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Fluoropolymer tube photoreactors employing external UV lamps to irradiate the fluid conveyed by semi-
transparent tubes are currently used for water and wastewater applications based on their intrinsic
simplicity in system assembly and claims that the hydrophobic characteristics of the tube material reduce
fouling. Nonetheless, there is limited published information to date on the short and long term disinfec-
tion efficiency and the potential implications of these factors for operational costs.In this paper, empirical
and numerical bioassay experiments on virus inactivation were conducted on a pilot-scale fluoropolymer
tube photoreactor using MS2 and T1 bacteriophages to gain further insight into delivered dose. Simulated
and observed MS2 and T1 reduction equivalent doses displayed good agreement with an error (relative to
the observed RED) ranging from —13.7% to +4.4% for MS2 (average = —3.9%) and from —5.6% to +27.0% for
T1 (average =+4.6%).The impact of the fluoropolymer UV absorption on disinfection was also assessed.
Integrating sphere measurements revealed that absorption events occurring in the fluoropolymer tubes
play a pivotal role in determining disinfection efficiency. At 253.7 nm, the diffuse transmission of UV light
was the dominant radiative transfer mechanism and a considerable proportion of incident photon flux
(13.5%) was absorbed by the fluoropolymer tube. As highlighted by the model sensitivity analysis, the
fluoropolymer absorption coefficient was found to be the most important factor affecting bacteriophage
inactivation.Although further research will be conducted to investigate potential efficiency enhance-
ments attainable through shape optimization and internal UV reflectors, CFD predictions indicated that
the current electrical efficiency of the investigated photoreactor (0.0190-0.0289 kWhm—3 MS2log1)
was considerably higher than conventional UV photoreactors (0.0044-0.0049 kWh m—3 MS2log~!) sug-
gesting that fluoropolymer tube UV technologies may not be ideal for high-flow installations or energy
sensitive applications.
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1. Introduction (e.g., immersed in the fluid or external to the fluid) and orientation
(parallel to flow or cross flow).

While liquid-immersed UV lamp reactors using quartz sleeves
surrounding the lamp have received considerable attention
[10-16], fewer studies are available on fluoropolymer tube

photoreactors [17,18] albeit their potential advantages over con-

The occurrence of disinfection by-products formed by chemical
oxidation of organics in water and wastewater [1,2] has suggested
that alternative, environmentally friendly disinfection techniques
should be considered and investigated [3,4]. Among physical dis-

infection processes, UV disinfection - introduced in 1877 [5] and
popular since the 1980s [6] — has emerged as a cost-effective means
to inactivate a wide range of microorganisms [7-9]. Due to the
demonstrated sensitivity of the UV disinfection performance to
reactor hydraulics [10], several alternative reactor configurations
have been proposed to date. The configurations can be classi-
fied, for example, according to the relative lamp-to-liquid location
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ventional technologies such as an intrinsic simplicity in system
assembly, easy of operation, a lower risk of lamp breakage and
claims that the hydrophobic characteristics of the tube material
may reduce fouling [19]. Moreover, these studies were mainly
aimed at quantifying inactivation rather than providing informa-
tion on crucial aspects such as fluence rate and dose distribution,
parameters known to govern reactor performance [20,21].

The impact of fluoropolymer UV absorption on disinfection has
not been investigated to date, despite knowledge that the chemi-
cal composition and polymerization processes substantially affect
the optical characteristics of the fluoropolymer and can ultimately
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Nomenclature

aj fraction of absorbed light at fixed wavelength

Ce1, G2, G, turbulence model constants

D UV dose [Jm—2]

d sample thickness [m]

EEO Electrical energy per order [Wsm~3log=1]

I, fluence rate at fixed wavelength [Wm~2]

k fluence-based inactivation rate constant [m?2]~1]

N, Ng residual or initial phage  concentration
[plaque ml—1]

p static pressure [kgm~! s2]

Py production term in the turbulent kinetic energy
equation [m?2 s3]

Py electrical lamp power [W]

Q flowrate [m3 s—1]

r position vector [m]

1) diffise  fraction of diffusely reflected light at fixed wave-
length

Sce turbulent Schmidt number

SSi sum of squares for the ith factor

SS¢ total sum of squares

S¢ source term in the generalized convection-diffusion
equation [®s~1]

s’ scattering direction vector [m]

s direction vector [m]

t) diffuse  fraction of diffusely transmittance light

trdirect fraction of directly (regularly) transmittance light
tratotal  fraction of total transmittance light

t.totalrap fraction of total transmittance light with light trap
at the reflectance port

UV transmittance at 254 nm [% cm™!]

Reynolds stress tensor components [m?2 s—2]

UVTys4
2TU
—uu
{u, v, w} velocity components [ms~!]
{x,y,z} Cartesian coordinates [m]

Greek letters
Iy diffusion  coefficient in  the
convection—diffusion equation [m?s~1]

generalized

e turbulent dissipation rate [m?2 s3]

& Naperian absorption coefficient at given wave-
length [m~1]

K turbulent kinetic energy [m? s=2]

% kinematic viscosity [m2s~1]

Ve turbulent kinematic viscosity [m2s—1]

0 density [kgm™3]

0,04 turbulent Prandtl numbers

Os). scattering coefficient at given wavelength [m~1]

@ general scalar [plaque ml~!] or [Wm2]

'4 phase function

2 solid angle [steradian]

be expected to influence delivery of the reduction equivalent dose
(RED). Funayama and Sugawara [22] conducted a comparative
study on quartz and fluoropolymer tubes using chemical actinome-
try and demonstrated that a quartz tube has a higher transparency
in the radiation band between 200 and 600 nm. They also reported
a transmittance of 30% over a 0.25 mm thick fluoropolymer sample
versus a 90% transmittance for a 1 mm thick quartz sample. Lowry
et al. [23] documented an ultraviolet transmittance at 254 nm
(UVTas4) of amorphous Teflon (AF) in the range of 70-75% for a
3.2mm thick sample while Dever and McCracken [24] found a
UVT,s54 of 55% for a Teflon FEP sample of 0.127 mm thickness. In

AIR

UV LAMP

WATER .

XXX

FLUOROPOLYMER TUBE

WALL

Ay
1

R
1371N0

Fig. 1. Horizontal and vertical cross-sections of the fluoropolymer tube UV photore-
actor.

a similar study, 50% UVT,s54 was observed on a 2 mm Teflon FEP
sample [25]. Changes in optical properties were documented by
Hougham et al. [26] as a result of fluoropolymer damage caused by
absorbed photons with a reduction in transmitted light.

Recently, Computational Fluid Dynamics (CFD) has emerged as
a powerful technique to investigate and optimize water treatment
processes and technologies such as sedimentation [27], disinfection
[16,28,29] and advanced oxidation [30]. In this paper, the disin-
fection processes taking place in a pilot-scale fluoropolymer tube
UV photoreactor were investigated using CFD. Flow, fluence rate,
microbial inactivation and UV dose distribution were predicted in
an Eulerian framework using the Fluent software (Ansys, Canons-
burg)and compared against pilot biodosimetry data. Finally, critical
factors affecting UV disinfection were identified via model sensitiv-
ity analysis and discussed in terms of potential impacts on short and
long term disinfection efficiency and operational cost.

2. Materials and methods
2.1. Fluoropolymer tube photoreactor

The pilot photoreactor is composed of four fluorinated ethy-
lene propylene (FEP) tubes (also known as fluoropolymer tubes
or Teflon tubes) having an outer diameter of 35 mm and a thick-
ness of 1.2mm (Fig. 1). Four monochromatic low pressure UV
lamps (253.7 nm, 39 W electrical power, 40% nominal lamp effi-
ciency) are mounted parallel to the tubes and enclosed in a
250 mm x 250 mm x 1200 mm stainless steel cabinet. When in
operation, the system is cooled by forced ventilation through a fan
installed at the cabinet wall.

The fluid enters the reactor at a variable volume flowrate in
the range of 0.84-1.511s~1 (Re=30,420-54,685) from the bottom
(inlet) and moves in a serpentine fashion while being continuously
exposed to the fluencerate field. The plastic elbows that connect the
four fluoropolymer tubes are made of polyvinyl chloride. Thus, they
are opaque to the UV radiation. After UV disinfection, the fluid exits
the reactor from an outlet located in proximity to the reactor inlet.
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Fig. 2. Relevant light components in an integrating sphere apparatus.

2.2. Optical measurements

Because fluoropolymers are known to significantly scatter UV
light [31], all optical measurements were carried out using a
Cary100 spectrophotometer (Varian, Walnut Creek, USA) equipped
with the integrating sphere accessory (Labsphere, North Sutton,
USA). As schematically illustrated in Fig. 2, the interaction between
the light beam and a highly scattering material will result in mul-
tiple light components [32]. When the angle of incidence between
the beam and the sample is orthogonal (w = 0), the retro-reflected
(T3 retro-reflected ) aNd the specularly reflected (r, specular) COMponents
are excluded from the transmittance measurement. Using this con-
figuration, two types of transmittance measurements can be taken.

If a purely reflective standard (Spectralon USRS-99-020) is
placed at the reflectance port, total transmittance measured by the
integrating sphere spectrophotometer will be:

tk,total = tk,direct + tk,diffuse + '), diffuse (1)

where &} girect> [a diffuse aNd Ty giffuse are the contributions to the
total transmittance measurement from the directly transmitted,
diffusely transmitted, and diffusely reflected light, respectively.
Similarly, if a light trap is placed at the reflectance port to exclude
from the measurement the contribution of the directly transmitted
component, total transmittance will be:

ty total,trap = Lx,diffuse T T'a, diffuse (2)

Thus, by taking the difference between the two previously
described measurements, the direct component (t; girect) Of the
transmitted light can be estimated:

tk,direct = tA,total - tk,total,trap (3)
and the fraction of absorbed light accordingly calculated (Eq. (4)):
a; =1~ (&, total) (4)

Finally, a Beer-Lambert-equivalent Naperian fluoropolymer
absorption coefficient (&,) can be estimated and used for CFD
simulations to model the energy losses occurring in the fluoro-

Table 1
Values of @, I'g and Sy for the convection and diffusion equation in Cartesian
coordinate system.

# Equation (] Iy So
a Continuity 1 0 0
b Momentum in x direction u v+ Vg —% %
€ Momentum in y direction v v+ v —% W
d Momentum in z direction w v+ v —% ““'”6722"/3)
e Turbulent kinetic energy k v+ ;TZ Py—¢
f Dissipation rate £ v+ ;—g Ce1 5P — Ce2 %
g Scalar (microbial inactivation) N S"Tf[ —KIN
h Scalar (UV dose) D 0 +
polymer tubes exposed to UV light, as in Eq. (5):
1 1
& =In|— 5
A d [1 —ay :| ( )

where d is the fluoropolymer sample thickness.
2.3. Mathematical modeling: governing equations

The detailed mathematical formulation of the problem under
investigation is provided below. For an incompressible Newtonian
flow, the time-averaged governing equations of mass, momentum,
turbulence parameters, microbial inactivation and UV dose can
be written using the generalized form of the convection-diffusion
equation (Eq. (6)):
dugp ovp Iw k) O 0 o 0 o
{Tj*?erTf:g [Q;Tﬂ *ay [rd’(’Tﬂ +as [ny] +S¢ (6)
where the values of @, ' and S are given in Table 1.

The standard k-& model with wall functions was used in this
study due to its ability to provide a reasonable description of fully
turbulent flows. While it has been conclusively demonstrated that
such a model is inadequate to describe flows dominated by vortex
shedding or swirling [33], good performance was documented by
Sozzi and Taghipour [34] in predicting velocity profiles obtained
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Table 2

Empirical constants for the k- model [37].
Csl Csz C;L Oy O¢
1.44 1.92 0.09 1.0 13

from particle image velocimetry (PIV) experiments in L-shape and
U-shape photoreactors.

The mathematical derivation of this model is reported in detail
elsewhere [35]. The standard k-& model is a semi-empirical model
based on model transport equations for the turbulence kinetic
energy k and its dissipation rate ¢. In these equations, P, repre-
sents the generation of turbulence kinetic energy due to the mean
velocity gradients. This term is defined as:

—— oy
Pk = 7Ll/.u,.7‘ (7)

where —uju’ are the Reynolds stress tensor components which
can be related to the mean velocity gradient using the Boussinesq
hypothesis [36]. The model constants Cgq, Gy, C, 0, and o used
in this study are summarized in Table 2.

The concentration of surviving microbes and UV dose was pre-
dicted by solving two additional scalar transport equations (Table 1,
equations g and h). The source term of the microbial transport
equation represents a first order kinetic in both fluence rate and
microbial concentration. While the fluence-based microbial inac-
tivation rate constants were determined through collimated beam
experiments, the source term in the UV dose scalar transport equa-
tion was set equal to the local fluence rate value. This way, the
accumulated dose as a function of the fluid trajectory can be pre-
dicted in an Eulerian framework as long as the turbulent diffusion
term is removed from the transport equations [20]. If, instead, such
a term was left in the computation, the Eulerian and Lagrangian
dose distributions could substantially differ [45]. Therefore, the
scalar diffusion coefficient of the UV dose transport equation was
set to zero.

Furthermore, the scalar diffusion coefficient for the microbial
transport equation was also set to zero, in consideration that: (a)
no gradients in microbial concentration are generated during the
UV treatment (e.g., microbes are not removed from the system), (b)
nanosized particles such as MS2 and T1 coliphages have a very low
diffusivity in water at 20°C, in the order of 10-10 to 10~ m2s~!
[38] and (c) while the elbows are the regions promoting highest
turbulent diffusion, they are also opaque to the ultraviolet radiation
hence the fluid is not exposed to the fluence rate field in that portion
of the photoreactor (the UV dose distribution remains unchanged).

Nevertheless, to further validate these assumptions, four sets
of CFD simulations (at low and high RED doses) were carried out
and compared: the first set of simulated microbial inactivation is
obtained using a diffusion coefficient of zero, while the remain-
ing are accounting for the contribution of the turbulent viscosity
throughout the reactor for turbulent Schmidt numbers varying
from 0.5 to 1.5 (Table 3). As can be seen, inclusion of turbulent
diffusion has a negligible impact on microbial inactivation thus
confirming that convection is the dominant transport mechanism
occurring in the photoreactor for the investigated Re numbers
(Re=30420-54685).

Table 3

2.4. Fluence rate model

The derivation of the radiative transport equation (RTE) is well
established [39]. The Fluent DO model solves the RTE using a direc-
tional and spatial discretization around the radiation source. On
each computational cell, a local radiation balance is carried out by
solving the partial integro-differential equation (Eq. (8)):

4

+ (&) +os ) (r,s) = %/I,\(r, SNW(s-s)dS2 (8)

dl, (sq)
dXi

0

In our problem, such equation should be simultaneously solved
for the three adjacent media, namely air, fluoropolymer and water,
using the appropriate initial and boundary conditions.

While scattering of UV light can be neglected in both water
and air, such phenomenon represents the main mechanism for UV
propagation in fluoropolymers [31], as also confirmed by the mea-
surements taken in this study on the fluoropolymer transmittance
(Fig. 4). Thus, appropriate boundary conditions were assigned to
both the semi-transparent walls to ensure that the light transmitted
across the fluoropolymer tubes was diffusely and isotropically re-
emitted in the fluid region. The approach used in this study to model
fluoropolymer scattering through the use of a semi-transparent
wall boundary condition allowed a further simplification of the RTE
since the fluoropolymer scattering coefficient could now be set to
zero (Eq. (9)):

B 4 euni(rs)=0 ©)
where x; and s; are position and direction vectors, respectively, and
&, is the wavelength-dependent absorption coefficient of the three
media (air, fluoropolymer tube, water).

2.5. Computational Fluid Dynamics (CFD) model

2.5.1. Model setup

All simulations were carried out in an Eulerian framework using
the Fluent software (Ansys, Canonsburg, USA). A 3D mesh with
437,789 cells was generated in Gambit software by extruding a
horizontal 2D grid (identified via mesh independence studies) in
the third vertical dimension. The remaining parts of the compu-
tation domain (i.e., the fluoropolymer tube connections and the
inlet-outlet piping) were meshed using an unstructured tetrahedral
grid.

A velocity inlet boundary condition was imposed to prescribe
the desired flowrates, while a pressure outlet boundary condition
was applied at the reactor exit.

The discrete ordinates (DO) radiation model was employed to
solve the RTE in the computational domain using as a solid angle
discretization, with a theta and phi division of 7 and 3, respectively.
Due to the relatively small thickness (1.2 mm) and the dominant
mechanism of light propagation across the fluoropolymer tube, a
diffuse fraction of 1 was assigned to the semi-transparent walls
separating the tubes from the surrounding environment (air and
water).

Impact of the diffusion coefficient I, on predicted T1 and MS2-RED [m] cm~2] for different turbulent Schmidt numbers at high and low UV doses.

ry=0 Ty =ve/(Sc; = 0.5) Ty =ve/(Sc: = 0.9) Ty =vi/(Sc =1.5)
0=1.511s"1UVT=56.8%cm' [low UV dose] MS2-RED =20.08 MS2-RED =20.32 MS2-RED =20.21 MS2-RED =20.12
T1-RED=18.32 T1-RED=18.55 T1-RED=18.46 T1-RED=18.36

Q=0.841s"1UVT=77.8%cm™! [high UV dose] MS2-RED =57.63

T1-RED=50.6

MS2-RED =58.88
T1-RED=51.77

MS2-RED=58.51
T1-RED=51.42

MS2-RED =58.20
T1-RED=51.12
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Fig. 3. System layout used for biodosimetry experiments.

The amount of reflection and absorption of the stainless steel
cabinet was determined by inferring the diffuse fraction and
the emissivity of the cabinet walls using numerical optimiza-
tion. Specifically, the Simplex algorithm was used in conjunction
with automated CFD simulations to minimize the error between
observed and simulated MS2 and T1 inactivation.

A second order accurate upwind discretization scheme was
employed to approximate the nonlinear convective terms in all
governing equations while the SIMPLE (Semi-Implicit Method for
Pressure-Linked Equations) algorithm was employed for pressure
correction [40].

2.5.2. Model calibration

Bioassay tests, conducted according to the EPA guidance
manual [41], were performed in order to collect data to be used
for CFD calibration. A 10001 tank filled with dechlorinated tap
water was spiked with MS2 and T1 to give an initial virus density
of 2.6x10°pfuml~! and 2.6 x 108 pfuml-!, respectively, and
continuously mixed using a submersible pump. The UVT;s54 of the
water was modified by adding a suitable amount of soluble coffee
to the water and the reactor flowrate was adjusted using a valve
located at the reactor outlet. Static mixers were installed both at
the inlet and outlet of the reactor and immediately before and
after the sampling ports to ensure that the collected water samples
were representative of the delivered UV treatment (Fig. 3).

Inactivation experiments were conducted under nine different
test conditions resulting from the factorial combinations of three
UVTys4 values (58.6, 67.9, 77.8%cm~1) and three flowrates (0.84,
1.26, 1.511s~1). Two samples for collimated beam testing were
withdrawn from the system at the beginning and the end of the
bioassay experiments and irradiated at known UV doses to deter-
mine the dose-response curves (and thus the inactivation rate
constant for both MS2 and T1 bacteriophages) and to confirm that
the fluid mixture was stable throughout the experiments. After
reaching pseudo steady-state condition and for each test point, trip-
licate inlet and outlet samples were collected in order to quantify
surviving bacteriophages and delivered UV dose. Bacteriophages
were enumerated according to the protocol described in Appendix
A of the EPA UV Disinfection Design Guidance Manual [41].

Special attention was paid to the fluence rate model calibra-
tion. First, a model sensitivity study was carried out using a 2-level
full-factorial scheme. Screened factors included the fluoropoly-
mer absorption coefficient, the scattering coefficient, the water
UVT,s54, the lamp power, the wall emissivity and the diffuse frac-
tion. For factors responsible for >1% of the total variability (as sum
of square) described by the CFD model, their values were experi-

mentally determined or inferred using the Simplex algorithm [42].
From a geometrical viewpoint, the simplex methods correspond
to a polyhedron containing N+1 points in a N dimensional space
(e.g., a triangle in a two dimensional optimization problem). These
points are moved according to three possible operations: reflec-
tion, expansion and contraction [43]. Their movement is driven by
the objective function, defined in this study as the square root of
the squared sum of error between observed and simulated MS2-
RED over the entire range of flowrates and UVT. The algorithm
terminates when a solution with improvements greater than the
assigned tolerance (set in this work to 0.1 mJ/cm? MS2-RED) cannot
be found.

The non-significant factors were treated as constants and
default values derived from previous studies were assigned.

3. Results and discussion
3.1. Fluoropolymer absorption spectrum

The wavelength-dependent fluoropolymer transmittance spec-
tra, measured using an integrating sphere spectrophotometer, are
shown in Fig. 4. In one case, a light trap was installed at the
reflectance port to exclude the direct component of transmitted
light from the measurement. As expected, the lowest wavelengths
(<220 nm) are strongly attenuated by the fluoropolymer material.

As can be noted in Fig. 4, the contribution of the direct
component, given by the difference between the two curves, is
almost negligible for wavelengths lower than 260 nm. This fur-
ther validates the hypothesis that, at 254 nm, the light propagation
across the fluoropolymer tubes mainly occurs through scatter-
ing events resulting into a diffuse transmittance of UV light. At
254 nm, the percent of absorbed energy was equal to 13.5%, giv-
ing a Beer-Lambert equivalent Naperian absorption coefficient of
120.9m1. Such value has been used for the CFD simulations to
model the energy losses occurring in the fluoropolymer tube thick-
ness.

3.2. CFD simulations
3.2.1. Grid independence studies

Grid independence studies were carried out on a representative
2D cross-section of the UV photoreactor to determine the mini-
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Fig. 4. Transmittance spectra of the fluoropolymer tube (1.2 mm thick sample).
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Fig. 5. Fluence rate profiles for three different computational grids.

mum number of elements needed to accurately solve the RTE and
obtain the fluence rate distribution. Fig. 5 shows the fluence rate
profile across three reactor zones, namely the air, the fluoropoly-
mer tube and the water, for a horizontal reactor cross-section. As
can be noted, the fluence rate profile becomes mesh-independent
for grids with a number of cells greater than 11,718.

3.2.2. Model sensitivity analysis

A model sensitivity analysis has been conducted according to a
full-factorial two level design of experiment using MS2 log inactiva-
tion as response variable. For a critical parameter such as the lamp
power, the range of variation has been determined based on infor-
mation provided by the manufacturer on the peak UV efficiency
(40% at T=40°C) and the potentially severe depletion and instabil-
ity in the UV output due to operation at non-optimal temperatures.
Similarly, the low end-of-range for the fluoropolymer absorption
coefficient has been set to zero in consideration that new fluo-
ropolymer materials with lower UV;s4 absorption are likely to be
developed and, in spite of their fragility, quartz tubes could also be
used for UV applications involving non-pressurized fluids.

The percent of contribution (PC) on total variability described
by the CFD model can be estimated using Eq. (10):

PC(%) = 100 x 2

where SS; is the sum of squares of ith factor and SS; is the total sum
of squares of the CFD model in the investigated range of factors.
Table 4 summarizes the range of variability and the percentage of
contribution of each factor on the simulated log inactivation.

Over a total sum of squares of 23.3, three key factors such as flu-
oropolymer absorption coefficient, lamp power, and UV reflection
at the cabinet walls (i.e., the cabinet wall emissivity and diffuse
fractions) were responsible for >85% of the simulated log inac-
tivation. The remaining factors such as diffuse fractions at the
semi-transparent tube interfaces were able to explain only 0.3%
while the sum of the percent of contribution for all higher order
interactions were responsible for less than 3.3% of SS;.

3.2.3. Model calibration

While the fluoropolymer absorption coefficient was experimen-
tally determined, the remaining significant factors were inferred
using an optimization algorithm (Simplex) and automated CFD
simulations. The computational search was conducted by explor-
ing the space of parameters used for model sensitivity analysis.
Notably, the calibrated value for the total reflected light (~30%) at
the stainless steel cabinet wall was in good agreement with pub-
lished information on stainless steel reflection at 254 nm (~25%
as in Koller [44]). Likewise, the lamp power value identified via
numerical optimization returned a lamp efficiency that was con-
sistent with the one provided by the manufacturer (Table 5).

The MS2 and T1 dose-response curves, determined using a
collimated beam apparatus, are shown in Fig. 6. As expected, T1
was found to be more sensitive-to-UV light than MS2 in agree-
ment with previous studies [45]. As can be seen, MS2 and T1
inactivation kinetics were well described by a first order kinetic
model with decadic fluence-based rate constants of 0.047 cm? mJ~!
and 0.200 cm? mJ~!, respectively. Such constants were used in the
Eulerian CFD model to predict the bacteriophage transport and
inactivation in the fluoropolymer photoreactor.

Figs. 7 and 8 show the observed MS2 and T1-RED and the CFD
predicted RED values calculated using the dose-response curve
from collimated beam experiments. Overall, the CFD model accu-
rately describes the observed trends and log removal for both
bacteriophages over the entire range of UVT,s54’s and flowrates.
However, the model tends to overpredict T1 disinfection at higher
UV doses (>20m]Jcm~2) which may be explained by an overes-
timation of the rate of inactivation due to model extrapolations
occurring at such doses where the T1 dose-response curve was
not measured (Fig. 6) and microbial clumping and tailing may have
occurred.

Other possible reasons of such discrepancy may be found in the

(o) . - )
SSt inability of the turbulence model and the steady-state assumption
Table 4
Model sensitivity analysis: analysis of variance (partial sum of squares).
Parameter Unit Range SS PC (%) Decision
Fluoropolymer absorption coefficient m-! 0-1000 15.31 65.69 Significant
Lamp power W 7.8-15.7 2.80 12.04 Significant
Cabinet wall emissivity - 0-1 1.01 431 Significant
Cabinet wall diffuse fraction - 0-1 0.90 3.86 Significant
Diffuse fraction (air-tube interface) - 0-1 0.066 0.28 Not significant
Diffuse fraction (tube-water interface) - 0-1 3.66 x 103 0.016 Not significant

Table 5

Significant optical parameters and their adopted values in the CFD model.

Parameters

Optimal value

Determination technique

Fluoropolymer absorption coefficient
Lamp UV power

Stainless steel wall emissivity
Stainless steel wall diffuse fraction

1209 m! Measured
15.7W Inferred
0.79 Inferred
0.85 Inferred
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Fig. 6. Dose-response curve for MS2 and T1. Fig. 8. Comparison between observed and predicted T1-RED.
employed in this study to predict the intensity of three-dimensional
vortex occurring in the photoreactor. Such secondary flows may
determine poor predictions of the low-end values of the UV dose

60 ] distribution, which is a region known to govern the observed per-
] Observed (UVT=77.8% cm") ] formance when sensitive-to-UV microbes such as T1 are employed
55T m A Observed (UVT=67.9% cm') ] for bioassay experiments.
™ Observed (UVT=58.7% cm") ]
504 Predicted (CFD) &
—_ i 3.2.4. Spatial distributions
"-‘E 451 a - l Velocity magnitude and velocity vectors were computed and
o g are displayed in Fig. 9 for a flowrate of 1.261s~1. As the vector
E 404 = plot reveals, plug flow conditions occur in the fluoropolymer tubes
o while considerable mixing is promoted by separation and recircu-
2 a5t = = lation at the narrow plastic 180° bends employed to connect the
o ] four fluoropolymer tubes in series.
g 30t A . The predicted fluence rate and dose distributions are displayed
= ] in Fig. 10. As expected, while higher fluence rate regions are
254 - A ] predicted in close proximity to the UV lamps (air region), a consid-
] erable drop in fluence rate occurs inside the fluoropolymer tubes,
20t B due to both absorption and scattering events occurring in the fluo-
] ropolymer tube and the water. Nevertheless, while a considerable
15 . . . . . . . | fluence rate gradient is displayed in each tube (Fig. 5), the average
b8 09 1 11 12 13 14 15 18 fluence rate appears to be similarly distributed among the four flu-
Flowrate [I s"] oropolymer tubes in a horizontal cross-section. As a result of both
the serpentine trajectories and fluence rate distribution, the deliv-
Fig. 7. Comparison between observed and predicted MS2-RED. ered UV dose increases almost linearly along the main flow path
(Fig. 10).
Table 6
Simulated and observed MS2 [T1] log inactivation at different test conditions.
Log No/N Log No/N Log No/N = St. Dev. Log No/N
[Abs. coeff.=60m~"] [Abs. coeff.=120m~"] [Abs. coeff.=120m~"] [Abs. coeff.=180m~"]
CFD model CFD model Experimental CFD model
Flow=0.841s" UVT,54=77.8%cm!  3.1[11.1] 2.7[10.1] 2.6 + 0.13 [n/a] 2.419.1]
UVTy54=67.9%cm! 2.3 [8.9] 2.1[7.3] 2.1 + 021 [n/a] 1.9[6.3]
UVT,54=58.6%cm~!  1.8[6.7] 1.6 [5.9] 1.7 + 0.17 [4.6 +0.03] 1.5[5.4]
Flow=1.261s" UVTas4=77.8%cm~!  2.1[8.0] 1.8[7.0] 2.1 + 0.20 [n/a] 1.6 [6.2]
UVT54=67.9%cm~! 1.6 [5.9] 1.4[5.3] 1.5 + 0.15[5.5+0.2] 1.3[4.8]
UVT,54=58.6%cm~! 1.2 [4.5] 1.1[4.1] 1.2 + 0.07 [4.4+0.05] 1.0[3.8]
Flow=1.511s"" UVTas4=77.8%cm~!  1.8[6.6] 1.5[6.0] 1.5 + 0.16 [n/a] 1.4[5.3]
UVT,54=67.9%cm! 1.3 [4.6] 1.2 [4.6] 1.2 +0.18[4.4+0.21] 1.1[4.1]
UVT,54=58.6%cm~! 1.0 [4.0] 0.93.6] 1.0 + 0.04 [3.5+0.06) 0.8[3.3]
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Fig. 9. Velocity magnitude (left) and zoomed velocity vectors (right) of the photoreactor.

3.2.5. Fluoropolymer purity and reactor performance

The critical role of fluoropolymer UV absorption on reactor per-
formance was assessed using the calibrated CFD model for three
different scenarios. In one case (Abs. coeff.=120m~1), both model-
ing and experimental were available while, for the remaining two
cases (Abs. coeff.=60 and 180 m~!), the impact on reactor perfor-
mance was only assessed numerically. Results are summarized in
Table 6.

As expected, for both MS2 and T1, a linear drop in disinfection
performance (in the range of 9-11%) occurred when the fluoropoly-

Fluence Rate [mW cm™]

mer absorption coefficient increased by 33%. For each scenario, the
specific energy consumption was also estimated using Eq. (11):

~ QlogNg/N

where Ny is the phage concentration at the reactor inlet [pfuml=1],
N is the phage concentration at the reactor outlet [pfuml~!], Py,
is the electrical power of the UV lamps [KW] and Q is the flowrate
[m3 s—1].Results, summarized in Table 7, are compared against data
from previous studies on conventional UV photoreactors [20,46].

EEO (11)

Dose [mJ cm?]

Fig. 10. Fluence rate (right) and cumulated UV dose (left) in the fluoropolymer UV photoreactor (flowrate=1.261s"", UVTy54 =67.9%cm™1).
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Table 7
Electrical energy per log inactivation of MS2 [kWh m~3 log~'] at different UVT;s4.

This study (2010) (fluoropolymer)

Sozzi and Taghipour [46] (quartz) Ducoste et al. [20] (quartz)

UVTas4 =77.8%cm! 0.0190 n/a 0.0049

UVT2s4 =67.9%cm! 0.0241 0.0044 n/a

UVTy54 =58.6%cm™! 0.0289 n/a n/a
As shown in Table 7, a substantial increase of the EEO (in the References

range of 3.9-5.5 times) was observed if the investigated pho-
toreactor (fluoropolymer tube absorption coefficient=120.9m™1)
is compared to conventional UV technologies [20,46]. Such inef-
ficiency results from the combination of at least three negative
effects: (a) a reduced amount of photons reaching the fluid due to
the relatively narrow view-angle between the fluoropolymer tubes
and the UV lamps; (b) a considerable loss of photons occurring
in the fluoropolymer tubes due to absorption events; (c) a rela-
tively small contribution of reflection (~30%) at the stainless steel
walls.

This may suggest that the investigated technology may not be
ideal for high-flow installations or applications where the energy
efficiency is a concern. Nevertheless, further research is required
to investigate whether such inefficiency can be minimized, for
example, by employing internal UV reflectors, new UV-transparent
materials and reactor shape optimization.

4. Conclusions

Based on the outcome of this study, the following conclusions
can be made:

e The CFD model predicted reasonably well the disinfection per-
formance of the external-lamp fluoropolymer tube photoreactor
across the entire range of test conditions, with an error ranging
from —13.7% to +4.4% for MS2 (average = —3.9%) and from —5.6%
to +27.0% for T1 (average = +4.6%) thus indicating that delivered
UV dose of such systems can be estimated using a numerical
approach.

e The calibrated CFD model enables one to visualize simultaneously

the fluence rate, the UV dose, the MS2 and T1 distributions in the

photoreactor and hence, ultimately to gather accurate, spatially
dependent information on UV reactor performance.

Model sensitivity studies revealed that the fluoropolymer UV

absorption has a considerable impact on photoreactor perfor-

mance. Such evidence is also supported by measurements on the
fluoropolymer transmittance spectra which indicated that the
percentage of energy absorbed at 254 nm by a 1.2 mm thick tube

can be as high as 13.5%.

Under the test conditions used, the electrical energy per log of

MS?2 inactivation of the fluoropolymer tube photoreactor was as

high as 0.019-0.029kWhm~3 MS2log~! which is higher than

conventional UV reactors (0.0044-0.0049 kWh m—3 MS2log™1),
indicating that such systems may not be ideal for energy sensitive
applications.
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