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A B S T R A C T   

Photoactivated advanced oxidation processes have excellent performance in removing recalcitrant pollutants 
from water. However, the high operating cost associated with the energy consumption of UV lamps is a big 
drawback. In this work, the design and optimization of the reflector in a tube-in-tube membrane photoreactor 
were carried out using a ray tracing methodology to maximize the light deployed to the reactor. Simulations 
were carried out using different lamps/reactor arrangements with 1, 2 and 3-sided flat reflectors and with cir-
cular and parabolic geometries. Results showed that direct radiation is maximized when the distance reactor- 
lamps is minimized, increasing optical efficiency. On the other hand, it was observed that for the flat re-
flectors, the closer the furthest point of the reflector to the center of the reactor, the higher optical efficiency is 
achieved due to the reduction in the number of bouncing rays in the reflector. In the case of parabolic geometries, 
some additional considerations are necessary, since not only the distance at which the reflector is placed matters, 
but also its geometrical focus. The best performance is achieved for those in which the distance from the furthest 
point of the reflector to the center of the reactor was lower and the lamps placed near the focus of the parabola. 
For the studied reflector geometries, the calculated optical efficiencies when using anodized aluminum were 
46.1%, 56.5%, 60.0%, 41.8%, and 65.9% for reflectors of 1, 2, and 3 sides, cylinder, and parabola, respectively. 
Model predictions were successfully validated using experimental ferrioxalate actinometry data, confirming the 
huge potential of this simple simulation methodology for photoreactor design purposes.   

1. Introduction 

Photoactivated advanced oxidation processes (AOPs), such as pho-
tocatalysis, photo-Fenton, UVC/H2O2, UVC/O3, UVC/persulfate among 
others, generates reactive oxygen species able to be used for oxidation 
and reduction reactions in environmental remediation purposes, or even 
in organic synthesis. However, the main drawback is the high energy 
consumption associated with the generation of UV radiation [1,2]. 
Low-pressure mercury lamps have been traditionally used [3], although 

their electricity conversion efficiency into useful light is low. In recent 
years, LED technology has greatly developed, reaching high electrical 
efficiencies in the UVA range [4–6]. However, the efficiency of LED in 
the UVC range has not yet reached the level of development necessary, 
and their use is still less efficient than conventional mercury lamps. For 
this reason, it is vital to perform a correct design of the reactors where 
photoactivated processes are implemented to use most of the emitted 
photons in an efficient way. 

When a low-pressure lamp with a cylindrical shape is used, the most 
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efficient configuration is placing the light source in the axis of an 
annular reactor. However, this arrangement is not always possible and 
external illumination is employed. In these cases, the use of reflectors is 
critical. Moreover, due to the unavoidable energy losses in the bounces 
of photons in non-ideal reflectors, their geometry must be carefully 
considered. The design of the reflectors needs to consider the path fol-
lowed by the light once it leaves the lamp. Ray paths can be calculated 
using different numerical approaches, including Monte Carlo and finite 
volume methods [7,8]. Other more complex methods are based on 
computational fluid dynamics (CFD) software, either commercial 
[9–12] or open source [13,14]. The advantage of CFD methods is that 
they allow the coupling of the radiation modeling into multiphysics 
systems, including fluid dynamics, mass transfer, or chemical reaction. 
However, these methods require a high computational cost and calcu-
lation times [27,28], which is not practical in parametric studies for 
optimizing multiple variables. To overcome this limitation, in a recent 
work, our research group reported a new ray tracing tool based on 
Microsoft Excel for evaluating the concentration factors in compound 
parabolic collectors (CPC) reactors [15,16]. The main advantage of this 
tool is the speed of the calculations allowing the evaluation of a large 
number of parametric studies in a short time. 

The main objective of this work was the optimization of the reflector 
design used in a tube-in-tube photoreactor in which 4 UVC mercury 
lamps were used as the light source. This type of reactor does not allow 
the location of the lamp in the inner annulus, as this space is occupied by 

a tubular membrane used to deliver oxidant (liquid or gas) or catalyst 
(ferrous iron) solutions, enabling a homogeneous radial and longitudi-
nal distribution of the oxidant/catalyst in the reactor annulus [17–19]. 
For the implementation of this study, the ray tracing tool previously 
developed was adapted to allow calculations in reactors not only with 
solar lighting but also using cylindrical lamps as light sources. Different 
reflector geometries were studied, including 1, 2, and 3-sided flat re-
flectors, as well as circular and parabolic geometries. Materials with 
different reflectance were also evaluated. The results obtained in the 
simulations were experimentally validated with actinometric 
measurements. 

2. Material and methods 

2.1. Photoreactor setup 

The optimization of the efficiency in the delivery of UVC photons was 
carried out in a tube-in-tube membrane reactor developed by Vilar et al. 
[19]. This tube-in-tube reactor consists of an inner ceramic ultrafiltra-
tion membrane (γ-Al2O3 membrane from Inopor GmbH) and an outer 
quartz tube (Fig. 1). The ultrafiltration membrane presented an outside 
diameter of 2.03 cm, an inside diameter of 1.55 cm, a total length of 20 
cm, and an illuminated length of 17.4 cm. The pore size was 10 nm, 
while the porosity ranged between 30% and 55%. The quartz tube 
presented the following dimensions: outer diameter = 4.2 cm; thickness 
= 0.18 cm; total length = 20 cm; illuminated length = 17.4 cm. The 
reactor inlet and outlet are perpendicular to the flow direction, 
tangential to the quartz tube, in the horizontal plane and at the top on 
opposite sides, inducing a helical movement of the water around the 
membrane, as described elsewhere [19]. 

As the light source, four Philips TUV 11 W FAM/10X25BOX lamps 
were used with a peak emission centered at 254 nm. The lamps were 
arranged symmetrically around the reactor as shown in Fig. 1 at 3.3 cm 
from the center of the reactor. To improve the efficiency in the use of the 
emitted photons, the lamps were surrounded by anodized aluminum 
reflectors with different geometries. Details on the total and specular 
reflectance properties of the anodized aluminum can be found elsewhere 
[20]. 

An annular reactor was used for the sole purpose of characterizing 
the 4 UVC lamps used in the reactor described above. In this case, the 
lamp was located inside a quartz tube (outside diameter of 23.0 mm and 
thickness of 1.4 mm) in the axis of the annular reactor. The outer tube 
(length of 186.0 mm and inside diameter of 72.0 mm) is made of 
stainless steel [21]. The annular configuration ensures that all emitted 
photons reach the reaction zone, with the exception of those absorbed by 
the quartz tube. Therefore, results showed the exact amount of radiation 
emitted by each lamp, which was determined by actinometric mea-
surements. The results obtained for each of the 4 lamps used in the 
tube-in-tube photoreactor are shown in Table 1. 

2.2. Actinometric measurements 

Actinometric measurements were carried out by circulating a fer-
rioxalate solution in the annular zone of the reactor, being able to 
determine the amount of radiation reaching the reaction zone in each 
studied configuration. The actinometric solution was prepared with 
distilled water, adding 2.27 g of H2C2O4⋅2H2O2 (final concentration of 
18 mM oxalic acid), 1.47 g of Fe2(SO4)3⋅5H2O (final concentration of 
6 mM Fe3+) and 100 mL of H2SO4 1 N. The final volume of the solution 
was 1 L. The amount of ferrous ions formed during the irradiation period 
was monitored by the conversion to the colored tris-phenanthroline 
complex: 0.25 mL of sample was added to 2.5 mL of buffer (54.18 g of 
C2H3NaO2⋅3H20 and 5 mL of 96% pure H2SO4 in 500 mL of water), 
6.25 mL of H2O, and 1 mL of phenanthroline (1 g/L solution), resulting 
in an orange-colored complex. The absorbance was measured at 510 nm 
using a VWR UV-6300PC spectrophotometer. The number of ferrous 

UV-C light

Annular reaction zone

Quartz tube

Ceramic membrane

Fig. 1. Schematic representation of the tube-in-tube membrane photoreactor.  

Table 1 
Radiation emitted by the 4 lamps used in the tube-in-tube 
reactor.   

Radiation emission (W) 

UVC lamp 1 1.3 ± 0.2 
UVC lamp 2 1.59 ± 0.08 
UVC lamp 3 1.6 ± 0.1 
UVC lamp 4 1.34 ± 0.08  
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ions (Fe2+) generated during the irradiation time was experimentally 
obtained by the slope of Fe2+ concentration (mol L− 1) as a function of 
time (s), considering a 25% ferrioxalate degradation, multiplied by 
actinometric solution volume and Avogadro’s number – NA 
= 6.02 × 1023 mol–1. Radiation power reaching the reactor was calcu-
lated using a quantum efficiency at 254 nm of 1.38 [22]. 

2.3. Ray-tracing calculations 

Simulations were carried out using a ray tracing tool based on 
Microsoft Excel. This tool, originally designed for studying solar radia-
tion in CPC collectors [15,16], has been adapted in this work to calculate 
the light distribution in closed systems with multiple emission points 
and reflectors. In all the ray tracing simulations, 4 circular lamps with 
emissions in all directions were defined. Since the calculations were 
validated by actinometric measurements, the absorption was considered 
total, so the rays that reached the reactor were completely absorbed. The 

reflectance value of the reflective material was also studied and varied 
depending on the material used. Simulations were also carried out 
establishing reflectance values of 0 to study the cases in which no 
reflector was used. The appropriate ray tracing tool for this type of ge-
ometry can be found at the following link: https://github.com/Photone 
rsURJC/Reflectors_RayTracing. 

Multiple geometries with different levels of complexity were simu-
lated: Flat one-sided, two-sided, and three-sided geometries, parabolic 
surfaces, and a cylindrical reflector surrounding the 4 lamps. The pa-
rameters established for the configuration of the geometries are shown 
in Fig. 2, where c is the distance between the center of the reactor and 
the reflector measured at its farthest point, always aligned with the 
center of the lamp, b is the distance between the nearest and farthest 
point of the reflector and a is the width of the side of the reflector 
furthest from the center of the reactor. For the parabola, a is the opening. 
Finally, rr is the radius of the reactor, and d is the distance between the 
center of the reactor and the center of the lamp. 

N =1

c
b

N = 2
Reflector

Reactor

y = a x2 + c 

c

Parabola Cylinder

N = 3

d

Mercury lamps

Fig. 2. Parametrization of the geometries simulated by ray tracing.  

Fig. 3. Example of geometrics discarded for the parametrized simulations.  
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For the single-sided reflector (N = 1), geometries were studied with 
side lengths ranging from 2 ×cmin (reflector being completely attached 
to the lamps) to 4 ×cmin, with an interval of 0.1 cm. For the reflector of 
N = 2, values of c were studied from cmin (value of c in which the vertex 
of the reflector triangle is attached to the lamps) to 2 ×cmin with an 
interval of 0.2 cm. Values of b were varied between 0.05 and 0.65 cm 
with an interval of 0.2 cm. For the reflector of N = 3, values of c were 
studied from cmin to 2 ×cmin with an interval of 0.2 cm. Values of b were 
set from 0 to 6.2 cm with an interval of 0.2 cm and values of a between 
0 and 4.2 cm with an interval of 0.2 cm. Concerning parabolic reflectors, 
c values between cmin and cmin+ 5 ×rr were studied using an interval of 
0.2625 cm corresponding to rr/8. The values of a ranged from 0 to 3 
with an interval of 0.1 cm. In the case of the cylindrical reflector, values 
of c (corresponding to the radius of the reactor) were studied from cmin to 
2 ×cmin. 

The ranges studied for each parameter were initially limited 
considering construction criteria, such as the fact that the reflector 
should be located outside the lamps. However, the use of the established 
parameter ranges could still give rise to inconsistent geometries such as 
those shown in Fig. 3. To rule out these cases and avoid a waste of 

meaningless computational time, geometric restrictions were estab-
lished using mathematical rules. All situations created that could give 
rise to non-possible geometries were excluded. 

3. Results and discussion 

3.1. Geometrical design of the reflector 

3.1.1. Influence of reactor radius on the radiation distribution 
During the design of a photoreactor, any interaction of light with the 

surrounding elements must be considered, including the non-ideal 
reflection happening in the reflectors that leads to a loss of the energy 
available for the reaction. Therefore, it is easy to conclude that the larger 
the amount of light that goes directly to the reactor from the emission 
source, the better the energy efficiency. 

From geometrical considerations, the vision factor (Fvision) between 
the UVC lamp and the experimentally studied reactor without any 
reflector can be calculated as the vision factor between parallel cylinders 
of different radius [23] obtaining a value of 0.22 for rr = 2.1 cm and 
d = 3.3 cm. On the other hand, if it is assumed that the light source is a 
line (instead of a cylinder), a simple mathematical expression can be 

α

UVC lamp

Reactor
Fig. 4. Geometric calculation of the Fvision between the UVC lamps and the 
photoreactor. 

0 1 2 3 4 5 6 7 8 9 10
0%

10%
20%
30%
40%
50%
60%
70%
80%
90%

100%

Optical density

Uniformity
Absorbed Energy

egatnecreP

Fig. 5. Absorbed energy and light distribution uniformity as a function of the 
optical density of the medium. 

0.0 0.5 1.0 1.5 2.0 2.5
0

5

10

15

20

25

30

)
%(

ycneiciffelacitp
O

rr (cm)

 Fvision simplified
 Fvision parallel cylinders
Ray tracing - π/10
Ray tracing - π/20
Ray tracing - π/50
Ray tracing - π/100

(a)

d = 3.3 cm

2.5 3.0 3.5 4.0 4.5 5.0 5.5
0

5

10

15

20

25

30

 Fvision simplified
 Fvision parallel cylinders
Ray tracing - π/20 
Ray tracing - π/100

)
%(

ycneiciffelacitp
O

d (cm)

(b)

rr = 2.1 cm

Fig. 6. Optical efficiencies calculated by geometric calculations, parallel cyl-
inder theory, and ray tracing with different numbers of rays for a) different rr 
values for d = 3.3 cm, and b) different d for rr = 2.1 cm. 
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obtained (Fig. 4) that also leads to a value of Fvision of 0.22 for rr = 2.1 cm 
and d = 3.3 cm values, validating the assumption. According to the 
simplified expression for the calculation of Fvision, it is easy to deduce 
that the amount of direct radiation obtained will be larger the smaller 
the distance between the reactor and the light source and the higher the 
radius of the reactor. However, more factors must be considered when 
choosing the reactor radius. The optical density is defined as the path 
length (proportional to the radius) multiplied by the absorption coeffi-
cient of the medium. In Fig. 5 it can be seen that the increase in optical 
density causes an increase in the amount of energy absorbed, but also 
produces a decrease in the uniform distribution of light inside the 

1.25 1.50 1.75 2.00 2.25 2.50
0

10
20
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40
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80
90

100
N = 0
N = 1
N = 2
N = 3
Parabola
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)
%(

ycneiciffelacitp
O

d/rr

Fig. 7. Optical efficiency for each studied geometry considering different d/ 
rr ratios. 

Table 2 
Geometric parameters of the optimal reflectors and optical efficiency for 
different d/rr ratios.   

d/rr Optical efficiency a (cm) b (cm) c (cm) 

N = 0  1.40 25.3% - - -  
1.65 20.7% - - -  
1.90 17.6% - - -  
2.15 15.4% - - -  
2.40 13.7% - - - 

N = 1  1.40 56.2% 7.2 - -  
1.65 47.5% 8.2 - -  
1.90 41.4% 9.2 - -  
2.15 41.3% 10.2 - -  
2.40 36.2% 11.2 - - 

N = 2  1.40 59.8% - 0.7 3.80  
1.65 54.7% - 1.8 4.30  
1.90 50.6% - 2.1 5.00  
2.15 49.5% - 2.4 5.50  
2.40 45.2% - 2.7 6.00 

N = 3  1.40 64.9% 1.0 1.8 3.60  
1.65 60.5% 0.6 1.6 4.20  
1.90 55.6% 1.0 2.2 5.00  
2.15 54.7% 0.8 2.2 5.40  
2.40 50.6% 0.6 2.4 5.60 

Parabola  1.40 64.9% -0.4 - 4.35  
1.65 65.6% -0.6 - 4.35  
1.90 63.5% -0.7 - 4.60  
2.15 63.8% -0.5 - 5.10  
2.40 59.4% -0.5 - 5.60 

Cylinder  1.40 54.5% - - 3.60  
1.65 47.8% - - 4.10  
1.90 32.7% - - 4.60  
2.15 31.7% - - 5.10  
2.40 22.3% - - 5.60  
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Fig. 8. Optical efficiency for the different reflectors N = 1 in a tube-in-tube 
reactor for a d/rr relation of 1.65. 

Fig. 9. Optical efficiency for the different reflectors N = 2 in a tube-in-tube 
reactor for a d/rr relation of 1.65. 

Fig. 10. Optical efficiency for the different parabolic reflectors in a tube-in- 
tube reactor for a d/rr relation of 1.65. 
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reactor. Light distribution uniformity, calculated as shown in Eq. (1), is 
important since low values can produce a decrease in the reaction rate 
[24] as well as the appearance of dead volumes. Therefore, it is neces-
sary to reach a compromise between absorbed radiation and uniform 
light distribution, considering this aspect when choosing the radius of 
the reactor used. 

Light distribution uniformity = 1 −
Standart desviation of radiation values

Average radiation values
(1) 

Making use of the ray tracing tool, it is possible to estimate the op-
tical efficiency of the system, calculated as the ratio between the radi-
ation that reaches the reactor and the radiation emitted by the lamps. 
The optical efficiency value considers the radiation-reflector in-
teractions, being equivalent to the vision factor when no reflector is 
used. If the optical efficiency is calculated for rr = 2.1 cm and 
d = 3.3 cm and no reflector, a value of 0.22 is obtained, validating the 
ray tracing tool calculations. 

3.1.2. Selection of the number of rays 
Fig. 6 shows the vision factor and optical efficiency values calculated 

for different values of rr and d. These values were calculated using the 
three methods presented above and corroborate the good agreement and 
the conclusions about d and rr drawn from Fig. 4. In addition, this figure 
shows optical efficiency values obtained by ray tracing for different 
spacing distances between rays. This spacing distance is expressed as π/n 
considering that the result of this operation will be the spacing between 
each ray within the cylindrical geometry of each lamp. This means that 
the greater the value of n, the greater the number of rays drawn and, 
therefore, as can be seen in Fig. 6a, the greater precision of the simu-
lation and agreement with the theoretical values. However, it is neces-
sary to consider that high values of n increases exponentially the 
computational cost of the calculation, so it is necessary to reach a 
compromise. For subsequent simulations, a value of spacing between 
rays of π/20 was chosen since the computational time was affordable 
and the error with respect to the case with higher n that can be observed 
in Fig. 6 with dotted lines was always lower than 5%. 

3.1.3. Influence of the d/rr ratio 
An essential aspect of the reactor design is the relationship between 

the distance of the lamps to the reactor center and the radius of the 
reactor since it affects the amount of direct radiation that reaches the 
reactor. However, for a correct design, it is also necessary to consider the 
radiation that bounces in the reflector before reaching the reactor 
window. For this purpose, simulations of all the cases raised for each 
geometry were carried out for different d/rr ratios. It must be taken into 

account that if zero absorption of UVC radiation in the air is assumed, 
the optical efficiency obtained for a given ratio d/rr will be constant 
regardless of the radius of the reactor. Fig. 7 shows the optical efficiency 
values obtained for the case that reached the highest optical efficiency 
for each of the studied geometries when using the reflectivity of the 
anodized aluminum (0.58 for 254 nm). 

In all cases, as the value of N increases, the optical efficiency in-
creases. It is also remarkable that, depending on the geometry, the 
reduction in efficiency of simplified geometries with respect to the 
parabola is relatively low, confirming the interest in their analysis. On 
the other hand, an increase in the d/rr ratio leads to a decrease in optical 
efficiency because, as seen above, the closer the lamp is to the reactor 
window, the greater the amount of direct light that reaches it. This does 
not happen in parabolic geometry since not only must the proximity of 
the lamp to the reactor window be considered, but also where the focus 
of the parabola is located and the position of the lamp with respect to it. 
In the case of the geometries selected as optimal, as the d/rr ratio 
increased, the lamps were located closer to the focus of the parabola. For 
this reason, the best case of those studied was the case with a d/rr ratio of 
1.65, since a compromise was reached between a low d/rr ratio but a 
lower distance to the focus than in the case of the lowest d/rr. The results 
shown in Fig. 7 are very useful since they can be used to design any other 
tubular reactor with a similar layout in which a specific d/rr relationship 
is defined. The geometric parameters for each optimal reactors are 
shown in Table 2. 

For subsequent simulations, as well as laboratory studies, a d/rr ratio 
of 1.65, was chosen. Even though using a lower ratio gave rise to better 
results in most of the cases studied, its choice implied very small margins 
with the outer tube of the photoreactor, so its construction was 
discarded. 

3.1.4. Study of the optimal reflector for a tube-in-tube reactor 
This section analyzes in detail the ray tracing simulations carried out 

for the ratio d/rr = 1.65 for reflectors with different geometries of 1, 2, 
and 3 sides and with cylindrical and parabolic geometries. An optimal 
reflector of each type was chosen for subsequent experimental valida-
tion. In all cases, reflection was considered specular and rays with less 
than 1% of the initial energy were discarded. Fig. 8 shows the results 
obtained for N = 1. As the size of the reflector sides increases, and 
therefore the reflector is further away from the lamps and the reactor, a 
decrease in optical efficiency occurs due to an increase in the number of 
bounces of light before it reaches the reactor. It can be seen that there is 
a first zone for this particular reactor where the drop in optical efficiency 
with the increase on the side of the reactor is very small. The size and fall 
of this area will vary depending on the geometric arrangement of the 
reflector. The optimal reflector was the reflector with a minimum a of 

Fig. 11. Ray tracing for cylindrical geometry reflectors for light rays that (a) go directly to the reactor, (b) bounce only once in the reflector, and (c) bounce a large 
number of times in the reflector. 
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8.2 cm and an optical efficiency of 46.2%. However, for its subsequent 
construction for experimental validation and to have a certain margin of 
error regarding the position of the lamps, it was decided to choose the 
reflector with a side equal to 8.4 cm and an optical efficiency of 46.1%. 

The results for the reflector N = 2 are shown in Fig. 9. Data shows 
that the optimal optical efficiency values were obtained for the lower c 
values and relatively low b values. The optimal reflector among those 
studied was the reflector with c = 4.65 cm and b = 1.35 cm, reaching an 
optical efficiency of 55.8%. 

Plotting the results for N = 3 is not straighforward, since they did not 

allow a clear representation due to the high number of case studies. The 
data obtained showed how, once again, the geometries that obtained the 
highest values of optical efficiency were the geometries with low c 
values and the subsequent minimization of the number of bounces. The 
optimal studied case has values of c = 4.25 cm, b = 1.60 cm, and a 
= 0.80 cm, resulting in an optical efficiency of 60.0%. 

The results obtained for the parabolic reflectors are depicted in 
Fig. 10. The reflectors that would achieve the highest optical efficiency 
are those using lower c values. In addition, it was observed that the best 
values of a for each value of c were related to the position of the lamp 
and the focus of the parabola. The closer the center of the lamp is to the 
focus of the parabola, the better the efficiency. The optimal parabolic 
reflector has values of c = 4.30 cm and a = − 0.60 cm with an optical 
efficiency of 65.9%. 

Regarding the cylindrical reflector, it was observed that the optical 
efficiency values were constant regardless of the dimensions of the 
reflector. Most rays bounce a high number of times before reaching the 
reactor in this geometry (Fig. 11-c), losing all their energy. Therefore, 
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the radiation that reaches the reflector is only associated with direct 
radiation (Fig. 11-a) and the low number of rays that reach the reactor 
after only a single bounce (the rays close to the horizontal and vertical 
positions with respect to the center of the reactor – Fig. 11-c). 

Fig. 12-a shows a summary of the optical efficiency values of the 
optimal reflectors of each of the proposed geometries as well as the 
perimeter of the reflector required to build each of them (length of the 
geometry in two dimensions). The results show that, as the complexity of 
the reflector increases, the optical efficiency obtained rises, emphasizing 
that a compromise must be reached between optical efficiency and 
manufacturing costs. In Fig. 12-b the ray tracing for the optimum reactor 
of each geometry is shown. 

3.2. Ray tracing validation 

The simulation predictions were experimentally validated by fer-
rioxalate actinometry data using the optimal simplified reflectors of 
ratio d/rr = 1.65 fabricated with anodized aluminum. Fig. 13 shows a 
very good agreement between the optical efficiencies estimated with the 
simulations and those measured in the laboratory. However, the acti-
nometry result of the reactor without reflector was higher than the 
theoretically expected value. The major deviation was found in the 
experiment without reflector, due to minimal but unavoidable reflection 
existing in the safety cover of the experimental setup. 

3.3. Effect of the reflectivity of the material 

In the previous sections, all the calculations were carried out using a 
reflectance value corresponding to anodized aluminum. To get an idea 
of what would happen using another material, simulations were carried 
out using reflectance values between 0.1 and 0.99 for a specific example 
case of the reflector with geometry N = 2 in which the value of c of 
4.65 cm was kept fixed and the values of b were varied between 0.15 and 
2.95 cm (Fig. 14). The results demonstrated how the trend obtained is 
similar for the cases of intermediate-high reflectance, with the optimal b 
value being the same for all of them. When the reflectance is low, the use 
of one geometry or another is indifferent, because after few bounces in 
the reflector, all the energy would be lost quickly. Therefore, these re-
sults indicated that simulations for different reflector reflectivity would 
lead to the same optimal geometries as those obtained for anodized 
aluminum, since the chosen geometries are those that minimize the 
number of bounces with the reflector. 

4. Conclusions 

When non-ideal reflector materials are employed, the optimization 
of the reflector used in a tube-in-tube photoreactor varying lamp-reactor 
arrangements and reflector geometries with different levels of 
complexity indicates that, in all cases, the optimum reactor-lamp 
arrangement is the one that minimizes the lamps distance/reactor 
radius ratio, since it produces an increase in the direct radiation that 
reaches the reactor. In addition, it can be concluded that, although 
parabolic reflectors lead to greater optical efficiency, a geometric 
simplification using flat surfaces is possible without significant loss of 
efficiency. Regarding the reflectance of the materials used to manufac-
ture the reflector, it was concluded that the geometry chosen as optimal 
would be the same for any material, since they are those that minimize 
the interaction of radiation with the reflector regardless of the material 
properties. 

The proposed analysis and the ray tracing tool developed and made 
openly available can be applied for the optimal design of any other 
tubular photoreactor. 
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dell’Università e della Ricerca, Italy, Agencia Estatal de Investigación, 
Spain, Fundação para a Ciência e a Tecnologia, Portugal, Norges for-
skningsråd, Norway, Water Research Commission, South Africa for 
funding, in the frame of the collaborative international consortium 
SERPIC financed under the ERA-NET AquaticPollutants Joint Trans-
national Call (GA No. 869178). This ERA-NET is an integral part of the 
activities developed by the Water, Oceans and AMR Joint Programming 
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[24] M. Martín-Sómer, C. Pablos, R. van Grieken, J. Marugán, Influence of light 
distribution on the performance of photocatalytic reactors: LED vs mercury lamps, 
Appl. Catal. B Environ. 215 (2017) 1–7, https://doi.org/10.1016/j. 
apcatb.2017.05.048. 
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