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putational fluidic dynamic software to calculate the fluence delivered in a UV reactor. These
models strive for experimental validation and further improvement, which is a major chal-
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Fluence rate

FR distribution in a UV reactor and the applications of the current main experimental mea-

Water treatment

surement approaches including conventional flat-type UV detector, spherical actinometer,
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and micro-fluorescent silica detector (MFSD), is presented. Moreover, FR distributions in a
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UV reactor are compared between various simulation models and MFSD measurements.
In addition, the main influential factors on the FR distribution, including inner-wall reflection, refraction and shadowing effects of adjacent lamps, and turbidity effect are discussed,
which is helpful for improving the accuracy of the simulation models and avoiding dark regions in the reactor design. This paper provides an overview on the simulation models and
measurement approaches for the FR distribution, which is helpful for the model selection
in fluence calculations and gives high confidence on the optimal design of UV reactors in
regard to present methods.
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A significant challenge in water and wastewater treatment is
to ensure sufficient disinfection for the removal of pathogens
while minimizing the formation of toxic disinfection byprod-
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ucts (DBPs). Chlorine-based disinfectants (e.g., chlorine, chlorine dioxide, chloramines) are ineffective for the inactivation
of protozoan pathogens such as Cryptosporidium and Giardia.
Moreover, highly toxic DBPs have increasingly been found
during the chlorination processes (Ellis, 1991; Gadgil, 1998).
Hence, alternative disinfection techniques have been proposed for water and wastewater treatment. Ultraviolet (UV)
disinfection has the advantages of high disinfection efficiency, few DBP formation, and small footprint, which has
been widely used in the disinfection of municipal sewage,
municipal water supply, small-scale water supply, reclaimed
water, and ballast water (Hijnen et al., 2006; Penru et al.,
2013). In addition, UV-based advanced oxidation processes
(UV-AOPs), such as UV/hydrogen peroxide (H2 O2 ), UV/chlorine,
and UV/persulfate, have also been applied in advanced water treatment for micro-pollutant removal (Kong et al., 2016;
Stefan et al., 2018; Xie et al., 2018).
Traditional chemical disinfectants can be spiked into a reactor with a mixing apparatus to form a homogeneous solution. This is convenient for the design and evaluation of
a reactor. In contrast, UV disinfection is a physical (optical)
process. In a UV reactor, UV photons emitted from the light
source can be refracted by the quartz sleeve, absorbed by
the media (e.g., water with various ultraviolet transmittances
(UVTs)), absorbed and reflected by the inner-wall and adjacent
lamps, and scattered by suspended particles, thereby inducing
a spatially non-uniform fluence rate (FR) distribution (optical
field). Therefore, the configuration of the UV reactor can significantly impact its performance, yet the optimal design and
performance evaluation of the UV reactor are complicated.
For example, a large degree of uniformity in the FR distribution (even a dark region) can reduce disinfection efficacy considerably. Therefore, an accurate understanding of optical behaviors within the UV reactor is important for optimizing its
design (e.g., reactor structure, inlet and outlet locations, and
lamp layout).
At present, several mathematical models that consider
reaction size and light source parameters are developed
to simulate the FR distribution of a complex reactor, such
as multiple point source summation (MPSS), multiple segment source summation (MSSS), line source integration (LSI),
and extensive source with volumetric emission (ESVE) models (Blatchley, 1997; Blatchley and Hunt, 1994; Bolton, 2000;
Braunstein et al., 1996; Duran et al., 2010; Irazoqui et al.,
1973; Jacob and Dranoff, 1970; Jin et al., 2006). Combined with
computational fluidic dynamics (CFD) software, the fluence
achieved within the reactor can be calculated for reactor optimization. Moreover, the fluence can be evaluated or validated
by biodosimetry, which provides confidence for users.
However, because complex optical behaviors occur within
the UV reactor and some crucial parameters of the UV reactor
may not be accurately determined, the direct measurement of
the FR distribution provides not only validation of the simulation models, but also an alternative to the determination of FR
distribution in the UV reactor from the perspective of research
and practical applications. Several such techniques have been
developed to date, including spherical quartz vessels containing the iodide/iodate actinometer (Rahn et al., 2006) , small radiometer (Siamak et al., 2010), and micro-fluorescent silica detector (MFSD, Li et al., 2011). By using these techniques, the FR

distributions in various UV reactors (e.g., single low-pressure
(LP) lamp reactor, multiple LP lamp reactor, medium-pressure
(MP) lamp reactor, and UV-light emitting diode (UV-LED) reactor) have been measured for model validation. Moreover,
some particular optical phenomena that impact the accuracy
of model simulation, such as photon absorption and reflection
by the inner-wall and adjacent lamps, as well as photon scattering by suspended particles, have been determined, which
plays an important role in improving the model.
Herein, an extensive literature review on various mathematical simulation models and experimental measurement
techniques for determining FR distribution within a UV reactor is presented. The model simulation results have been compared among various mathematical models and validated by
the measurement results in a typical UV reactor. In addition,
some influential factors of FR distribution have also been included. This study could provide useful information for the
model selection in FR distribution simulations and give high
confidence on the optimal design of UV reactors in regard to
present methods.

1.

Terminology and definitions

Source radiant power (P): defined as the radiant power (W)
emitted in all directions by a radiant energy source.
Irradiance (E): defined as the total radiant power incident
from all directions incident on an infinitesimal element of surface area dS containing the point under consideration, divided
by dS. The standard international (SI) unit for irradiance is
W/m2 ; however, mW/cm2 (= 10 W/m2 ) is commonly used.
FR (E ): defined as radiant power passing from all directions
through an infinitesimally small sphere of cross-sectional
area dA, divided by dA. The SI unit of FR is W/m2 ; however,
μW/cm2 or mW/cm2 is commonly used. Note that FR and irradiance share the same units of measurement but are conceptually different terms. However, both FR and irradiance are
the same for a collimated beam. Because a microorganism can
receive UV radiation from any direction (especially when there
are several UV lamps in the vicinity), FR is the appropriate
term to use in the UV reactor; FR or irradiance is often termed
“light intensity”, which is incorrect.
UV dose or fluence (H ): defined as the total radiant energy
from all directions passing through an infinitesimally small
sphere of cross-sectional area dA, divided by dA. The UV dose
is the FR multiplied by the irradiation time in seconds. The
SI unit for UV dose is J/m2 ; however, it is often provided as
mJ/cm2 . The equivalent mJ/m2 is preferable because it emphasizes the delivery of UV energy.

2.

Simulation models

2.1.

Line source with parallel plane emission model

Jacob and Dranoff (1970) developed a model called line source
with parallel plane emission (LSPP) model. The LSPP model
assumes a cylindrical lamp as a line source, which can be divided into n equally spaced point sources. Each point emits UV
beams only in parallel planes perpendicular to the lamp axis,
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Fig. 1 – Schematic of multiple point source summation
(MPSS), multiple segment source summation (MSSS), and
line source integration (LSI) models.

performing a homogeneous volume of the linear light source.
In Fig. 1, point A is one of the equally spaced point sources of
the linear lamp. R is the normal distance from the lamp to a
point location (m). θ 1 , θ 2 , and θ 3 are the refraction angles in
the air, quartz, and water, respectively and d1 , d2 , and d3 are
the path length of the UV light inside these media, respectively. The power output for each point source is P/L, where P
is the total UV power output of the lamp in the wavelength
band of interest, and L is the length of the lamp. By introducing the Lambert–Beer law and integrating along the radiation
path, the expression for the radiation field is shown in Eq. (1):
P  (R−d1 cos θ1 −d2 cos θ2 ) 
−Tw
(1)
E’ =
2π LR
where Tw is the 1 cm path length transmittance of water.

2.2.

Multiple point source summation model

The multiple point source summation (MPSS) model was also
developed by Jacob and Dranoff (1970). Similar to LSPP, the
MPSS model assumes that the cylindrical lamp (e.g., LP lamp
and MP lamp) can be regarded as a linear light source, which
could be divided into n equally spaced point sources. In Fig. 1,
B is the target point in the UV reactor. The UV beam emitted
from point A passes through the air/quartz and quartz/water
interfaces, is absorbed by the water media, and reaches point
B. Hence, the MPSS model regards the FR at point B arising
from the UV beam emitted from point source A as being principally affected by three factors. First is UV reflection at the
air/quartz and quartz/water interfaces. The reflectance factors of the two interfaces (RI1 and RI2 ) can be calculated using
Fresnel law. Second, according to the point light source radiation law, the FR at point A is inversely proportional to the
square of the path length from A to B. Finally, media (water)
absorption can attenuate the FR at B, which can be obtained by
the Lambert-Beer Law with the molar absorption coefficient of
the media and the path length from A to B. Therefore, the FR
(E ) at point B that arises from point source A is:
100d3

E’ =

(1 − RI1 )(1 − RI2 )PTw

100d2

Tq

4nπ (d1 + d2 + d3 )2

(2)

where Tq is the 1 cm path length transmittance of quartz.
The overall FR value at point B is then equal to the sum of
the FR values calculated for each of the n point sources.

2.3.

Line source integration model

As the number (n) of point sources increases, the predictive accuracy of the MPSS model asymptotically approaches a limit,
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whereas computation time increases. The knowledge on how
to define n in practical applications has not been definitively
established. Hence, one method for avoiding this problem is
the line source integration (LSI) model. LSI is the continuous
(integral) version of the MPSS model (that is, n approaches ∞;
Blatchley, 1997). In other words, the LSI and MPSS models are
mathematically identical. LSI is an efficient approach to the
MPSS method in which a closed-form solution exists and it
avoids the need for a numerical routine. However, the closedform solution only exists in the absence of photon absorption,
reflection, and refraction. The FR calculated by LSI at a point
with a normal distance R from the lamp and a longitudinal
distance H from the center of the lamp with length L, is given
as Eq. (3):





L
H
L
H
P
arctan
+
+ arctan
−
(3)
E’ =
4π LR
2R
R
2R
R
The LSI model is well established for determining the FR
distribution in a UV reactor for air treatment, where photon
absorption, reflection, and refraction can be omitted. In this
situation, LSI is much simpler and significantly less intensive
in computation than MPSS. Because Eq. (3) omits the important physics of photon reflection, absorption, and refraction,
a simplified version of MPSS was developed by multiplying
Eq. (3) by an attenuation factor (atten.factor) (Eq. (4)). The attenuation factor was calculated by dividing an n-points MPSS
model (or MSSS model) that accounts for reflection, refraction, and absorption by an n-points MPSS model without any
of these effects.
E’ =
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P
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−
× atten.factor
4πLR
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R
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2.4.

Modified line source integration (RAD-LSI)

(4)

The closed-form of the LSI model has been shown to be effective for simulating the far-field FR distribution (Blatchley, 1997)
. However, the divergence between experimental measurements and model predictions increases as the probe approaches the quartz sleeve surface. After realizing that a portion of UV beams are emitted in the radial direction for linear
lamps, a calculation of radial intensity is incorporated into the
LSI as a simple modification to account for the radial FR distribution (Bolton, 2000). The modified LSI, known as RAD-LSI,
is shown in Eq. (5).
E ’ = min

2.5.
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H
,
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× atten.factor
2π LR 4π LR
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(5)

Multiple segment source summation model

In the MPSS model, the lamp is assumed to be linear and
divided into n equally spaced point sources, which can uniformly emit UV beams in all directions (diffuse emission,
Fig. 2). However, this is inconsistent with reality, as in practice
most UV lamps (e.g., LP and MP lamps) are cylindrical. Based
on the linear light source assumption, the linear lamp should
be divided into n equally spaced micro-cylindrical segment
sources, rather than n equally spaced point sources. The UV
emission from the micro-cylindrical segment sources varies
with angle. Hence, the MPSS was improved to give the multiple segment source summation (MSSS) model (Bolton, 2000).
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By performing the corresponding integration, the authors
arrived at the final expression:
E ’ = 2k

Fig. 2 – Schematic of light emissions from point source and
segment source.

In this approach, the UV beam is emitted normal to the
cylinder surface and decreases with the cosine of the angle between the unit normal vector and the direction vector (Fig. 2).
Therefore, the FR at point B arisen from UV light emitted from
segment source A can be obtained as follows:
100d3

E’ =

(1 − RI1 )(1 − RI2 )PTw

100d2

Tq

Focus cos θ1

2

4nπ (d1 + d2 + d3 )

(6)

where θ 1 is the refraction angle and Focus is the focus factor.
Similar to the MPSS model, the overall value for FR at point B
is the sum of the FR values calculated for each of the microcylindrical segments.
Based on the MSSS model, a commercial software package UVCalc® was developed. UVCalc® can address large UV
disinfection systems with several monochromatic and polychromatic lamps. Moreover, the shadowing effect among the
adjacent lamps is considered to provide a more accurate prediction of FR distributions. The accuracy of UVCalc® has been
verified by several measurement technologies (Liu et al., 2004).

2.6.

All the models described above assume a linear light source.
However, in reality, most lamps are cylindrical with a certain
diameter (e.g., 15–30 mm). Thus, the linear light source assumption would introduce errors when predicting the FR distribution in the near-lamp region. Irazoqui et al. (1973) proposed the extense source with volumetric emission (ESVE)
model, whose important feature is the assumption of a light
source with finite spatial dimensions. The lamp is considered
as a perfect cylinder with constant emission characteristics
along the lamp axis, so the source is made up of emitters uniformly distributed inside its volume. No photon reflection, refraction, or absorption on the inner-walls of the reactor are
assumed. The FR at any point in space, coming from the total
source volume, is given by

ϕ

θ

ρ

sin2 θ cos ϕdϕdθ dρ

(7)

where k is defined as:
k=

ν

Ne Pν hν
dν
4π

ϕ1

R2 cos2 ϕ + R2 + r2

1
2

[cos θ1 (ϕ) − cos θ2 (ϕ)] cos ϕdϕ

(9)

where the integrand is a function of the variable ϕ, the lamp
dimension, and the position in which the radiation field is
evaluated; ϕ, θ , and ρ is the spherical coordinate (rad); Ne is
the number of emitters per unit volume of source (m-3 ); h is the
Planck’s constant (6.627 × 10-27 J s); ν is the frequency (s-1 );Pν is
the probability density distribution function for emission per
unit time and per unit frequency(dimensionless); and r is the
radius of the lamp .
Cerdá et al. (1978) used the ESVE model to investigate the
validity of simple models in the same directly irradiated photoreactors. Subsequently, Romero et al. (1983) reported the
behavior of a continuous annular reactor irradiated with
a tubular UV source placed at its axis and analyzed the
case of three-step kinetics in a homogeneous phase. Later,
the possibility of using a uranyl oxalate actinometer for
continuous-flow photoreactors under conditions of extreme
radiation gradients was investigated (De Bernardez and Cassano, 1985) . Using the complete chain reaction mechanism,
De Bernardez (1984) analyzed the gas-phase photochlorination of methane in a continuous annular reactor. In addition,
Cerdá et al. (1973) studied the radiation profiles in an elliptical
photoreactor using the ESVE model.

2.7.

Discrete ordinate model

The discrete ordinate (DO) method is an approach for solving
the radiative transfer equation (Eq. (10)), which accounts for
radiation in an absorbing and scattering medium.
( · ∇ )E ’ (r, ) = −(ka + ks )E ’ (r, ) + ka Eb’ (r)
+

ks
4π

E ’ r, ’ φ ’ →  d’

(10)

’ =4π

Extense source with volumetric emission model

E = k

ϕ2

(8)

where ka and ks are the absorption and scattering coefficients
(1/m), respectively; and  is the direction of propagation of
radiation beam; Eb is the intensity of black body radiation; and
φ is the scattering phase function.
Liu et al. (2004) compared seven FR distribution models
(e.g., MPSS, MSSS, LSI, UVCalc®, RAD-LSI, DO, and View Factor) and reported that the MSSS model most closely replicated
KI/KIO3 quartz sphere measurements, whereas the DO model
had a relatively larger error. The reason may be that the DO
model ignores the reflection and refraction of UV light at the
quartz sleeve.
According to the above-mentioned problem of the DO
model, Ho (2009) replicated Liu’s experimental conditions and
considered the reflection and refraction at the quartz sleeve
but obtained different results. When considering a certain
inner-wall reflection, the absolute deviation between the DO
simulation and the measured result was 19%, whereas the deviation neglecting the reflection of the inner-wall was 33%.
The difference between the two simulated results obtained by
considering and neglecting the reflection and refraction of the
quartz sleeve was less than 11%. Therefore, reflection and refraction at the quartz sleeve are not the sources of deviation
in the DO model.
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actor. The mini-SIC detector was fixed on an accurate guideway that could position the test detector relative to the lamp.
This study could facilitate the validation of the FR distribution
models used for simulating and optimizing the UV reactors
with various geometries and operating conditions (combined
with the CFD model). However, it was only conducted in air
, which limits its application to UV reactors for water treatment.

3.2.

Fig. 3 – Images of (a) conventional radiometer; (b) spherical
actinometer; and (c) micro fluorescent silica detector
(MFSD).

2.8.

Ray-tracing FR model

The ray-tracing FR model can simulate the behaviors of
UV beams emitted from one or more sources as numerous individual beams. The reflection, refraction, absorption, and shadowing of UV beams along their paths can
be accurately simulated using the fundamental laws of optics. Lau et al. (2012) used the ray-tracing FR model to
simulate the FR distribution in a UV germicidal system.
Ahmed et al. (2018) also used the ray-tracing FR model to simulate three basic UV reactors, each of them was equipped with
a single LP lamp. FR calculations in the ray-tracing model were
based on the formal definition of FR, calculated as the incident
radiant power from all directions on a small spherical receptor, divided by the cross-sectional area of that sphere. The results demonstrate that ray-tracing can provide FR predictions
in UV radiative systems that are similar to experimental measurements and the predictions of other numerical methods.

3.
Experimental measurement approaches
and model validation
3.1.

Conventional radiometer measurements

Most conventional UV detectors (e.g., radiometer, Fig. 3a) are
flat-type detectors, which have been well applied in many
fields, such as UV curing, lamp efficiency measurement, indoor air disinfection. For example, a conventional radiometer
has been used to measure the irradiance at a distance of 4–6
m from a UV lamp to obtain an accurate estimate of the optical power output of the UV lamp. The measurement value is
regarded as irradiance (mW/cm2 ). The flat-type detector cannot response to the photons from all spatial directions, which
is inconsistent with the concept of the FR. Moreover, owing to
the small space in the UV reactor, a conventional radiometer
detector cannot be inserted into the reactor to directly measure its FR distribution. Therefore, in theory, the flat-type detectors are not suitable for spatial FR distribution measurements in a UV reactor.
Siamak et al. (2010) employed a mini-silicon carbide (SIC)
detector to measure the FR distribution in a single-lamp re-

Spherical actinometer

As conventional flat-type detectors cannot capture UV photons coming from all angles (e.g., photons from the reflected
photons by inner-wall or from other light sources in a UV reactor), spherical actinometer (Fig. 3b) has been developed as
a novel approach for experimental measurement of FR distributions (Jin et al., 2005; Rahn et al., 2000). This technique
uses spherical quartz vessels containing a chemical actinometer such as potassium iodide/potassium iodate (KI/KIO3 )
(Rahn et al., 2000; Qiang et al., 2015). It has been demonstrated that spherical vessels can simultaneously measure the
FRs at several points in space within air or water medium.
Rahn (2004) fixed spherical actinometry vessels at 24 positions
in a room containing five germicidal lamps to measure the FR
distribution in an indoor room germicidal system. A similar
test was also conducted in a UV reactor containing water with
73% and 100% UVT (Rahn et al., 2006). However, the large volume of spherical quartz vessels (diameter of 0.8–1.2 cm) limits
the measurement accuracy in the near-lamp region, and the
chemical actinometer cannot provide real-time results. In addition, although a spherical size is applied, there is still a need
for an inlet/outlet of the actinometer, inducing an error on the
all-direction response.

3.3.

Micro fluorescent silica detector (MFSD)

Recently, Li et al. (2011) developed a novel 360° MFSD (Fig. 3c)
to measure FR distribution in a UV reactor, using a Ge-doped
silica cylinder (1.0 mm long and 0.3 mm o.d.) as the photonsensitive material. This cylindrical-type detector can capture
photons from almost all angles. As a detection material, fluorescent silica has high chemical stability, low expansion coefficient (5.5 × 10−7 per °C), and superior radiation-resistant
properties that can avoid interference, which performs well
in both air and water. Owing to the mature silica production technologies, these materials can be produced into smallvolume detectors to increase the precision of FR measurements. Thus, fluorescent silica could be fabricated as a 360°
UV detector and may be successfully applied for the detection of FR distributions. Moreover, owing to its small volume,
MFSD can be inserted into the gap between the lamp and
sleeve to monitor any change in the output of the light source.
Then, a measurement platform for the FR distribution in a UV
reactor was developed. The MFSD has been fixed on a precise two-dimensional guideway, which allows an accurate and
reproducible determination of the detector position. Based
on the monitor of the UV lamp fluctuation by a reference
MFSD, the FR distributions in various UV reactors including
single/multiple LP lamp reactors, MP lamp reactors, and impacts of inner-wall and suspended particles, were experimen-
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Table 1 – The features of three measurement approaches of FR distribution in a UV reactor.
Item

Conventional radiometer

Spherical actinometer

MFSD

FR measurement
Volume
Detector type
Response time
Measurement in water

Flat-type
Small
Photon-electric
Fast
No

Near 360° response
Large
Chemical actinometer
Slow
Yes

Near 360° response
Small
Photon-electric
Fast
Yes

tally measured. The measurement results have been used to
validate the UVCalc® and ray tracing models; (Ahmed et al.,
2018; Li et al., 2011, 2017a, 2017b).

Fluence rate (mW/cm2)

35

3.4.
Comparison of the simulation of various models and
MFSD measurement results

LSPP
MPSS
LSI
MSSS
DO
Ray tracing
MFSD

25
20
15
10
5
0

1

2

3

4

5

Radial distance from the lamp center (cm)

35

Fluence rate (mW/cm2)

The main features of three measurement approaches are
shown in Table 1. Because MFSD has a higher measurement
accuracy than other two approaches, the modeled FR distributions by various models were compared with the MFSD measurement results for model validations. Both measurement
and simulation were conducted in the same annular UV reactor equipped with an LP lamp in the center (reactor length
of 300 mm, lamp length of 260 mm, reactor radius of 42 mm,
and lamp power of 8 W). The comparison results are shown in
Fig. 4.
Fig. 4 shows that the predicted FRs of all models (except
LSI) decreased with increasing radial distance from the lamp
center, and the FRs in UVT 95% water were higher than those
in UVT 85% water, especially with an increase in radial distance to the sleeve. This is reasonable because more photons
were absorbed by the lower-transmittance water as the radial
distance increased. In general, the simulation results of most
models agreed with the MFSD measurement results. In detail,
the MSSS and LSPP obtained nearly identical FR distributions
at UVT values of both 95% and 85%. However, LSPP can only
simulate the radial FR distribution, while it assumes the same
distribution in all cross-sections of the UV reactor. In fact, the
radial FR distributions at various cross-sections are obviously
different. Thus, LSPP introduces error in the prediction of FR
distribution on other cross-sections.
As described above, in theory, point sources, rather than
segment sources, were assumed by the MPSS model. Thus, the
FR distributions calculated by the MPSS model should be overestimated, which were higher than those of MSSS, as shown
in Figs. 4a and 4b. Because the LSI model does not consider
the photon absorption by medium (water), the difference between LSI prediction and MFSD measurement results at UVT
85% (Fig. 4b) is larger than that at UVT 95% (Fig. 4a).
DO and ray-tracing are well predicted in the far-lamp region (radial distance >2.0 cm), whereas their results were
higher than those of the MFSD measurements in the nearlamp region (radial distance <2.0 cm). Photon behaviors in the
near-lamp region are very complex. For example, the linear
lamp assumption should have a non-negligible error in this region because the distance from the test position to the sleeve
surface is similar to the radius of the lamp.

(a) UVT = 95%

30

(b) UVT = 85%

30

LSPP
MPSS
LSI
MSSS
DO
Ray tracing
MFSD

25
20
15
10
5
0

1

2

3

4

5

Radial distance from the lamp center (cm)
Fig. 4 – Experimental and modeled radial FR distributions at
the central cross-section of the UV reactor in water with
UVTs of 95% (a) and 85% (b).

4.

Influential factors

The experimental measurement results demonstrate that the
developed models could simulate the FR distribution in a UV
reactor in general. However, there are still some detailed influential factors needed to be discussed for the further improvement of the simulation models.

4.1.

Inner-wall reflection

The inner-wall fabricated by different materials will reflect UV
photons, resulting in enhanced FRs in the near-wall region.
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In fact, several models have not yet considered the reflection
of the reactor walls, which reduces the prediction accuracy of
these models. Moreover, for most UV reactors, the lowest FRs
are in the near-wall region, which severely limits the overall
reactor efficiency. Therefore, the enhancement of the FRs in
the near-wall region caused by inner-wall reflection should
improve the reactor efficiency.
Sommer et al. (1996) found that the inner-wall reflection
could significantly enhance bacterial inactivation. A distinct
decrease in the reduction-equivalent UV dose (RED) was observed after eliminating reflection by black lacquering the
inner-wall of the UV reactor. Imoberdorf et al. (2008) employed
model calculations to quantitatively indicate the enhancement effects of inner-wall reflection on FR distribution.
Li et al. (2012) used an MFSD to measure the FR distributuion in a UV reactor with various inner-walls. They ensured
stable and consistent size of the UV reactor using the same
quartz reactor covered by different reflective materials including aluminum foil, stainless steel, and black cloth. The results
demonstrated that the inner-wall with a high reflection coefficient can lead to a marked increase in weighted average FR
(WAFR), thereby greatly improving reactor efficiency. Furthermore, the FR distribution models used at present could have
an error of up to 35% for commonly used stainless steel walls
because of the neglect of inner-wall reflection. Finally, it was
found that the diffuse reflection properties of the inner-wall
could improve the uniformity of the FR distribution, which
can lead to a higher fluence delivery in the UV reactor. This
results have potential applications in increasing the accuracy of model predictions and optimizing the design of highefficiency UV reactors. Li et al. (2017d) further studied the impact of inner-wall reflection on the UV reactor performance by
using CFDs. The results show that UV reactors with a highly
reflective inner-wall (reflection coefficient = 0.80) had evidently higher FRs and REDs than those with an ordinary innerwall (reflection coefficient = 0.26). The inner-wall diffuse reflection further increased the reduction equivalent dose (RED),
as a result of the elevated volume-averaged FR. The uniformity of FR distribution can contribute to the UV reactor performance under certain conditions. Specifically, in UV reactors
with a plug flow, the uniformity of FR distribution can contribute to the RED obviously. In contrast, the uniformity has
little influence on the RED in UV reactors with a mixed flow.

4.2.

Shadowing effect of adjacent lamps

Multiple lamp reactors have been widely used in water treatment. Supposing that a reactor contains two lamps (lamp A
and lamp B), there will be a shadowing effect (i.e., the photons emitted from lamp A cannot reach the lamp B). However,
the shadowing effect of adjacent lamps has not considered in
most simulation models.
Jin et al. (2005) used spherical actinometry to experimentally evaluate the potential shadowing impact on FR distribution in the air. The results showed that the shadowing effect
can significantly affect the FR distribution and thus the level
of microbial inactivation. If shadowing effect is not considered
in FR distribution models, the FR will be over-predicted in the
shadow zone of a neighboring lamp, falsely skewing the inactivation predictions.
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Li et al. (2013) revealed shadowing effect by the experimental measurement using an MFSD. The results showed that
model (UVCalc versions 2A and 3) FR predictions agreed reasonably well with the experimental data. Shadowing effect
was observed not only in totally-blocked regions, but also
in partially-blocked regions. In addition, certain effects were
measured quantitatively, such as shadowing effect (the model
over-predicted by approximately 8% in the shadow region)
and reflection effect from lamp/sleeve pairs (the model underpredicted by approximately 7%–9% for local FRs and approximately 2% for the radius-weighted average FR).

4.3.

Turbidity effect

Turbidity measurements are commonly used to characterize
the suspended particle concentration in water. Although turbidity measurements are generally based on visible radiation,
this commonly applied optical parameter has also been used
in water quality assessments that are conducted to analyze
the impact on UV reactor performance.
To date, most studies on the effect of turbidity on FR distribution used bench-scale reactors. Passantino et al. (2004) reported that clay turbidity up to 12 NTU had no obvious effect on MS2 inactivation. Amoah et al. (2005) found that
UV inactivation of Cryptosporidium oocysts and Giardia cysts
was not affected by natural turbidity of 10 NTU. However,
Malley (2000) observed that different suspended particles had
different inhibitory effects on the performance of MS2 virus
inactivation by UV irradiation. Templeton et al. (2005) demonstrated that humic acid and activated sludge floc particles
can protect MS2 and bacteriophage T4 from UV irradiation.
Mamane et al. (2006) examined the effects of turbidity on FR
distributuion using spherical actinometry.
Li et al. (2017c) examined the influence of turbidity by measuring FR distributions in a photoreactor containing various
suspended particulates (SiO2 , MgO, and TiO2 ) by means of an
MFSD. The FR results indicated that for turbidity associated
with SiO2 and MgO suspensions, the WAFR increased relatively to deionized water, which were attributed to the low
photon absorption and strong scattering effect by the suspended particles. In contrast, WAFR values decreased with increasing turbidity for TiO2 suspensions because of their high
photon absorption and low scattering effect. The findings also
indicated that measurements of scattering and transmittance
at UV wavelengths can be used to roughly quantify the effects
of turbidity on FR distributions.

5.

Conclusions

This study provides a critical review of the theories and applications of the principal models currently used to simulate
FR distributions in UV reactors as well as the experimental
approaches and their applications for model validation. To
facilitate comparison among various models, the FR distribution at the central cross-section of a UV reactor was simulated by models and measured by MFSD. Most model simulations generally show reasonable agreement with the MFSD
measurements; however, the MSSS model provides FR distri-
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butions that are almost identical to the results measured for
UVT values of both 95% and 85%.
In addition, the principal factors affecting the FR distribution, including inner-wall reflection, shadowing and reflection
of adjacent lamps, and turbidity , were discussed. These findings are helpful in model selection for fluence calculations. In
the future, with the development of emerging light sources,
such as the UV-LEDs used in the disinfection of water and air,
as well as the excimer lamps (222 nm) used in indoor disinfection, the direct measurement and model simulation methods
summarized in this study would provide important tools for
the optimal design of UV disinfection reactors .
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