL) with a given electrical ef f iciency:19

ηele = PL/P. This parameter has a fixed value for a given brand
and model of lamp. Nevertheless, in the computation of ηele. it
is relevant the definition of the spectral output power limits,

since the lamp may emit radiation at wavelengths that cannot
be used by the catalyst; in this way, one may account for all of
the electrical energy transformed into radiant energy of any
wavelength or limit this integration to the range in which the
catalyst absorbs radiation.
Once the photons of the desired wavelength are emitted by

the lamp, they may or may not reach the reactor entering
surface(s) (windows). The possibility of occurrence of such
event may be called ηinc

out, the outer geometrical incidence
ef f iciency, and is defined by
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The outer geometrical or configurational efficiency, as
presented in eq 1, is the ratio between the radiative energy
that reaches the reactor window and the output power of the
lamp in the useful wavelength range. It is a relative optical
parameter between the radiation source and the surface of
entering radiation to the reactor. The reactor geometry and the
lamp arrangement to irradiate the reactor are the solely
parameters determining this efficiency. The definition of the
denominator in eq 1 must take into account the number of
lamps and the presence of reflectors.
A fraction of the photons that get to the reactor window is

transmitted; once inside, they can either reach or not a catalytic
surface. In this way, the inner incidence ef f iciency, which is
defined as

η =
⟨ ⟩
⟨ ⟩
q A

q Ainc
in inc cat

W W (2)

can be interpreted as the probability of a radiation ray leaving
the inner side of the reactor window to get to a catalytic area.
The numerator in eq 2 represents the amount of incident
energy that can activate the photocatalyst, whereas the
denominator is the amount of energy entering the reactor.
Note that the average radiation flux in the reactor window takes
into account the attenuation due to the window material
transmittance, by the relation: ⟨qW⟩ = τ⟨qW

out⟩. The incident
radiation flux, ⟨qinc⟩, is averaged over the catalyst surface area;
on the other hand, ⟨qW

out⟩ is also area-averaged, but with respect
to the reactor window area.
The inner incidence efficiency represents a new contribution

of the present work that emerges as a key parameter regarding
photoreactor design. Notice that the internal configuration of
the reactor may allow the enhancement of this efficiency by
surface-to-surface radiative interaction through reflection. Here,
the optical properties of the support material are very
important, because transmittance or reflection may have a
positive or negative impact, depending on the shape and
configuration of the reactor. For instance, in a multiannular
reactor, a material with the largest transmittance is preferred,
whereas in a corrugated wall an opaque support and catalyst
reflection may be useful.
It is worth noting that an “incidence efficiency” has been

used in the past,7,19 which may be thought as the product of the
inner and outer geometrical efficiencies here described.
Although it may be useful in some cases, the incidence
efficiency may be insufficient, given that it combines two very
different aspects of the reactor configuration. The splitting of
this parameter into outer and inner effects allows to identify
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which one has the largest impact on the overall reactor
performance.
Eventually, the radiation that reaches the catalyst surface may

be absorbed or reflected, giving place to another parameter, ηabs,
which is the absorption ef f iciency:

η =
⟨ ⟩
⟨ ⟩

e A
q Aabs

a,s
cat

inc cat (3)

where ea,s is the local superficial rate of photon absorption
(LSRPA),4 with units of moles of photons per unit area and
time. Equation 3 is simply the ratio between absorbed and
incident energy on the catalytic surface. It is independent of the
external reactor geometry, but an intrinsic property of the
photocatalyst nature; in determinations of the optical
parameters, this efficiency may be thought as the absorbed
fraction of incident radiation.
Finally, the reaction efficiency is defined as

η =
⟨ ⟩
⟨ ⟩
R A

e Arxn
sup cat
a,s

cat (4)

The reaction efficiency can be regarded as the number of
pollutant units (moles) eliminated per absorbed energy (moles
of photons or einsteins) over the catalyst surface.
The global efficiency (ηT) is defined as the product of

individual efficiencies, according to

∏η η η η η η η= =
i

iT ele inc
out

inc
in

abs rxn
(5)

In this sense, it is worth noting some issues regarding how
these efficiencies are coupled. Neither the electrical efficiencies
nor the following defined efficiencies are strictly independent.
The efficiencies are linked by the optical properties of the
lamps (output spectral power), the transmittance of the
window material and the spectral absorption of the layer of
immobilized catalyst. In fact, the range of wavelengths in which
the integration of properties is performed determines the
coupling among the different efficiencies. In addition, it can be
seen in eq 5 that the product of the inner and outer incidence
efficiencies reconstructs the incidence efficiency presented in
the literature.7,19

3. APPLICATION: CORRUGATED WALL
PHOTOCATALYTIC REACTOR

Corrugated wall reactors offer the advantage of presenting a
large catalytic area per unit volume. Besides, as previously
noted, the configuration allows the radiative interaction
between walls, which may result in an additional gain in the
use of radiation. Among the possible corrugated geometries, the
most simple is the one with triangle-shaped channels. It is a
geometry that has been previously studied and experimentally
applied.11,12

In a previous work, a corrugated wall photoreactor was
studied and modeled.12 The reactor consisted of an acrylic box
irradiated by two sets of actinic UV lamps with a folded plate
inside forming a set of triangular section channels, as seen in
Figure 1. The corrugated plate was made of stainless steel and
coated with titanium dioxide by means of an impregnation
technique. The reactor operates in a continuous mode, with
one pass. The air stream inside the reactor follows a zigzag
pattern alternating the direction of flow from one channel to

the following. The folding angle and the coordinate system are
also schematically depicted in Figure 1.

3.1. Comparison Criteria. In order to apply the proposed
efficiencies, the question of fixed parameters arises. The choice
between the possible geometrical or operational variables to be
kept fixed determines largely the possibilities for comparing
different reactor configurations.
On the one hand, a practical problem needing solution

would present a given gas flow rate (Qg) and a pollutant
concentration (Ci,0) to be reduced. These operational variables
are indeed kept constant throughout the evaluation of
efficiencies for different reactor configurations. Also, the
radiation source (or, equivalently, the radiation flux reaching
the reactor windows) could be considered fixed, given that the
goal is to find the best reactor configuration. On the other
hand, some other variables should be kept constant to allow the
comparison. In this sense, an engineering approach has been
used: the reactor volume and the area of radiation entrance to
the reactor (window areas) were kept fixed. This criterion also
takes into account the restrictions of available space for the
reactor and the radiation source.
When the aforementioned restrictions are applied to a

corrugated wall reactor attempting to detect an optimal
configuration, the folding angle remains as the only adjustable
parameter. The direct effect of modifying the folding angle is
that the size and number of channels must change. The latter is
increased with the reduction in the folding angle, while the size
of each channel is consequently reduced to maintain the total
reactor volume constant.
A study was performed by simulation of the reactor

performance for different folding angles (φ). The upper
limiting case for a given volume and reactor window is, of
course, the flat plate reactor, φ = 180°. The other folding angles
modeled were 97.2°, 59.1°, 31.6°, and 15.2°. With these angles,
the number of triangular section channels rises from 2 to 4, 8,
and 17, respectively. In all cases, the total reactor volume was
kept at 365 cm3. The useful length of the channels is 16 cm, i.e.,
the length where the catalyst is immobilized.

3.2. Reactor Modeling. The reactor configurations were all
modeled by commercial computational fluid dynamics (CFD)
software (ANSYS 13). In particular, the solver used is Fluent.
Given the computational tool that has been adopted, it was
necessary to design a new virtual geometry for each folding
angle. In its turn, a sufficiently fine mesh was created and
customized for each case. In this sense, it was seen that the
number of mesh elements in which the domains were
discretized was directly proportional to the reduction in the

Figure 1. Corrugated wall reactor scheme. Legend: (1) reactor outlet,
(2) acrylic frame, (3) reactor window, (4) reactor inlet, and (5) TiO2-
coated stainless steel.
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folding angle, resulting in a fine mesh with 811000 elements for
the angle of 15.2°. This also augmented the times for
convergence.
The simulation of the reactor consisted in the resolution of

momentum and species mass balance equations. The energy
balance was also solved but the medium was taken as
isothermal, given that temperature has little effect on the
catalyst photoactivity. The superficial reaction rate, which
depends on the radiation flux, provides the link between the
mass balance and the radiation balance.
In order to compute the radiation flux reaching the

photocatalyst area (qinc) and the LSRPA, a model was
developed ad hoc. The radiation flux that reaches the reactor
window was evaluated by means of a ray tracing method and a
superficial emission model for the lamps. The air is taken as a
nonparticipating medium. On the other hand, the walls of the
triangular channels interchange radiation by means of
absorption and reflection. These phenomena, evaluated by
determination of optical properties, are used to compute the
incident radiation on each surface. This modeling is achieved
through the use and computation of local view factors, which
are also called configuration factors.
The view factor for two infinitesimal surface elements, dA1

and dA2, is the fraction of energy exiting an isothermal, opaque,
and diffuse surface 1 (by emission or reflection), that directly
impinges on surface 2 (and is absorbed or reflected). View
factors only depend on geometry and can be computed from
well-known expressions.21 The evaluation of the view factors
was made by a numerical code. In the first term, the two
photocatalytic surfaces of the channel were divided into small
area elements; after the discretization, the view factors were
computed for each element against each other by means of an
integration procedure. Finally, the linear system resulting of the
interaction of all the area elements was solved by a Gauss−
Seidel method. More details regarding the theoretic and
evaluation of view factor can be found elsewhere.12 The
incident radiation flux on each channel was then calculated for
the different angles.
3.3. Results and Discussion. The lamps that were used for

the experiments (Sylvania F15W BL350) have an input power
of 15 W; their output power, within the wavelength range of
300−400 nm, was computed to be 4.16 W, according to the
spectral emission provided by the manufacturer. Then, the
electrical efficiency results in

η = =4.16 W
15 W

0.277ele (6)

The number of lamps is five on each side and the lamps are
not at the same distance from the reactor wall, in order to
provide a nearly uniform incident radiation flux over the reactor
window. For further details on the lamps arrangement, the
reader is referred to a previous work.9 The total computed
radiation reaching each reactor window is 3.6 W. Thus, the
outer geometrical incidence efficiency is

η =
×

=3.6 W
5 4.16 W

0.173inc
out

(7)

This specific value may be doubled if two reactor units are
placed at the sides of a central radiation source with an equal
number of lamps. Besides, ηinc

out could also be increased if the
distance of the lamps to the reactor window is shortened.
Regarding the inner incidence efficiency (ηinc

in ), a thorough
analysis was performed to evaluate its dependence with the

folding angle φ. As previously stated, a numerical ad hoc
written script was executed for different folding angles based on
the computation of view factors. In the first place, the
evaluation of the incident flux was performed for different
folding angles. The results, presented in Figure 2, correspond to

the cases with the experimentally determined spectral
reflectance in a spectrophotometer Optronic OL Series 750
equipped with an integrating sphere OL 740−70 (continuous
line) and a hypothetical case with no reflection at all (dotted
line); a slight difference between both cases can be observed,
with the largest values corresponding to the case of reflective
catalyst layer. Figure 2 also includes a plot of the relative
catalytic area per unit window area (dashed line); the curve
shows an expected strong inverse relationship with the folding
angle. The inset in Figure 2 is an enlargement of the shaded
area, where the curves cross each other, indicating the possible
optimum range for the folding angle φ.
The curves plotted in Figure 2 show an opposed behavior for

two variables (Acat/AW and ⟨qinc⟩/⟨qW⟩) which, if multiplied,
determine the inner incidence efficiency in eq 2. In fact, given
that ηinc

in is defined as the product of these two variables, the
occurrence of a maximum might be supposed and then an
optimal folding angle could be identified.
The influence of the folding angle on the inner incidence

efficiency is depicted in Figure 3 for two cases: a reflecting
catalyst surface and the hypothetical nonreflecting catalyst with
the same spectral absorbing capacity. It can be seen that this
parameter shows an optimum value at rather closed folding
angles. Nevertheless, for the case with no reflection from the
catalyst surface, the optimum is lower and the maximum
presents a broader peak. For the real case (with reflection), the
optimum value for ηinc

in is found at an angle of 20°. The fraction
of absorbed radiation clearly enhances the capabilities of this
corrugated wall configuration.
The curves in Figure 3 show results that are physically

consistent: when the folding angle tends to zero, radiation can
barely enter the reactor and ηinc

in falls drastically. In the opposite
case, when the folding angle tends to 180°, the corrugated plate
would be acting as a flat plate, and the distance between the
two curves approaches zero because reflection is no longer

Figure 2. Relative incident radiation flux and catalytic area as a
function of folding angle. Legend: (- - -) relative catalytic area per unit
reactor window area, () relative incident radiation flux with
reflective catalyst coating, and (···) relative incident radiation flux
with no reflection (hypothetical case).
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important. Besides, for the most obtuse angles, the values of ηinc
in

are very similar to the global view factor for two flat rectangles
opposing one another,22 which was found to be 0.87. The
results for these two limiting cases indicate the consistency of
the model.
The absorption capacity of the corrugated reactors for

different folding angles was obtained prior to the reaction
simulations. The results depicted in Figure 4 present the

relative y-averaged absorbed radiation as a function of reactor
depth (x). The curves are parametric in the folding angle and
indicate that the surface absorbs more radiation when the angle
is more open. At this point, it is worth saying that, although the
absorption efficiency (ηabs) is independent of the folding angle
(from eq 3), there is a decrease in the relative absorption
(⟨ea,s⟩y/⟨qW⟩AW

) toward smaller angles, because of the lower
radiation penetration into each channel. The curves in Figure 4
suggest that the reactor should give better results when the
folding angle is more open. Nevertheless, it may not be true
when the relative catalytic area is taken into account.
The reaction efficiency ηrxn was evaluated through the CFD

software. The radiation flux entering the reactor was computed
externally by means of a numerical FORTRAN code, and its

results were introduced by user-defined functions (UDF) into
the FLUENT Solver; the code was based on the superficial
emission model for the lamps and a ray tracing method.
In the FLUENT solver, the four folding angles were

simulated; a new geometry was created for each one and the
radiation fluxes accordingly established. The simulations
included the resolution of momentum and species mass
balance equations, subjected to the fixed operating variables:
air flow rate, inlet pollutant concentration and radiation flux.
The reaction kinetics was also introduced as UDF; the reaction
rate expression is

= −
×

+ ×
⎜ ⎟⎛
⎝

⎞
⎠r

e C
C

mol
cm s

(1.34 10 )
1.37 (7.17 10 )F 2

8 a,s
F

9
F (8)

where the concentration of formaldehyde CF is given in units of
mol cm−3 and the parameter ea,s in given in units of einstein
cm−2 s−1. The kinetic expression and the parameter values were
determined and presented in a previous work.9

The results of formaldehyde field concentrations for
corrugated reactors with different folding angles are shown in
Figure 5. The computed profiles show how the reactant is
consumed at the catalytic walls, resulting in a maximum
concentration at the center of the cross section of every
channel. Also, there is a noticeable difference among the
progress of the reaction, according to the folding angle.
The results of the modeling are summarized in Table 1. In

addition to the reaction efficiency computed with the software
output results, the inner incidence efficiency and the relative
absorbed radiation are also included to enable comparison and
analysis. The second column of Table 1 contains the absorbed
energy relative to the entering radiation through the window; as
can be seen, it increases when the folding angle becomes more
open (obtuse), i.e., when the catalyst surface is almost normal
to the radiation source. The third column of results shows the
pollutant conversion at the outlet, computed by the expression
X = (Cout − Cin)/Cin, which presents an inverse but smooth
dependence with the folding angle. On the other hand, the
average superficial reaction rate (fourth column) increases
almost 5-fold when opening the angle from 15.2° to 97.2°; this
behavior may be explained by the strong linear dependence of
the reaction rate with the absorbed radiation (eq 8). Finally, the
fifth column presents the reaction efficiency, which is an
indirect result derived from the previous columns; as can be
seen, ηrxn has an almost constant value with a smooth trend to
decrease when the folding angle is increased. This behavior can
be interpreted as a result of the simultaneous increase in the
relative absorbed energy (by a factor of 5) and the average
superficial reaction rate (which is almost 5-fold increased).
The results presented in Table 1 indicate the presence of an

optimum between the closest angles simulated, i.e., 15° and
30°. This is consistent with the maximum found for the inner
incident efficiency (see Figure 3).
For illustrative purposes, the approach of efficiencies in series

was applied to experimental data of a previously published
work.12 The corrugated reactor used there (where the
elimination of formaldehyde was tested) had a very similar
configuration to that described in Section 3. Consequently,
with the exception of the reaction efficiency, all the other
efficiencies are essentially the same. For instance, in an
experimental run with an inlet concentration of 4.5 ppmv and
the same radiation flux used here, the observed reaction
efficiency was 8.4 × 10−4 (mol einstein−1), which provides a

Figure 3. Inner incidence efficiency, as a function of folding angle.

Figure 4. Relative y-averaged radiation absorption as a function of
reactor depth for different folding angles.
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difference of 6% when compared to the model result of 8.9 ×
10−4 (mol einstein−1). This represents a satisfactory validation
of the computed results.

4. CONCLUSIONS
The concept of multiple efficiencies in series was developed and
applied to the examination of the performance of photocatalytic
wall reactors. The approach allowed the identification of critical
parameters, which may be individually enhanced toward an
optimal design of photoreactors.
An application of the multiple efficiencies in series was

performed to a corrugated-wall, triangular-channel reactor. The
new concept of inner incidence efficiency was introduced and
its application proved to be useful for optimizing the
photocatalytic wall reactor. In terms of this inner incidence
efficiency, the main variable to optimize was the folding angle,
given certain operating and geometric constraints. The
calculation of outer geometrical and inner incidence efficiencies
was performed by means of specifically written numerical
codes; in contrast, the reaction efficiency was evaluated through

FLUENT, a CFD software. Different geometries, correspond-
ing to four folding angles, were studied and the conversion of
pollutant was extracted. According to the values of the spectral
reflectance of the catalyst layer, experimentally determined in a
spectrophotometer equipped with an integrating sphere, the
simulations showed an optimum folding angle between 15° and
30°.
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■ NOMENCLATURE
Acat = area for catalytic reaction (cm2)
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Table 1. Comparison of Reaction Parameters for Different
Folding Angles

angle
(°)

⟨ea,s⟩/
⟨qW⟩

X
(%)

⟨Rsup⟩ × 1011

(mol cm−2 s−1)
ηrxn × 103

(mol einstein−1) ηinc
in
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PL = output power of the lamps (einstein s−1)
Ci = concentration (mol cm−3)
RL = lamp radius (cm)
V = reactor volume (cm3)
x,y,z = coordinate system

Greek Letters
λ = radiation wavelength (nm)
τ = spectral transmittance (dimensionless)
ηi = efficiency (dimensionless)
φ = folding angle (rad)

Special Symbols
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Subscripts
abs = relative to radiation absorption
inc = indicates incident radiation
W = relative to reactor window; also refers to water

Superscripts
in = relative to inner reactor configuration
out = relative to outer reactor configuration
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