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Abstract

Introduction

In designing a UV reactor two main aspects should be
taken into account in order to guarantee the minimum
treatment required: residence time distribution and UV
radiation distribution inside the reactor. For each reactor
the optimal operating conditions are defined, in terms
of flow rate and the characteristics of the treated fluid
(especially in terms of turbidity). However, any real application requires high flexibility in the UV plant, for
example in terms of flow rate range. For each reactor
usually a maximum flow rate value is provided. For values
greater than this maximum, the residence time distribution of particles carried by the water stream that pass
though the reactor, is no longer sufficient to ensure the
minimum dosage. On the contrary, for lower flow rates,
it could be expected that the minimum dosage should be
reached by every particle.

The interest in disinfection by ultraviolet radiation is
increasing in recent years. Its adoption in many industrial
contexts is related to its cost effectiveness, its effectiveness over a wide range of microorganisms and its ease
of installation and use. UV radiation has been proven
to be highly effective against protozoan pathogens such
as Cryptosporidium and Giardia lamblia against which
chlorine is ineffective. Moreover, in contrast to chlorine
disinfection, during UV disinfection, no by-products that
are harmful for human health are produced (i.e. trihalomethanes (THMs)).

This aspect, however, is not always true. In fact, reducing
the flow rate, on one hand increases the mean residence
time, and, consequently, the average dosage. But on the
other hand, it could lead to a decrease of the turbulence
of the fluid inside the reactor, and hence to a decrease
of treatment uniformity, that is strictly related to the
turbulence. If the decrease in treatment uniformity is
greater than the increase of the mean residence time, the
minimum dosage, for the particles that pass more rapidly
through the reactor and in areas with low radiation field,
could no longer be guaranteed.
This work demonstrates how a multiphysic CFD simulation (i.e. a fluid dynamics simulation integrated with an
optical simulation and a consequent UV-dose calculation)
can be utilized to simulate many reactor designs in order
to identify the best one and then to characterize it under
many operating conditions in order to identify the optimal
operating range of the reactor itself.
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The effect of UV irradiation on water quality depends on
many factors, such as the characteristics of source water
quality, UV wavelength, flow rate of treated water and
geometrical characteristics of the reactor. The effectiveness of the technology should therefore be evaluated each
time, and the design of the machine should be adapted to
the specific context in order to maximize the disinfection
level while minimizing operational costs.
Nowadays the performances of a reactor are evaluated
using microbiological testing (bioassay) that, through appropriate procedures (Qualls and Johnson, 1983, DVGW
W_294, 2006), verifies the minimum dosage required by
a plant. These tests are the basis of the validation procedures in Germany (DVGW, 2006) and Austria (ONORM,
2001). In 2006 the USEPA published the Ultraviolet Disinfection Guidance Manual (USEPA, 2006) that provides
guidelines about the design, validation, operation and
maintenance of UV disinfection processes. These tests,
however, are impractical and cost-ineffective, especially
with regard to large-scale UV systems. They also make
the trial and error approach to the design and optimization
of a reactor geometry very expensive as they require the
creation and the testing of many prototypes. Moreover,
since the tests are carried out on the prototype, they do
not allow, during the design phase, any priori analysis
of different configurations of the machine in order to
assess the optimal one. Furthermore they do not give

information concerning the distribution of the absorbed
doses and therefore the uniformity of treatment but only
provide the minimum dose guaranteed by the reactor.
In recent years, improvements in computational capability have provided designers with tools that facilitate
and improve the design phase. In particular, the use of
computational ﬂuid dynamics (CFD) to simulate UV
disinfection process has attracted much attention (Chiu
et al., 1999; Lyn et al., 1999; right and Hargreaves, 2001;
Lyn, 2004; Ducoste et al., 2005; Liu et al., 2007). Recent
studies (CIMdata, 2009) demonstrate that the use of
CFD during design phases can lead to a significant lowering of prototyping and testing costs (-35%), of design
time (-17%), of risk of design mistakes (-15%) and to an
improvment in product performance and functionality
(+22%), of reliability and lifetime (+5%) and of product
efficiency (+5%).
In order to accurately simulate the performances of UV
reactors three main aspects have to be modeled: the flow
field inside the reactor; the UV irradiation field and the
dose distribution provided to the microorganisms.
In order to accurately reconstruct the trajectories of
the microorganisms crossing the reactor an accurate
characterization of the flow field is required. Wols et al.
(2010) demonstrated that a more advanced CFD model,
such as the large-eddy simulation (LES), which accounts
for the large-scale turbulent motions varying in time and
space, would result in a more accurate solution of the
hydrodynamics. That is true, in particular, in situations
where large velocity differences are present and large
wakes can develop.
In the simulation of full-scale industrial installations,
where the wakes are more confined due the interaction
of the effect produced by many lamps, turbulence models
with RANS equations are usually selected because of the
reasonable results obtained at acceptable computational
costs (Liu et al. 2007).
Liu et al. (2007) evaluated six different turbulence models
in combination with RANS equations in predicting the
performances of a UV reactor: they found out that the
differences in predicted disinfection levels between the
different turbulence models were small (within 10%).
Based on these findings, in this study a RANS-based

turbulence model was selected, in order to obtain good
results in computational time compatible with our needs
(1-2 days); in particular the Spalart-Allmaras turbulence
model was used.
The fluid dynamics results must then be related to the
calculation of the UV radiation field in order to calculate
the dose absorbed by microorganisms. In the literature
many approaches for the computation of the UV radiation
field can be found. Jacob and Dranof (1970) developed
the Multiple Point Source Summation (MPSS) approach,
which consists in dividing a lamp into a number n of
equally-spaced point sources. This method was then
integrated by Blatchey (1997) over an infinite number
of point sources that compose a light emitting line, obtaining the Line Source Integration (LSI) model. Both
cited studies incorporated within the model the absorption effects of media surrounding the lamp, but neither
Jacob and Dranoff nor Blatchey took into account the
refraction and the reflection of light that take place at
the air/quartz/water interfaces.
The model was then improved by Bolton (2000) who
developed a full version that accounts for reflection and
refraction, as well as absorption effects. However, this
new model didn’t completely correct the over-prediction
of the UV intensity near the lamp surface caused by
the approximation of the lamp with a series of point
sources. Yang Quan et al. (2004) demonstrated that this
over-prediction can be reduced by considering each point
source emitting the light not isotropically as in the MPSS
model (i.e. with the same intensity in all the direction),
but in a diffused way with an intensity that decreases with
the cosine of the angle between the normal direction to
the axis of lamp and the direction of the light. This is
the Multiple Segment Source Summation (MSSS) model,
also called Line Source with Diffused Emission (LSDE).
In this study the computation of the UV intensity was
carried out by means of the software “UVDose”, developed by the University of Parma and SmartCAE s.r.l. in
collaboration with the company Puro s.r.l., which utilizes
a MSSS approach (Bolton,2002), properly modified in
order to take into account the refraction of light at the
air/quartz/water interface.
Starting from the flow field computation, it is possible
to reconstruct the path traveled by each microorganism
that passes through the reactor. By integrating the UV
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radiation along the trajectory of each microorganism,
the dose distribution guaranteed by the reactor can be
calculated. The simulation of the movement of the microorganisms inside the reactor can be carried out by means
of two different approaches: a continuous reacting tracer
(Eulerian technique) or a particle tracking technique
(Lagrangian technique). Ducoste et al. (2005) evaluated
these two alternative approaches and demonstrated that
they are comparable in terms of accuracy. In this study
the paths of the microorganisms are calculated by means
of a Lagrangian approach (Crowe et al. 1977).
Once the flow field, the UV radiation field and the particletracking have been calculated, the UV dose distribution
can be computed. Dose distribution can then be used as
a comparison parameter for comparing different reactor
configurations in order to establish the best one. A systematic CFD approach for the design of UV reactors was
proposed by Wols et al. (2011); they demonstrated that
CFD can be an essential tool to optimize a UV reactor
from both technical (achieve the minimum required dose)
and economical (minimize pressure drops and installed
power) point of view. However, the performance of a
reactor does not depend only on the geometry but also
on the operating conditions. Many times, in industrial
applications, the reactors work under variable conditions
(especially with variable flow rates). In these cases, the
system must be able to ensure good performance under
all operating conditions. Often it is assumed that, by reducing flow rate crossing the reactor, the performance
of the reactor will improve. This is not always true
because there may be cases in which, reducing the flow
rate, the flow field inside the reactor becomes laminar;
that may results in a loss of uniformity of treatment. In
these cases, the minimum dose guaranteed may decrease,
even though the average dose is increasing. This can lead
to an increased risk of not having sufficient treatment.
The purpose of this study is to demonstrate how CFD
can be used to identify the optimal operating conditions
of a reactor by identifying an optimal operating range.

model for turbulent flows with integration to the wall
and directly solves a transport equation for eddy viscosity.
It is quite popular because of its reasonable results for a
wide range of flow problems (Deck et al., 2002). The aim
of this model is to improve the predictions obtained with
algebraic mixing-length models to develop a local model
for complex flows, and to provide a simpler alternative to
“two-equation” turbulence models. In fact, the Spalart–
Allmaras turbulence model does not require a fine mesh
grid resolution in wall-bounded flows, as “two-equation”
turbulence models do. This allows shortening simulation
times however maintaining good convergence of the
results in simpler flows (Tdyn Turbulence Handbook,
2008). These characteristics guarantee a good compromise
between precision of the results and computation time,
even in large size contexts such as the industrial ones.
In order to reduce computational time the wall bounded
flow is computed by means of a wall function. The use
of a wall function enables us to significantly reduce
the number of nodes close to the wall; in fact the first
node must not fall within the viscous sub-layer (y+<1)
but within the logarithmic layer (30<y+<500), leading
to a significant reduction in the number of cells in the
boundary layer (Kalitzin et al. 2005).
The law of the wall implementation in Tdyn is given by
the following function, known as Reichardt’s extended
law of the wall.

This formulation is considered to be valid between y+=0
and y+ =300.
u+ and y+ are the dimensionless velocity parallel to the
wall and the dimensionless wall distance respectively;
they are defined as:

Materials and Methods
Flow field
A commercial CFD code, Tdyn Multiphysics v11.0.12, was
used for the CFD modeling. As stated in the introduction,
a RANS-based turbulence model, Spalart-Allmaras, was
used in order to achieve a trade-off between accuracy
and computational cost. This model is a “one-equation”
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Where y is the normal distance to the wall of the walladjacent cell center point, u is the time-averaged velocity

parallel to the wall, μ is fluid dynamic viscosity and u is
wall friction velocity that is defined as:

Where li is the distance traveled by the ray of light to get
from the segment on the axis of the lamp to the point in
the water domain; as can be seen from Figure 1:

where τw is the wall shear stress and ρ the fluid density.

Since β is independent of the material in the middle
(Bolton, 2000) and since the thickness of the quartz is
very small (approx. 2mm), the presence of the quartz
sleeve at the air/water interface can be neglected in calculating the refraction. Also the reflection of light caused
by the walls has been neglected as well as the shadow
effect caused by the other lamps inside the reactor. The
absorption coefficient (a) is related to the absorbance
(A) at a given wavelength (λ) by the following equation
(Bolton et al. 2000):

y+ was given the value of 30 for all the walls. The value
of y (size of the elements of the mesh in contact with
the walls), was then calculated according to [ Equation
3] for each wall depending on the characteristics of the
flow in the proximity of the wall itself.
UV radiation field
The UV radiation field was computed by means of a
CFD code, “UVDose,” developed by the Department of
Industrial Engineering of the University of Parma and
the engineering company SmartCAE s.r.l.. The code has
been written in the same language used by the code Tdyn
Multiphysics so as to facilitate the subsequent integration
of flow field and UV radiation field results. This code uses
the MSSS model (Bolton, 2002). The lamps were divided
in 1000 segments, each one emitting the light in a diffused
way: each segment doesn’t emit the same intensity in all
the directions but the intensity decreases with the cosine
of the angle (α) between the normal direction to the axis
of lamp and the direction of the light. The model takes
into account the refraction that occurs at the air/quartz/
water interface, as determined by Snell’s law:

The UV intensity in each point of the domain is computed
as the sum of the contribution of each segment:

The absorbance is related to the transmittance (T) over
the path length s by:

Dose calculation
Dose calculation consists of the integration of the UV
irradiation fields along the microorganisms’ paths. Since
the microorganisms have a density close to the density of
the fluid, and they are smaller than the Kolmogorov length
scales (~10-4 m), we can assume that their velocity is the
same as the fluid velocity (Baldyga and Orciuch, 2001).
In particular a Lagrangian model based on a randomwalk algorithm was used. In this model the particle, at
a certain time instant τ, assumes the same velocity that
the fluid has in the same position that the particle takes
up inside the fluid domain. At the following time instant
(τ+dτ) the particle will have a new position that depends
on the module and on the direction of velocity it had in
previous time instant τ. For the analysis, a time increment
of 0.01 s and 1500 particles uniformly distributed on the
inlet section were chosen.
The UV dose absorbed by each particle was then calculated by integrating UV intensity over the particle’s path.
Dose distribution is then obtained from doses absorbed
by each particle which cross the reactor.
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Reactor configurations
System design and optimization have been carried out
considering the following design parameters:

(254 nm) of this kind of lamp is 70 W. The installed
electrical power was then decreased by 50W compared
to the reference configurations (400 W versus 450 W).
Four different configurations of this kind of reactor were
analyzed (Figure 3):
• lamps arranged horizontally, without baffles
• lamps arranged horizontally, with 3 baffles
• lamps arranged vertically, without baffles
• lamps arranged vertically, with 3 baffles

Eleven different configurations were evaluated in order
to establish which one is the best. All the configurations
are characterized by the same diameter of the inflow
and outflow pipes (0.083 m) and by the same diameter
of reactor’s body (0.203 m).
Reference reactors
The manufacturer Puro srl, for the flow rate considered,
offers a reactor which is equipped with 6 low-pressure
lamps with a power of 75 W and an arc length of 1.474
m each. The UV-output at the disinfecting wavelength
(254 nm) of this kind of lamp is 41 W.
This reactor was taken as a reference. In particular it
was decided to evaluate two different configurations of
the reactor by studying two different arrangements of
the baffles (Figure 2):
• 1 baffle
• 3 baffles

Two lamp configuration
These reactors were equipped with two low-pressure
high-output lamps (or amalgam lamps). In these lamps
amalgam is used (i.e. Bismuth/Indium, Heering, 2004)
instead of pure mercury in order to increase the electrical
power density. The total installed electrical power can
then be reduced. These configurations use two LPHO
lamps with a power of 200 W and an arc length of 1.474
m each. The UV-output at the disinfecting wavelength
34
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Three lamp configuration
The installed electrical power was further reduced: these
configurations were equipped with three low-pressure
high-output lamps with a power of 100 W and an arc
length of 0.764 m each. The UV-output at the disinfecting wave-length (254 nm) of this kind of lamp is 35 W.
The installed electrical power was then decreased by
150W compared to the reference configurations (300 W
versus 450 W).
Four different configurations of this kind of reactor were
analyzed (Figure 4):
• lamps arranged on the vertices of a triangle, triangle
pointing upwards, without baffles
• lamps arranged on the vertices of a triangle, triangle
pointing upwards, with one baffle
• lamps arranged on the vertices of a triangle, triangle
pointing downwards, without baffles
• lamps arranged on the vertices of a triangle, triangle
pointing downwards, with one baffle

On the basis of the results obtained, a new configuration
will be developed in order to further improve the performance of the best configuration. This latter reactor will
be then characterized under different operating conditions
in order to identify its optimal operating range.

Results and Discussion
Reference reactors
Analyzing the results, it can be noted that in the configuration with three baffles, the baffles help to convey
the flow, initially concentrated in the lower part of the
section, into areas where there are the highest values of
the UV radiation field, namely at the center of the section (second and third baffle) and in the areas closest to
the lamps (first baffle).
In the case of only one baffle the water stream is conveyed
to the center of the section only in the proximity of the
baffle, while, far from it, it tends to lie at the bottom of

the reactor. In this second case the flow field is therefore
worse than the previous case; despite this, the uniform
distribution of irradiation (Figure 6) produces a good
distribution of the absorbed dose (Figure 7).
From the comparison of the absorbed doses it can be
noted that the reactor equipped with a single baffle appears to have a more homogeneous distribution with a
higher minimum value (60 mJ/cm2 versus 42 mJ/cm2).
The pressure losses were obtained from CFD simulations;
for the two configurations they are:
• 6 lamps, 3 baffles: 3000 Pa
• 6 lamps, 1 baffle: 2800 Pa
Two lamps configuration
The two configurations without baffles are characterized
by a flow that is concentrated in the lower part of the
section (Figure 8), especially in the initial part of the
reactor. This behavior is almost independent from the
arrangement of lamps.

Moreover, in both cases the UV radiation field is
highly non-homogeneous and high intensity values
are only concentrated in areas in proximity to the
lamps (Figure 9).
From the observation of the results it can be deduced
that both the configurations are able to guarantee the
minimum required dose (40 mJ/cm2). However, their
performances are at the limit of the minimum required
dose. Because of this, it would only require a slight
fluctuation in the operating conditions (i.e. increase
in flow rate or in the turbidity of water) to make the
performances no longer sufficient. The weak point of
these configurations is the low number of lamps that
causes a radiation field much less uniform than in the
previous case (more lamps of lower power). As a consequence there are areas with low intensity in which
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water undergoes low treatment. It was then decided to
evaluate the insertion of properly shaped baffles in order
to concentrate the flow in areas with a high radiation field,
thus increasing the performance of the reactor. The CFD
analysis confirms that the baffles convey the flow into the
central areas of the reactor (Figure 11).
The performances, in terms of absorbed dose, have not
improved much. On the other hand the pressure drops
were increased (Figure 12).
Obviously, the insertion of the baffles, introduces additional pressure drops within the system. The following
table summarizes the pressure losses calculated through
a CFD analysis (Table II).
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The configurations with two lamps provides the minimum
dosage and reduced pressure drop (in the case a configuration with no baffle is adopted) but does not allow much
flexibility in operating conditions. If a variable flow rate
has to be treated the reference configuration with 1 baffle
is preferable.
Three lamps configuration
The flow, as in the previous case, in the absence of properly shaped baffles, tends to lie down on the bottom of
the reactor (Figure 13).
The configuration with the triangle of the lamps pointing
upwards ensures higher doses, because the water has to

pass in proximity to the upper lamp at least two times
(i.e. at the inlet and at the outlet) (Figure 14).
Both configurations don’t ensure the minimum required
dose. However, the configuration with the triangle of
lamps pointing upwards has a much better performance:
it provides a minimum dose of 35 mJ/cm2 compared
with 28 mJ/cm2 supplied by the configuration with
the triangle of lamps pointing downwards. This is
due to the reasons described above.
In order to increase the turbulence inside the reactor,
and hence improve the performance, it was investigated
with the insertion of a baffle (Figure 16).
The baffle increases the turbulence inside the reactor,
stirring the fluid and lifting it from the lower part of
the section. Despite this, the residence times are reduced
and this results in a degradation of the absorbed dose
especially as regards the configuration with the triangle
of lamp pointing upwards (Figure 17).
As regards the configuration with the triangle of lamps
pointing downwards, the increase of turbulence causes

an improvement in reactor performances in terms of
absorbed dose: it passes from a minimum dose of 28
mJ/cm2 to 32 mJ/cm2.
The insertion of the baffle inevitably causes a deterioration of performances in terms of pressure drops. The
following table summarizes the pressure drops calculated
for the four configurations (Table III).
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of the results obtained in terms of minimum provided
dose and pressure drops are shown in Table IV.
On the basis of the results obtained it was decided to
optimize the configuration characterized by the lowest installed electrical power (3 lamps), by properly
shaping the baffle in order to concentrate
the flow in the areas with greater radiation
field. The final geometry of the reactor is
shown in Figure 18.
The first effect of the new baffle is to increase the turbulence inside the reactor, the
second effect is to convey the flow in areas
with the highest values of UV intensity
(i.e. between two lamps).

The best configuration turns out to be that one with six
lamps, with a power of 75W each, with a baffle intercepting the flow. It has the best performances in terms of
minimum provided dose; also with regard to the pressure
drops it turns out to be one of the best configurations. In
terms of installed electrical power it has the worst results:
450 W. Its strength is the high number of lamps through
which it guarantees a uniform radiation field and good
intensity values at all points of the section. An overview

The increased turbulence increases also the
pressure drop through the reactor: they
increase up to about 4000 Pa.
Even with this new geometry of the baffle the performance of the reactor doesn’t improve (minimum provided
dose 25 mJ/cm2) because the residence times are too low
to ensure the minimum treatment. It is therefore evident
that, the installed power is too low to be able to treat this
value of flow rate. This latter configuration is undersized
with respect to the operating conditions considered. At
this point of the study, it was decided to utilize CFD to
identify the optimal operating range of this latter reactor design that allows the installed electrical power to
be reduced and hence the operating costs in order to understand what is the maximum flow rate that it can treat.
The reactor was characterized with eight different flow
rate values (10 m3/h, 20 m3/h, 30 m3/h, 40 m3/h, 50
m3/h, 60 m3/h, 70 m3/h, 80 m3/h). In this study, the
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absorbance was not a design variable and was therefore
kept constant. The described approach may also be applied
by varying more than one variable (Ferretti et al., 2011).
The dose distributions obtained at the different operating
conditions are summarized in Figure 20.
From the results it is noted that the performance of the
reactor remains good within a range of flow rate between
10 and 20 m3/h: the minimum dosage is guaranteed and
the dose distribution is quite narrow.
With the increase in the flow rate (70 and 80 m3/h) the
distribution becomes narrower because of the increased
turbulence and hence of the mixing inside the reactor,
but the residence time are too low and the minimum dose
is no longer guaranteed.
In Figure 21 a synthesis of the results obtained for this
final configuration is reported.

This configuration of the reactor is able to treat a maximum flow rate of 20 m3/h. With increasing flow rate the
minimum dosage is no longer guaranteed. In order to be
able to treat this flow rate an installed electrical power
of, at least, 400 W is needed.

Conclusions
A simulative approach for the design of UV reactors by
means of CFD modeling is presented. To that end many
configurations of UV reactors were assessed.
The main parameter that has to be considered in order to
evaluate the performance of a reactor is the dose distribution. It strongly depends on the flow field within the
reactor and in particular on its turbulence and its mixing
capability. In fact, increasing the turbulence, increases
the mixing within the system allowing all the particles
to reach the areas near to the lamps. It was demonstrated
that this can be achieved by manipulating the flow through
the introduction of properly shaped baffles.
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Moreover, many industrial processes are characterized by
variable flow rates; the reactor must then be able to ensure
the minimum required performance within the entire operating range. Since the flow value greatly influences the
turbulence inside the reactor, and consequently its performance, the optimal operating range must be evaluated. In
fact, an increase in flow rate results in an increase of the
internal mixing and, consequently, improves treatment
uniformity. On the other hand, however, the increase of
the flow rate decreases the mean residence time of the
particles within the reactor and consequently the dose
distribution tends to move towards smaller values. The
decrease of the flow rate, instead, increases the mean
residence time of the particles but it also decreases the
turbulence: as a result, the average dose increases, but, as
its distribution becomes wider, the minimum dose could
decrease. For this reason, it becomes very important
to characterize a reactor through CFD instruments in
order to identify the optimal operating range of a reactor (range of flows, within which the reactor ensures
minimum required performance).
In this study it was shown that by optimizing the internal
flow it is possible to reduce the power in a reactor and
ensure the minimum required dose. This is because, by
increasing the internal mixing, all microorganisms pass
close to the lamps and, therefore, the distributions of the
doses become narrower. This is achieved through the use
of properly shaped baffles and identifying the optimal
flow range within which the reactor must operate. It has
been shown that the minimum dose can be ensured by
reducing the installed electric power by 11% (400W versus
450 W) and the pressure drops by 37% (1750 Pa versus
2800 Pa). This results in savings in terms of operating
costs. By further reducing the installed electrical power
the minimum dose is no longer guaranteed.

The CFD is also very useful in the prediction of the
pressure drops produced by the system. They are a fundamental parameter that has to be taken into account when
the target is to minimize the operating costs of the plant.
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UV radiation is a reliable way to disinfect water
and eliminate harmful substances. That applies to
treating drinking water – the essence of life – and
waste water alike.
UV lamps from Heraeus Noblelight are particularly
efficient and thus stand out due to their very low
energy consumption. Our lamps offer this recognized
standard of quality throughout their long service life.
Heraeus UV lamps combine exceptional reliability
with cost-effectiveness.
Each of our UV lamps is tailored to the specific
requirements of our customers.

Your partner for
reliable UV solutions
Interested in UV solutions for water treatement?
Contact us at: hng-uv@heraeus.com
www.heraeus-noblelight.com
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