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Abstract

The influence of the inlet positions on the flow behavior inside a photoreactor has been studied using colored tracer and radiotracer

investigations. The photoreactor for water disinfection is a tubular reactor inside which UV emitting lamps are placed. The key to its

good performance is a combination of optimum irradiation dose and fluid residence time distributions (RTD). The inlet system is one of

the better possibilities of controling the fluid RTD. Three configurations have been tested. In the first step, colored tracer experiments

help us to raise the mean trends of the flow behavior for the different configurations. When the inlet is located at the central bottom of

the reactor, the flow is closed to a perfect mixing whereas lateral inlets lead to a plug flow with axial dispersion behavior. RTD

measurements using radiotracer was carried out in a wide range of flowrates. The axial dispersion coefficient increases linearly with the

Reynolds number. It is lower when the lateral inlet is divided in three inlets uniformly distributed around the bottom of the reactor. This

paper shows the usefulness of radioactive isotopes as tracers in the field of wastewater treatment.

r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

UV radiation is quite effective in pathogen inactivation
and is even more effective against viral organisms than
chlorine (Qualls and Johnson, 1985), with a broad
spectrum of effluents. It is a relatively simple method that
does not require stocking, transport and chemical manip-
ulations, qualified personnel to deal with it, and does not
generate residues. Besides, the risk of an overdose does not
impact receiving watercourses (USEPA, 1986).

Research on this technique has been resumed (Oliver and
Cosgrove, 1975). Initial results on fecal coliform inactiva-
tion in pilot scale proved successful, and this prompted
other investigators to apply the technology to real-scale
flow (Scheible and Bassell, 1981).

The bactericide action is related to the UV absorption by
DNA molecules and the consequent formation of pyrimi-
dines (thymine and cytosine) dimers, the maximum yield
e front matter r 2006 Elsevier Ltd. All rights reserved.
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being reached at the 260 nm wavelength (USEPA, 1986).
These dimers inhibit DNA replication, leading to the death
of the cell. In the case of viruses, inactivation stems from
uracil, instead of thymine, dimerization. The main sources
of UV radiation at the above wavelength are commercial
low-pressure mercury lamps whose energy peak is at
254 nm (about 85%), and their quartz bulbs allow the
transmission of 93% of the intensity. New lamps are being
made available, such as the low pressure and high output
(LPHO), which raise the power and lower the cost (Alves,
2003). Experiments conducted by Liu et al. (2002) have
shown that the UV doses typically used in sewage
disinfection (less than 500mWs/cm2) do not result in
byproduct formation.
To illustrate the efficiency of the method and the broad

spectrum of applications, Table 1 summarizes the results
from several studies related to secondary and tertiary
effluent disinfection by means of UV radiation incident
upon total and fecal coliforms, as well as Escherichia coli

indicators. The last line in the table gives results obtained
with the industrial reactor presented in this paper.
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Table 1

Results from UV disinfection of total coliforms, fecal coliforms and E. coli

Reference Dosis (mWs/cm2) Suspended solids (mg/l) Transmittance (%) Efficiency (log) Effluent

Andreadakis et al. (1999) 30 20 38 2.3 Secondary

Castro Silva (2001) 41 64 — 4.7 UASB reactor

Castro Silva (2001) 21 46 — 4.9 Percolating biologic

filter

Gonc-alves et al. (2001b) 59 26 41 4.5 Submersed aerated

biofilter

Gonc-alves et al. (2001b) 21 16 39 3.8 Tertiary filter

Janex et al. (1998) 37 17–85 48–60 3.0 Secondary

Qualls and Johnson (1985) 26 32 — 3.1 Activated sludge

Savoye et al. (2001) 25 81 45 2.3 Activated sludge

Alves (2003) 22 75 38 3.1 UASB reactor

22 19 56 3.3 Percolating biologic

filter

22 102 18 2.6 Maturation pond

0.25 0.65
Reator

retrievable lamp

pannel

transparent

teflon tubing

a b c

Fig. 1. Sketch of the three main photoreactor types (Chernicharo et al., 2001).
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Photocatalytic reactors have also been intensively
studied. They contain semi-conductor catalysts such as
TiO2 that efficiently generate the highly reactive dOH free
radicals, which are highly toxic towards microorganisms
and can drive oxidation processes suitable for the abate-
ment of organic contaminants in water. Some of these
reactors make profit of sunlight for this purpose; use is
made of the near-UV part of the solar spectrum
(lo380 nm) to photoexcite the catalyst (Malato et al.,
2002). Working with a pilot-scale-fluidized photocatalytic
reactor handling 46 l/min, Kabir et al. (2003) have found
that it is capable of degrading 84% of E. coli within 80min
compared with 77.3% by using UV only.

However, these photocatalytic processes are highly
influenced by the variations of parameters such as light
intensity, catalyst concentration, initial bacterial concen-
tration, and the presence of organic matter. These
parameters must be carefully adjusted in order to optimize
and stabilize the inactivation yield, and this is a handicap in
the case of simple treatment plants devised to be operated
by non-specialized personnel.

Water disinfection can be carried in different photo-
reactors (Chernicharo et al., 2001), as shown in Fig. 1:
(a)
 Lamps placed inside the liquid.

(b)
 Lamps backed with reflectors placed above the liquid.
(c)
 Lamps external to the fluid that flows inside transpar-
ent tubing.
Photoreactors designed for wastewater disinfection often
consist of a set of lamps mounted inside an encased space, in
contact with the effluent, which flows either parallel or
transversally to them. Besides the characterization of the
disinfection kinetics, the influence of suspended solids and
the operational costs in such photoreactors, a basic
requirement is the evaluation of its hydrodynamic behavior.
Due to its decisive influence on the reaction yield, this last
item is still a theme for ongoing investigation and optimiza-
tion. The intensity of the radiation inside the reactor
decreases exponentially with the distance from the lamps
according to Beer’s law. Hence under ideal conditions, plug
flow should be attained, assisted by a satisfactory amount of
radial turbulence, so that each fluid element would receive
the same radiation dose during its transit through the
reactor. Dead zones and preferential paths should be avoided
since they result in a low efficiency of the power of the lamps,
which represents the largest component of the UV disinfec-
tion implantation and operation costs. The hydrodynamic
behavior of different kinds of photoreactors has been
previously studied by several investigators (Kreft et al.,
1986; Qualls and Johnson, 1985; Gonc-alves et al., 2001a;
Legentilhomme and Legrand, 1995; Pruvost et al., 2000;
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Pruvost et al., 2001; Pruvost et al., 2002). Most of the studied
reactors are made with one lamp placed inside a narrow
tube. In this case, the use of a tangential inlet induces a
swirling flow, which gives a better radial dispersion
(Legentilhomme and Legrand, 1995; Pruvost et al., 1999).
Sahle-Demessie et al. (2003) measured the residence time
distributions (RTD) of the gas flow in a stirred annular
photoreactor. They compared qualitatively RTD and
computational fluid dynamic’s simulations with and without
fan. The use of axial or mixed flow stirred makes the RTD
curve narrow. Qualls and Johnson (1985) showed that high
dispersion of the RTD may dramatically affect the efficiency.
Recently Pruvost et al. (2000, 2001, 2002) did a remarkable
work on flow characterization in a Swirling annular
photoreactor using the Lagrangian trajectory model (Pruvost
et al., 2002), Particule Image Velocimetry (Pruvost et al.,
2000; pruvost et al., 2001). These methods give detailed
information about local velocities, which cannot be obtained
with the RTD measurements. However, they are optical
methods which necessitate having a transparent pilot.
Moreover, the experiments are time-consuming and post-
treatment is not straightforward. To get the benefice of these
accurate and detailed measurements, it is also necessary to
repeat the measurement when changing one part of the
reactor having a strong effect on the flow behavior.
Nevertheless, the profit of these methods is unquestionable
when the design of the reactor is definitely stated.
Central inlet 
 Ø 24.3 mm 

Lateral inlet Ø 24.3 mm

875 mm

Ø 200 mm

Fig. 2. Scheme of the photoreactor wit
The objective of this work is to study the influence of the
inlets position on the flow behavior of a new photoreactor
using radiotracer experiments. The interpretation of the
radiotracer experiment will be validated with the help of
visualizations.
2. Experimental

The reactor tested in the present study and its dimen-
sions are shown in Fig. 2. It is well-adapted in developing
countries because it has a very simple design and can be
easily built in any plain workshop with ready-to-find
materials; the outer casing can consist of a PVC tube,
painted in black, to retain the internal radiation. For a
given flowrate, and if configuration of the photoreactor is
fixed, the inlet system can be adapted to obtain the
requested flow behavior. A transparent pilot (see Figs. 3
and 4) at the same scale of the real reactor has been used to
study the flow behavior. Three configurations of the inlet
system have been proposed to obtain different RTD:
�

S

h fo
Configuration 1: One central bottom inlet.

�
 Configuration 2: One lateral inlet.

�
 Configuration 3: Three lateral inlets around the bottom

of the reactor for which the global flowrate is divided in
three equal flowrates.
et of 4 lamps Ø 26 mm, 875 mm

Lateral inlet Ø 24.3 mm

Outlet Ø 47,3 mm 

72.4 mm 

Lateral inlet Ø 24.3 mm

ur vertical lamps and upward flow.
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Fig. 3. Visualization using colored tracer in the pilot 5 s after the injection: (a) configuration 1 : 1 central inlet, (b) configuration 2 : 1 lateral inlet, (c)

configuration 3, 3 lateral inlets. The several inlets are clearly visible at the bottom of the pilot. The event in the exit located after the elbow, maintains

constant the water level inside the reactor.

R.M. Moreira et al. / Applied Radiation and Isotopes 65 (2007) 419–427422
During the first series of experiment Rhodamine WT dye
solution was used to visualize the internal flow. Several photos
were taken every 5 s to analyze the dispersion of the colored
tracer inside the reactor. During the second series of experi-
ment, a pulse of radiotracer was injected manually at the inlet
with a syringe. The inlet signal was recording continuously and
all the interpretations were done taking into account the inlet
signal. The radiotracer used in the study was 113mIn (Eg ¼

0.14MeV). It is obtained using a radionucleide generator of the
kind 113Sn/113mIn. 113mIn has a half-life of 100min, which is
long enough to carry out the measurement that lasts less than
10min. The maximum activity used in these experiments was
1mCi (E37MBq). The 113mIn in the eluent HCl 0.05N acts as
a marker of water. The radiotracer emitting g-radiation was
injected as a pulse function at the inlet of the studied system
with a pressured injection system. The scintillation probe,
placed at the inlet and the outlet, detects the gamma radiation
as a time function. Since the counting rate is directly propor-
tional to the concentration of the radiotracer in the flowing
stream where the probes are placed, the curves give direct
access to the RTD. The detection system (FORCE Technol-
ogy) was composed of several hermetic detectors (IC-2N2-WT-
50m) connected with long polyurethane-shielded wires to a
compact processing data unit (IC-GDP), at which was coupled
a computer RS-232 communication port. The hermetical de-
tectors are composed of 200 � 200 NaI(TI) scintillation crystals.
The shielding collimation was done to minimize, as much as
possible, the effect of radiation from the inside of the reactor.



ARTICLE IN PRESS

Fig. 4. Visualization using colored tracer, 90 s after the injection: (a) configuration 1 : 1 central inlet, (b) configuration 2 : 1 lateral inlet, (c) configuration 3,

3 lateral inlets.
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3. Data analysis, results and discussion

The study was conducted in three steps:
�
 qualitative visualization of the flow using colored tracer,

�
 qualitative analysis of the RTD curves using the first

moments,

�
 simulation of the RTD curves using compartment

models.

3.1. Colored tracer investigations and mean trends of the

flow

RTD remains an interesting method to derive simple
hydrodynamic models for complex industrial systems. The
interpretation of RTD measurements by use of a ‘‘com-
partment model’’ is based on both the analysis of the RTD
curve and the physical information about the process itself.
If the approach was merely based on mathematical fitting
of an experimental RTD curve, it may lead to models
without correct physical meaning. The additional use of the
physical aspects of the process itself results in a wider
knowledge, which cannot be generated by mathematical
treatment alone (Claudel et al., 2003). To overcome this
problem, colored tracer visualization was carried out with
the help of a transparent pilot to increase the knowledge of
the process before the interpretation of the RTD curves.
Figs. 3 and 4 represent, respectively, the photo taken after
5 and 90 s of experiment for the three configurations (a, b,
c). When the inlet is located in the center of the bottom of
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the reactor (photo a), the tracer is instantaneously
dispersed in the whole reactor as shown in Fig. 3a. The
colored intensity decreased slowly, homogeneously, in the
reactor and after 90 s the reactor was still entirely colored
by the residual dyes. This suggests that flow behavior was
closed to the perfect mixing. Visual observation in the few
first seconds showed a jet flow effect at the inlet that
suggested the presence of a small plug flow volume induced
by this jet. For the two other configurations, the flow
behavior was closer to a plug flow with some dispersion.
The tracer goes progressively from the bottom to the top
with some dispersion. The dispersion seems to be much less
important when the inlet is divided in three parts. These
visual observations will be used later for the choice of the
compartment model.

3.2. Radiotracer experiments and preliminary interpretation

of the RTD

The RTD is a chemical engineering concept introduced
by Danckwerts (1953). It has been described in a multitude
of scientific papers (Dudukovic, 1986; Levenspiel, 1999,
etc.) and applied for various industrial processes.

EðtÞ ¼
CoutðtÞR1

0
CoutðtÞdt

; CoutðtÞ ¼

Z t

0

CinðxÞEðt� xÞdx.

ðFor a constant flow rate Q and uniform speed of

fluid in the inlet and outlet sectionsÞ ð1Þ

E(t) is, by definition (see Eq. 1), the impulse response (or
RTD) of the system. It is easily obtained by dividing the
concentration Cout(t) by the total surface under the curve.
In the case of a non-instantaneous injection, whose
function is in the form of Cin(t), the curve Cout(t) obtained
on the outlet is equal to the product of the convolution of
Cin(t) by the impulse response E(t).

The first moment of the experimental RTD gives the
mean residence time of the material inside the studied
process. The second moment leads to an estimate of the
dispersion, which is representative of the flow behavior.
The first moment is especially useful when the presence of
dead volume and shortcuts are expected. For the studied
configuration, the outlet is located down to the level of the
reactor which lets us suspect a possible dead volume when
the Reynolds number is too low. Moreover, it is not
obvious whether the fluid is homogeneously distributed
around the area of the inlet pipe. Because of this, the first
moments of the RTD curves have been estimated for the
three configurations and for a large range of flowrates.

The visualizations showed that the central inlet induces a
perfect mixing flow, which is not adapted for the
photoreactor. Because of this, few radiotracers experiments
have been conducted with this configuration. Fig. 5 shows
the mean residence time obtained from the experimental
data and the space-time volume obtained with the
geometrical data of the reactor. The mean residence time
in the photoreactor is obtained by the difference between
the first moment of the tracer outlet concentration versus
time (m1 outlet) and the first moment of the tracer inlet
concentration versus time (m1 inlet). Several methods may
be used for this estimation and the accuracy is different
from one to another (Stegowski, 1993). However, in the
present case, the simplest method is accurate enough to
calculate the stagnant volume. The data have been plotted
as a function of the Reynolds number based on the internal
diameter of the reactor as given by relation 2

Re ¼
Udr
m

, (2)

where U is the linear velocity inside the reactor, d the
internal hydraulic diameter, r the density and m the
viscosity of the fluid. The flowrate was changed to test
several values of the Reynolds number.
For all configurations, the difference between the space-

time volume and the mean residence time decreases with
the Reynolds number. When Reynolds number reaches the
turbulent zone, the difference becomes smaller. The
configuration with three lateral inlets allows to obtain
better results, even if a difference remains between the
space-time volume and the mean residence time.
The percentage of stagnant volume has been estimated

for the different configuration versus Reynolds number
(see Fig. 6). Configuration 3 with three lateral inlet gives, as
expected, better results since the flow is well distributed
inside the reactor. It should be pointed out that one part of
the stagnant volume is clearly due to the chosen config-
uration in which the outlet is located down to the water
level surface for other technological considerations. How-
ever, the adapted configuration using a reasonable
Reynolds number allows overcoming this problem.

3.3. Modeling of the RTD

The moments of the RTD provide only global informa-
tion that are not sufficient for an accurate description of
the flow behavior. Better understanding of the complex
processes can be obtained by simulation of the experimental
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RTD using compartment models (Levenspiel, 1999).
Depending of the complexity of the system, fuzzy logic
methods allow proposing a multiple parameters model with
good confidence (Claudel et al., 2003).

For each configuration, a model has been proposed
based on colored tracer experiments and the parameters
have been determined by fitting experimental and simu-
lated RTD curves. The simulations and the adjustment of
the parameters have been obtained using DTSpro software
(Leclerc et al., 1995, 2000). For the first configuration, the
flow behavior was modeled by a small plug flow reactor
representing the jet effect followed by a perfect mixing cell.
The operating and model parameters obtained for the
whole experiments of the three configurations are given in
Table 2. Fig. 7 represents the scheme of this model, the
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Fig. 6. Percentage of stagnant volume versus Reynolds number for the

three configurations.

Table 2

Operating and modeling parameters

Configuration Q (l/s) u (m/s) Re m1 inlet (s) m1 outlet (s)

2 0.1122 0.00405 476 194.89 306.72

2 0.2052 0.00741 870 156.24 223.72

2 0.2058 0.00743 873 80.28 145.1

2 0.20748 0.00749 880 39.29 104.08

2 0.2922 0.0106 1239 68.51 121.36

2 0.2932 0.0106 1244 68.74 121.28

2 0.4579 0.0165 1942 87.05 122

2 0.4612 0.0167 1956 73.75 108.73

2 0.8288 0.0299 3515 51.75 75.19

2 0.8693 0.0314 3687 91.18 113.28

1 0.4673 0.0169 1982 95.48 126.74

1 0.4766 0.0172 2021 197.34 230.5

1 0.2129 0.00769 903 180.1 234.09

1 0.2155 0.00778 914 81.64 135.18

3 0.2139 0.00772 907 73.93 147.24

3 0.2133 0.0077 905 174.79 247.38

3 0.2139 0.00772 907 38.93 113.34

3 0.2142 0.00774 908 176.33 248.57

3 0.2142 0.00774 908 96.14 169.63

3 0.4588 0.0166 1946 91.41 128.92

3 0.4511 0.0163 1913 125.68 163.22

3 0.881 0.0318 3737 37.95 60.67

3 0.881 0.0318 3737 49.37 70.63
model has only two parameters, the mean residence time in
the plug flow reactor tpf and the mean residence time in the
perfect mixing cell tpmc. Fig. 8 illustrates the good
agreement obtained between the proposed model and the
experimental data. Similar agreement has been obtained
with the whole set experiments. The obtained parameters
are meaningful since volume of the plug flow part is
increasing from around 1.5 l (i.e. mean residence time of
3–4 s) for the lower Reynolds number (Re ¼ 900 in the
reactor, Re ¼ 11,000 in the inlet pipe) to around 3 l (i.e.
mean residence time of 6–7 s) for the higher one (Re ¼ 2000
in the reactor, 24,500 in the inlet pipe), the volume is
consistent with the visual observation and it is known that
the jet increases with the Reynolds number.
For the lateral inlet configurations, the plug flow with

the axial dispersion model has been chosen, thanks to the
visual observations. This model has also only two
parameters, the mean residence time and the Peclet number
defined by relation 3:

Pe ¼
UL

D
, (3)
ts (s) t (s) Pe Stagnant

zone (%)

D (m2/s) tpf(s) tmc(s)

111.8 173.8 5 35.7 0.000587

67.5 97.7 6 31.0 0.000894

64.8 97.5 5 33.5 0.00108

64.8 96.7 6 33.0 0.000904

52.8 70.1 6 24.6 0.000128

52.5 69.8 6 24.8 0.00128

35 45.4 6 23.1 0.002

35 45.1 7 22.5 0.00172

23.4 25.5 6 8.2 0.00361

22.1 24.3 7 9.3 0.00325

31.3 44.5 29.7 — 4 18

33.2 43.6 23.9 — 3 16

54 95.3 43.3 — 7 41

53.5 94.1 43.1 — 6 39

73.3 94.2 8 22.1 0.000699

72.6 94.4 10 23.1 0.000558

74.4 94.2 9 21.0 0.000621

72.2 94 12 23.2 0.000467

73.5 94 11 21.8 0.000509

37.5 43.9 11 14.6 0.00109

37.5 44.6 9 15.9 0.00131

22.7 22.9 11 0.7 0.00209

21.3 22.9 9 7.0 0.00256

Inlet

τpf τpmc

Outlet

Fig. 7. Compartment model selected for the first configuration.
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where U is the linear velocity in the reactor, L the length of
the reactor and D the axial dispersion coefficient. Fig. 9
shows an example of the good agreement between the
simulations and the experimental data for the configura-
tions 2 and 3, which have been obtained once again for the
whole set of experiments. The results obtained for these
two configurations makes it possible to obtain a correla-
tion, given the axial coefficient as a function of the
Reynolds number. Fig. 10 shows the axial coefficient
dispersion versus the Reynolds number for the configura-
tions 2 and 3. The dispersion is slightly more important for
configuration 2 as expected during the visualization.

3.4. Utilization of the results for design and operating

conditions

The results suggest that for tubular photoreactor, it is
better to divide the inlet flow in several lateral inlets. The
lateral inlet leads to a plug flow behavior and the axial
dispersion is reduces by multiple inlets. When the config-
uration leads to a possible stagnant volume, the Reynolds
number based on the internal diameter of the reactor
should be higher than 4000 to supply enough energy to
force the liquid in the whole part of the reactor even if this
induces higher dispersion than with low Reynolds number.
Moreover, even if it is difficult to estimate radial dispersion
with RTD measurement (Legentilhomme and Legrand
(1995)), colored tracer investigations showed that the radial
velocity component is notable. It should be expected that
all particles will receive similar quantity of radiation. This
visual observation is not enough for a detailed model and
radial velocity measurement. CFD simulations need to be
done to validate that the amplitude of the radial
component is high enough. It should be pointed out that
improvements would be obtained if the inlets are in
tangential positions to favor the swirling flow as proposed
by Pruvost et al. (2002).

4. Conclusion

Radiotracer and colored tracer investigations were
conducted in a photoreactor to study the flow behavior.
Three different configurations of the inlet system have been
tested to modify the RTD. The estimation of the first
moments of the RTD curves showed that there is a large
stagnant volume for the central inlet. It is reduced when
using several lateral inlets with a Reynolds number of 4000
inside the reactor. These curves have been interpreted and
simulated with appropriated compartment models. The
choice of the model has been strengthened with the help of
colored tracer experiments. When the inlet is located at the
central bottom position, a plug flow reactor that represents
the jet flow at the entrance, followed by a perfect mixer that
describes the recirculation, simulates the flow behavior.
The plug flow volume increases with the inlet Reynolds
number. For the lateral inlet systems, the flow is well
described by the plug flow with an axial dispersion model.
A correlation has been determined to predict the axial
coefficient as a function of the Reynolds number. The three
lateral inlets configuration allows obtaining plug a flow
behavior with limited axial dispersion that is the most
adapted flow for better efficiency. The internal Reynolds
number should be higher than 4000 to suppress possible



ARTICLE IN PRESS
R.M. Moreira et al. / Applied Radiation and Isotopes 65 (2007) 419–427 427
stagnant zones. This method does not allow predicting the
radial dispersion, which is also an important parameter to
assume homogeneous effect of the UV radiation, but the
colored visualization seems to indicate that the radial
velocity component is notable for the selected configura-
tion. This example shows that radioactive isotopes are well-
adapted tracers in the field of industrial wastewater
treatment. When the knowledge of local velocities field is
necessary, the colored visualization that is only accessible
with a transparent mock-up can be replaced by the local
wall-detector with a proper collimation system as proposed
by (Thyn and Zitny (2002); Thyn et al. (2000).
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