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Evaluation of alternative fluence rate distribution models
Dong Liu, Joel Ducoste, Shanshan Jin and Karl Linden

ABSTRACT
A detailed evaluation of several fluence rate distribution models was performed. These models
included line source integration (LSI), multiple points source summation (MPSS), multiple segment
source summation (MSSS), UVCalc3D, RAD-LSI, view factor and discrete ordinate (DO). As part of the
evaluation, a complete MSSS model, which accounts for the quartz sleeve thickness when
calculating the refraction angles, was developed. In addition, a simple attenuation factor was
introduced to integrate the physics of reflection, refraction and absorption effects into the LSI model.
As an alternative simple correction to the LSI, the RAD-LSI incorporates the RADIAL intensity model
into the original LSI formulation. All models were compared with experimental measurements using
spherical actinometers, which measure the fluence rate at specific points in space. Experimental
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measurements were performed in air and water. Experiments in water were performed at two
different ultraviolet transmittance (UVTs) (77 and 88%). The results showed that models that
neglected the effects of refraction deviated significantly from the experimental data. In addition, the
MSSS approach or models that incorporated the MSSS concept were found to best match the
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experimentally measured fluence rate distribution. Moreover, little difference was found between
the results of MSSS with quartz sleeve thickness and UVCalc3D, which does not model the quartz
sleeve thickness in the refraction angle calculation but uses a factor to account for the effects of the
quartz sleeve on the fluence rate. The attenuation factor combined with the LSI model was found to
match the MSSS model predictions, while reducing the computational cost.
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INTRODUCTION
The use of ultraviolet light (UV) has been shown to be a

cannot be conducted (Baas 1996; Lyn et al. 1999; Ducoste

cost-effective way to disinfect Cryptosporidium (Bolton

et al. 2003). As a result, it is important that the ﬂuence rate

et al. 1998; Bukhari et al. 1999), Giardia (Craik et al. 2001;

distribution is known precisely throughout the UV reactor

Linden et al. 2002) and other pathogenic microorganisms

when mathematical modelling is used to predict the

in water treatment plants. One important criterion in UV

disinfection performance.

disinfection is to assure that the UV system is delivering

Characterizing the ﬂuence rate from the lamp requires

the appropriate UV ﬂuence (dose). Although biodosimetry

the incorporation of the principles of optics to the speciﬁc

testing directly measures the UV reactor’s performance,

conﬁguration of the reactor. Jacob and Dranoff (1970)

numerical simulations are useful in comparing reactor

developed the multiple points source summation (MPSS)

designs as well as estimating and improving the efﬁciency

approach, which is based on dividing the linear lamp into

of disinfection processes; they provide a measure of

a series of n equally spaced point sources in an absorbing

the ﬂuence distribution within a reactor and, more

media. In the MPSS approach, the ﬂuence rate from

importantly, could be used to provide an estimate of the

a speciﬁc point emanates uniformly in all directions

UV process performance where experimental validation

(Figure 1a). Akehata and Shirai (1972) developed the
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Fluence rate production with (a) MPSS, (b) DLS or MSSS and (c) radial approaches, (d) refraction and reflection at the interface of two media with different refractive indices.

diffuse line source (DLS) model, which describes

refraction effects, which take place at the air/quartz/water

the ﬂuence rate emanating from a series of points in the

interfaces.

a-direction normal to the source axis as I = I0cosa, where

Bolton (2000) improved the MPSS approach by devel-

I0 is the normal ﬂuence rate (Figure 1b). Akehata and

oping a full version that accounted for reﬂection and

Shirai compared the DLS model with the MPSS and radial

refraction as well as absorption effects. Bolton showed

(Figure 1c) models and found that the DLS model changed

that when the transmittance of water (T′10) is much larger

the shape and magnitude of the ﬂuence rate distribution

than 70%, the error associated with neglecting refraction

along the lamp length and in the radial direction.

and reﬂection can be as large as 25%. Bolton further

Blatchley (1997) introduced the line source integration

showed that the number of point sources should be greater

(LSI) model in which the MPSS model is integrated over

than 1,000 to produce an accurate representation of the

an inﬁnite number of point sources, producing a closed

lamp physics. As a result, the MPSS with refraction, reﬂec-

form solution when the absorbance of the medium is zero.

tion and absorption can be computationally intensive,

The LSI and MPSS models are mathematically identical in

especially when the UV system consists of several lamps or

the limit as the number of point sources, n, approaches N.

when a medium-pressure mercury lamp is used since it

However, in the case of an absorbing media, the LSI

emits a broad range of wavelengths in the germicidal

model is inappropriate and deviates from the MPSS

200–300 nm band.

model with decreasing UV transmittance. In addition,

Bolton

(2002,

personal

communication)

further

none of the previous models (Jacob and Dranoff, Akehata

improved the MPSS model and introduced the multiple

and Shirai, and Blatchley) incorporated reﬂection and

segment source summation (MSSS) method. The MSSS
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method incorporated much of the MPSS model including

Also based on heat transfer, the view factor method

reﬂection, refraction and absorption described in a pre-

was originally presented by Hamilton and Morgan (1952)

vious article (Bolton 2000). However, Bolton discovered

in order to calculate the radiative heat transfer between

that reﬂection, refraction and absorption did not com-

two surfaces. Hsu (1967) derived a closed-form solution of

pletely correct for the over-prediction caused by model-

the view factor for the general case of two arbitrary

ling a lamp with a series of linear point sources as one

parallel rectangles. Modest (1993) demonstrated the

approaches the lamp surface. The MSSS approach cor-

use of view factor algebra for heat transfer between two

rected for this over-prediction by modelling the lamp as a

co-axis cylinder surfaces and between surfaces of different

series of differential cylindrical segments, where light is

shapes. Kowalski et al. (2000) calculated the UV

emitted normal to the cylinder surface and decreases with

irradiation intensity distribution in a chamber ﬁlled with

the cosine of the angle between the unit normal vector and

air by using Modest’s view factor algebra and considered

the direction vector. This cosine angle correction was

the reﬂection effect of the chamber wall. However, the

similar to the DLS model of Akehata and Shirai (1972), but

method was never demonstrated for use in an absorbing

with the addition of reﬂection and refraction effects, and

media.

differed in the magnitude of I0 shown in Figure 1b. Based

While there do appear to be several methods for

on the MSSS method, Bolton developed a commercially

modelling ﬂuence rate distribution, no prior study has

available software for UV light intensity simulation,

performed a detailed side-by-side comparison with these

known as UVCalc3D. Bolton (2002, personal communi-

different approaches. An objective of this research is to

cation) reduced the computational requirement of the

evaluate different ﬂuence rate distribution methods.

MSSS approach in UVCalc3D by developing a look-up

Blatchley (1997) demonstrated an experimental method of

table where the information for multiple lamps can be

measuring the UV ﬂuence rate through a collimator,

obtained from application of the MSSS approach for one

which allows the radiometer detector surface to be struck

lamp. However, UVCalc3D can still be computationally

by photons normal to it. Recent research by Rahn (1997),

costly for multiple medium pressure lamps.

Linden and Moﬁdi (1999) and Rahn et al. (2000) has

Another ﬂuence rate distribution approach is the

demonstrated the application of spherical actinometry for

discrete ordinate (DO) method. DO is one of ﬁve methods

the measurement of germicidal radiation from mono-

for solving the radiative heat transfer equation that

chromatic (low pressure) and polychromatic (medium

accounts for absorption and scattering effects when heat

pressure) UV sources. Because spherical actinometers act

passes through a homogeneous and isotropic medium.

as 360° sensors, picking up photons from all angles, the

Fiveland (1984) applied the DO approach to ﬁnd

number of photons incident on each sphere will be

numerical solutions in a two-dimensional rectangular

recorded inclusive of reﬂected and refracted radiation. As

enclosure with a grey absorbing, emitting and isotropically

such, the spherical actinometry would better represent the

scattering medium. Stamnes et al. (1988) incorporated

ﬂuence rate exposed by microorganisms. In this study,

reﬂection, which takes place at the interface of the layers,

spherical actinometric experiments were performed and

into the DO method. Liou and Wu (1996) extended the

used to validate the ﬂuence rate predictions at speciﬁc

DO method to the simulation of radiative transfer in a

coordinates within the UV reactor.

multi-layer medium with Fresnel interfaces, where the

In reactors where multiple medium pressure (MP)

reﬂectivity is determined by Fresnel’s equation. The model

lamps are used, the computational requirements of

emphasized the importance of the angular dependence of

utilizing an MPSS or MSSS modelling technique can be

reﬂectivity at the multi-layer interfaces and incorporated

excessive. Another objective of this study was to investi-

the effect of refraction. Hsu and coworkers also used the

gate ways of reducing the computational cost of MPSS or

radiative transfer equation to model the propagation of

MSSS based approaches, particularly when applied to

light pulses in a three dimensional scattering media (Tan

multiple low pressure (LP) or MP UV systems. As a

and Hsu 2001, 2002; Lu et al. 2003).

solution to this problem, a new approach utilizing an
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attenuation factor was developed. This approach was
compared with the MSSS model.

R⫽

1
2

2
关r2II⫹r'
兴
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(2)

Finally, since Bolton’s UVCalc3D neglected the
thickness of the quartz sleeve, which may cause some

where, rII is the amplitude of the radiant energy parallel to

deviation for the refraction and reﬂection calculation

the plane of incidence and rI is the amplitude of radiant

at the air/quartz/water interfaces, a model, based on

energy perpendicular to the plane of incidence. Fresnel

Bolton’s MPSS and incorporating the quartz sleeve

laws deﬁne these two amplitudes as

thickness, was investigated in this study. Other models
that were also evaluated in this study include the
MSSS, LSI, modiﬁed LSI, discrete ordinate method

rII ⫽

and view factor model. All models were applied in two
testing lamp arrangements: one with air and one with
water. Tests in water were performed at two UVT values:

r' ⫽

77 and 88%.

n2 cosO1⫺n1 cosO2
n1 cosO2⫹n2 cosO1
n1 cosO1⫺n2 cosO2
n1 cosO1⫹n2 cosO2

(3a)

(3b)

Inverse square law

OPTIC LAWS

At a distance r from a point source in a non-absorbing

Before analysing the refraction, reﬂection and absorption

medium, the irradiance is given by the inverse square law

effects that occur at the air/quartz/water interfaces and

as:

the medium inside the reactor, it is important to understand some principles of optics used in the UV light
intensity simulation.

E⫽

P
4pr2

(4)

where, P is the radiant power uniformly emitted in all

Refraction (Snell’s law)

directions by the point source.

Snell’s law provides the relationship between incident
angle, refractive angle and the refractive indices of two
media. When the radiant energy passes through an interface between two media with different refractive indices
(see Figure 1d), Snell’s law is described as:

Absorption (Beer-Lambert law)
The irradiance in an absorbing medium can be calculated
as:

n1 sinO1 = n2 sinO2

(1)
E = E0U

Reflection (Fresnel’s law)

(5)

where: E and E0 are the irradiances with and without

During the passage of radiant energy through an interface

absorption, respectively, and U is the attenuation factor

between two media of different refractive indices, a

due to absorption. If a(l) is the (napierian) absorption

portion of the incident energy is reﬂected while the rest

coefﬁcient at wavelength l, and l is the path length

passes through the interface into the second medium (see

(cm), based on the Beer-Lambert law, the absorption

Figure 1d). Based on the Fresnel’s law (Meyer-Arendt

attenuation factor U can be written as:

1984), the reﬂectance (R) for unpolarized incident energy
is:
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Figure 2a also illustrates the calculation of refraction
angle for the ﬂuence rate from point A to point B. h and
r (Figure 2a) are the longitudinal and normal distances

A(l) ⫽

a(l)l
1n(10)

(7)

from B to A, respectively. r1 is the normal distance from
the axis line of the lamp to the inner surface of the
quartz sleeve. r2 is the thickness of the quartz sleeve and

The transmittance, T(l), over the path length, l, is deﬁned

r3 is the perpendicular distance from point B to the outer

by

surface of the quartz sleeve. O1, O2, O3 are the refraction
angles in the air, quartz and water, respectively, and d1,

T(l) = 10

− A(l)

(8)

d2, d3 are the path lengths of the UV light inside these
media, respectively.
The three refraction angles are related by Snell’s law

In practice, the transmittance is often measured using
a 10 mm path length, and is designated by the symbol T′10.

as:

From Equations 6 to 8, the relationship between attenuasin(O1)na = sin(O2)nq = sin(O3)nw

tion factor U and the measured T′10 is computed as:
⬘
(l)l
U ⫽ T10

(10)

l
10

(9)

where, na, nq, nw are the refractive indices of the air,
quartz and water, respectively.

where l10 = 10 mm.

In this study, common literature values were used
for these indices such as na = 1, nq = 1.52 and nw = 1.38
(Bolton 2001). The refraction angles, ri distances and h are
related through the following equation:

FLUENCE RATE MODELS
MPSS model

tan(O1)r1 + tan(O2)r2 + tan(O3)r3 = h

(11)

Refraction angles O1, O2, O2 can be solved by combining

This paper investigated the ﬂuence rate distribution in a

Equations (10) and (11). The path lengths d1, d2, d3, of UV

simpliﬁed UV disinfection system, which consists of a UV

light in the different media are related to the refraction

lamp inside a quartz sleeve mounted along the centre line

angles by:

of the reactor. Although the models presented in this
research are for one-lamp simulations, since the ﬂuence

d1 = r1/cos(O1)

(12a)

d2 = r2/cos(O2)

(12b)

d3 = r3/cos(O3)

(12c)

rates are spatially additive, multiple lamp UV systems can
easily be incorporated.
The MPSS approach is based on the assumption that
the emission of a linear lamp is equivalent to that of n
point sources spaced equally along the axis of the lamp. As
shown in Figure 2a, point A is one of the n point sources of

After considering reﬂection at the air/quartz/water

the lamp, and point B is exposed to the UV light that

interfaces and absorption through the different media, the

comes from point A and passes through the air/quartz/

calculation of the ﬂuence rate from point source A to point

water interfaces. The power output for each point source

B can be written as:

is P/n, where P is the total UV power output of the lamp in
the wavelength band of interest. The overall value of the
ﬂuence rate at point B is then the sum of the values of the
ﬂuence rate calculated for each of the n point sources.
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Components of refraction: (a) refraction angle calculation, (b) bending effect and (c) focus effect.

Downloaded from https://iwaponline.com/aqua/article-pdf/53/6/391/402516/391.pdf
by guest

Journal of Water Supply: Research and Technology—AQUA

|

53.6

|

2004

397

Dong Liu et al.

|

Fluence rate distribution models

Journal of Water Supply: Research and Technology—AQUA

In Equation 13, R1 and R2 are the reﬂectance factors for

|

53.6

|

2004

Aw = 2pr(h″ − h′)cosO3

(16)

the air/quartz and quartz/water interfaces, respectively,
and can be derived from the Fresnel’s law (Equations 2
and 3). Tw and Tq are the 10 mm path length transmittance

where, h″ and h′ are given by Equations (10) and (11).
The focus factor is then calculated as:

of the water and quartz, respectively. In Equation (13), the
unit of the path length d1, d2 and d3 must be meters.
Equation (13) incorporates the bending effect for refraction, which is shown in Figure 2b. The refraction effect,
taking place at the air/quartz/water interfaces, shifts point
C to point B. Therefore, a bending effect changes the
ﬂuence

rate

spatial

distribution

signiﬁcantly

when

compared with conditions without refraction.
In addition to the bending effect, another component
of the refraction is the focus effect, which is illustrated in
Figure 2c. The output power emitted from point A within

Focus ⫽

Awo
Aw

⫽

(d1⫹d2⫹d3)2OcosO3

(17)

r(h⬙⫺h⬘)cosO3

The ﬂuence rate at point B that arises from point source A
taking into account reﬂection and absorption, as well as
bending and focus effects of refraction is:
IA ⫽ (1⫺R1)(1⫺R2)
P/n
4p(d1⫹d2⫹d3)2

d3/0.01 d2/0.01
Tw
Tq
Focus (W/m2)

(18)

the ﬁnite difference angle, O, would normally reach point
C with a different cross-sectional area exposed to the UV
light compared with point B, when refraction is not con-

MSSS model

sidered. In other words, the focus effect of refraction

The MSSS model incorporates much of the MPSS model

concentrates the light power from a larger cross-sectional

including

area at point C to a smaller one at point B. In this paper,

described in Equation (18). However, Bolton (2002,

we introduce a new parameter called the focus factor

personal communication) discovered that reﬂection,

(Focus), which is used to represent the concentrating

refraction and absorption did not completely correct for

effect caused by refraction.

the over-prediction caused by modelling a lamp with a

reﬂection,

refraction

and

absorption

as

In Figure 2c, the dashed lines represent the path of UV

series of point sources at regions near the lamp surface

light coming from point A to point B and to point C with

and near the lamp ends. Bolton corrected for this over-

and without the refraction, respectively. The ﬁnite differ-

prediction by simulating the lamp as a series of differential

ence angle, O, is related to the refraction angles O1, O2,

cylindrical segments, where light is emitted normal to

and O3 by:

the cylinder surface and decreases with the cosine of the
refraction angle O1. Based on the MSSS model for the

O1 ⫽ O1⬙ ⫺

O
2

= O′1+

O

(14)

2

Based on cylindrical symmetry to the axis of the lamp, the
focus factor can be obtained by dividing the crosssectional area of a circular segment between the ﬁnite
difference angle (O) without refraction, by that with
refraction. For the case without refraction, the crosssectional area of the circular segment, which is exposed to
the light in the ﬁnite difference angle O, is:
2

Awo = 2p(d1 + d2 + d3) OcosO1

conﬁguration shown in Figure 2, the ﬂuence rate at point
B caused by the UV light emitted from segment source A
can be written as:
IA ⫽ (1⫺R1)(1⫺R2)
P/n
4p(d1⫹d2⫹d3)2

d3/0.01 d2/0.01
Tw
Tq
Focus cosO1 (W/m2)

(19)

Bolton (2002, personal communication) has incorporated
the MSSS approach into commercially available software,

(15)

known as UVCalc3D. The main difference between
UVCalc3D and Equation (19) is the inclusion of the

The cross-sectional area with refraction can be expressed

quartz sleeve in calculating the refraction effects.

as:

UVCalc3D omitted the thickness of the quartz sleeve
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while calculating the refraction angles, and uses a simple
factor to describe the effect of quartz sleeve on the ﬂuence
rate distribution. In this study, both Equation (19) and
UVCalc3D were used to model the ﬂuence rate distri-

I⫽

P
4pLR

F

arctan

L/2⫹H
R

D

⫹arctan

S

L/2⫺H
R
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DG

ⴒ(atten factor)

(21)

bution inside a test reactor ﬁlled with water to investigate

where:

the signiﬁcance of the quartz sleeve in the refraction angle

(atten factor)b,f ⫽

calculations.

S

|

n

∑ (1⫺R1,k)(1⫺R2,k)
k⫽1

LSI model

P/n
The LSI model is the continuous (integral) version of the

4p(d1,k⫹d2,k⫹d3,k)2

MPSS model (Blatchley 1997). The LSI and MPSS models

P/n

∑ 4p(r

N. LSI is an efﬁcient

k⫽1

approach to the MPSS method in that a closed-form

(atten factor)b ⫽

solution exists and that there is no need for a numerical

(22a)

n

are mathematically identical in the limit as the number of
point sources, n, approaches

d3,k/0.01 d2,k/0.01
Tw
Tq
Focusk

∑ (1⫺R1,k)(1⫺R2,k)

the absence of absorption, reﬂection and refraction. The

k⫽1

LSI ﬂuence rate at a point with a normal distance R from

P/n

the lamp and a longitudinal distance H from the centre of

4p(d1,k⫹d2,k⫹d3,k)2
n

the lamp with length L is given as:
P
4pLR

F

arctan

S

L/2⫹H
R

D

⫹arctan

S

L/2⫺H
R

DG

⫹hk2)

n

routine. However, the closed form solution only exists in

I⫽

2
k

(22b)

P/n

∑ 4p(r

k⫽1

d3,k/0.01 d2,k/0.01
Tw
Tq

2
k

⫹hk2)

(20)

In this study, Equation (20) was used to model the ﬂuence
rate distribution emitted from a lamp in air, where absorption, reﬂection and refraction can be omitted.

(atten factor)b,f,c ⫽
n

∑ (1⫺R1,k)(1⫺R2,k)
k⫽1

P/n
4p(d1,k⫹d2,k⫹d3,k)2

Attenuation factor approach

d3,k/0.01 d2,k/0.01
Tw
Tq
Focusk cosO1,k

n

(22c)
P/n

∑ 4p(r

Although Equation (20) does not include absorption,

k⫽1

2
k

⫹hk2)

reﬂection and refraction effects, it is much simpler than
the MPSS model and signiﬁcantly less computationally

The variables used in the attenuation factor are shown in

intensive. Unfortunately, it was not designed to include

Figure 3. The ratio in Equation (22) describes the amount

the important physics of reﬂection, absorption and refrac-

of light reduction due to reﬂection, refraction and absorp-

tion (i.e. bending and focus) of light. In this study, a

tion. In Equation (22a), both the bending and focus effects

simpliﬁed version of the MPSS was developed by multi-

of refraction are included. However, the numerator of the

plying Equation (20) by an attenuation factor. The attenu-

attenuation factor can be derived from Equation (13),

ation factor is calculated by dividing an n-points MPSS

which corresponds to the MPSS model without the focus

model (or MSSS model) that accounts for reﬂection,

effect of refraction, and from Equation (19), which

refraction and absorption by an n-points MPSS model

represents the MSSS model. Equations (22b) and (22c)

without any of these effects. The use of the attenuation

represent the attenuation factors that were based on these

factor is shown in Equation (21) along with Equation (22):

two methods.
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The ﬁrst part of the minimum function in Equation (23)
(I A) represents the ﬂuence rate based on the radial
intensity model. Part (I B) is the original LSI model. In
order to include the absorption, reﬂection and refraction
effects, Equation (23) was multiplied by the attenuation
factor based on Equation (22b).

DO (discrete ordinate) method
Figure 3

|

Illustration of the attenuation factor calculation.

The DO method is one of ﬁve numerical approaches for
solving the radiative transfer equation (Equation 24),
which accounts for radiation in an absorbing medium.

Equation (22b) can be combined with ﬂuence rate
distribution models (i.e. RAD-LSI and view factor) where
the focus effect will incorrectly describe the longitudinal
proﬁles near the quartz sleeve surface with these models.
In this study, three values of n = 3, 5 and 10, were used to
determine the resolution for the attenuation factor in
Equation (22). The ﬂuence rate computed using Equations
(21) and (22c) was compared with the MSSS model,
which used 1,000 segment sources.

(V•ⵜ)I(r,V) ⫽ ⫺(ka⫹ks)I(r,V)⫹kaIb(r)
I
II III
IV
ks
I(r,V⬘)O(V⬘<V)dV⬘
⫹
4p
V
V⬘ ⫽ 4p

∫

(24)

where Ω is direction of propagation of radiation beam; ka,
ks absorption and scattering coefﬁcients (1 m − 1); Ib is
intensity of black body radiation; and f is scattering phase
function.
As shown in Equation (24), part I of the radiative
transfer equation is the gradient of intensity along the

Modified LSI (RAD-LSI)

propagation direction, part II is the loss due to absorption,

The closed-form of the LSI model has been shown to be

part III is the loss due to out-scattering, part IV is the gain

effective for simulating far-ﬁeld ﬂuence rate distribution

due to black-body emission, and part V is the gain due to

(Blatchley 1997). However, the disagreement between the

in-scattering. Although Equation (24) was originally pro-

experimental measurements and model predictions will

posed for the heat transfer in one medium, several

increase as the probe approaches the quartz sleeve

researchers (Stamnes et al. 1988; Liou and Wu 1996) have

surface. Since Bolton (2002, personal communication)

improved it to model radiative transfer in the multi-layer

realized that a portion of the ﬂuence rate was emitted in

medium with fresnel interfaces. In this study, a commer-

the radial direction for linear lamps, a model for the radial

cially available software, known as FLUENT (Lebanon,

intensity calculation was incorporated into the LSI as a

New Hampshire), which has a built-in version of the DO

simple modiﬁcation to account for the radial direction of

model to solve the radiative transfer equation, was used to

the ﬂuence rate as one approaches the lamp surface.

predict the ﬂuence rate distribution inside a reactor ﬁlled

Equation (23) displays the modiﬁed LSI, known as

with water. FLUENT’s version of the DO model does not

RAD-LSI.

include the refraction effect of light. In the current model
set-up, the scattering terms were neglected since no

I ⫽ minimum
⫹arctan

S

H

A
P

,
2pLR 4pLR

L/2⫺H
R

P

DGJ

F

arctan

S

B
L/2⫹H
R

particles were present in the experimental system.

D

View factor method
*(atten factor)b
I
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The view factor approach was primarily used to determine
the radiant heat transfer between two arbitrarily sized
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Illustration for view factor method.

parallel rectangles. Based on the idea of the view factor
algebra, Modest (1993) developed a model to calculate the
irradiance intensity from a cylindrical surface to a differential element in space. Kowalski et al. (2000) applied the
view factor approach to simulate the light intensity ﬁeld
for the prediction of disinfection in air streams. The basic
theory underlying the view factor approach is that a

Figure 5

|

Schematic illustration of test reactor in the air.

cylindrical lamp can be divided into two parts according
to the location of the point of interest. For each lamp
section, the view factor method predicts the fraction of
radiation emitted from the surface of the lamp section that

Equations (25–27) alone do not account for absorption,

directly strikes a differential element. The intensity at any

reﬂection and refraction effects. These effects were

point is the product of the view factor and the surface

included in the view factor approach by multiplying

intensity of the lamp. The surface intensity is simply the

Equation (26) by Equation (22b) to simulate the ﬂuence

UV power output in watts divided by the lamp surface

rate distribution inside a reactor ﬁlled with water. With

area. As illustrated in Figure 4, the view factor approach is

the exception of the DO method and UVCalc3D, all other

calculated as:

ﬂuence rate models were incorporated in commercially

Fi ⫽

Li
pH

Xi⫺2H

√ X iY i

F

1
Li

ATAN

where,

S
SŒ

ATAN

Li

√H2⫺1

Xi(H⫺1)
Yi(H⫹1)

H = x/r;

D
D

available

⫹
⫺ATAN

Li = li/r;

computational

ﬂuid

dynamics

software,

PHOENICS (CHAM, CAMBRIDGE, UK).

SŒ D G
H⫺1
H⫹1

(25)

Xi = (1 + H)2 + L2i ;

EXPERIMENTAL METHOD
Test reactors
In this study, actinometry measurements and numerical

Yi = (1 − H)2 + L2i ; and i = 1,2.

simulations of the ﬂuence rate inside two test reactors

The light intensity is then determined by:

were performed to validate these different mathematical
I = I′(F1 + F2)

(26)

models. Figure 5 displays the reactor conﬁguration for
tests conducted in air. Solutions of the potassium iodide/

In Equation (26), I′ is the surface intensity of the lamp, and

iodate (KI) actinometer (Rahn 1997) were housed in

is calculated as:

spherical quartz containers and suspended parallel to a

I⬘ ⫽

P
2prl
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low pressure (LP) mercury UV lamp at three speciﬁc
positions with radial distances of 5, 10 and 15 cm from the
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moderate quality water UV disinfection application.
The centre point of the reactor was chosen as the origin
of the coordinate system. The X and Y axes are the
directions perpendicular and parallel to the lamp,
respectively.
A 0.1 M KIO3/0.6 M KI in 0.01 M Na2B4O7 · 10H2O
(Fisher scientiﬁc) solution was freshly made as the
KI/KIO3 actinometer. Fluence rates (mW cm − 2) were
calculated using the following equation (Rahn 1997):

Fluence rate ⫽

a352V
FleAcst(1⫺R)

ⴒU

(28)

where:
Φl = quantum yield for generation of I3− at average light
emission (0.64 × [1 + 0.02 × (T − 20.7)] moles/Einstein)
Figure 6

|

T = actinometer temperature during irradiation (°C)
Nickel plated stainless steel reactor filled with water for transmissivity tests.

a352 = change of absorption coefﬁcient at 352 nm
(cm − 1)
e = molar absorption coefﬁcient at 352 nm (26,400 M − 1

lamp. The arc length of the LP lamp used in this study was

cm − 1)

28 cm and the total output power at the 254 nm wave-

V = volume of irradiated actinometer solution (l)

length band was 16 watts with a measured UVC efﬁciency

Acs = cross-sectional

of 41.35%.

(cm2)

area

of

the

spherical

vessels

The 16 W of lamp electrical power was obtained from

U = constant used to convert Einstein into conventional

the lamp manufacturer. The UVC output power was

UV ﬂuence units (4.7153 × 108 mJ einstein − 1 for LP based

measured using an International light IL1700 radiometer

on 253.7 nm emission)

at a distance of 1.5 m from the lamp centreline in air. The

t = UV exposure time (s)

radiometer was calibrated for 253.7 nm. A distance of

R = reﬂection of quartz vessel surface

1.5 m is greater than four times the electrode-to-electrode

Note that in the calculated ﬂuence value, the molar
26,400 M − 1

cm − 1

length of the lamp (28 cm). The radiometer sensor was

absorption

assumed to receive radiation from a point source. The

obtained from Rahn (1997). However, a recent study

ﬂuence rate was therefore assumed to fall off as the inverse

determined the molar absorption coefﬁcient of I3−

square of the distance between the sensor plate of the

in the actinometer solution to be 27,636 M − 1 cm − 1

radiometer and the centre point of the lamp. UVC output

(Stefan et al. 2001). The differences in the data pre-

power was then calculated by: radiometer reading (mW

sented when evaluated using these two approaches

cm − 2) × 4 (pi) 1502 cm2.

results in a 5% overestimation using the Rahn (1997)

coefﬁcient

of

was

Transmissivity tests were performed inside a reactor

values. In the calculation, the reﬂection of light by the

ﬁlled with water as shown in Figure 6. A KI actinometer in

quartz is also taken into consideration. The reﬂection

spherical quartz vessels was suspended at 18 locations in

was calculated based on the approach developed by

water with 77 and 88% UV transmittance (UVT) at

Bolton (2000). For this study, the reﬂection of light by

254 nm. These two UVT values were used in this study

the quartz vessel was calculated as 8.9% and 0.4% in

because they cover a range of UV transmittance that

air and water, respectively (Bolton 2003, personal

would be typical of a good quality wastewater and

communication).
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Fluence rate radial distribution on the profile of the centre point of the lamp.

15 cm), both of these mathematical models agreed well
with the experimental data. Modiﬁcations made to the
original LSI model, RAD-LSI, were found to improve
the ﬂuence rate distribution predictions at x = 5 cm
(Figure 7b), while maintaining the same level of accuracy
far from the lamp. As discussed earlier, the LSI model
displays a higher ﬂuence rate distribution in the region
close to the lamp centre. This higher ﬂuence rate is due to
the point source assumption, which does not consider the
cylindrical geometry of the UV lamp. In a cylindrical
geometry conﬁguration, light is emitted predominantly in
the radial direction while the point source approximation
assumes a uniform light emission in all directions. The
RADIAL portion of the RAD-LSI seems to provide a
Figure 7

|

Fluence rate distribution along the lamp at different normal distance to the
lamp (x=5, 10, 15 cm): (a) impact of LSI, (b) impact of RAD-LSI.

simple correction for the ﬂuence rate around the lamp
central region.
Figure 8 clearly shows the improvement of the
RAD-LSI model as one approaches the lamp surface.
RAD-LSI selects either the RADIAL model or the LSI

RESULTS AND DISCUSSION
Fluence rate distribution in air

model to determine the ﬂuence rate based on the location
of the point of interest. Near the lamp surface, the
RADIAL model predicts a lower ﬂuence rate than the

Figures 7 and 8 display the ﬂuence rate distribution in the

LSI model. However, near the lamp ends and at radial

air box. The error bar on the KI/KIO3 actinometer

distances further from the lamp surface, the LSI model

test data curve represents the experimental standard

predicts a lower ﬂuence rate than the RADIAL model.

deviation. In Figure 7a, the results show that the LSI

Unfortunately, the RAD-LSI still has problems predicting

model predicted a higher ﬂuence rate than both the

the ﬂuence rate near the lamp ends because of the point

experimental measurements and the UVCalc3D model at

source approximation of the LSI portion. UVCalc3D’s

a radial distance of 5 cm. Far from the lamp (x = 10 and

ability to better predict experimental ﬂuence rate results
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suggests that the cosine angle effect is important in

reﬂected back into the ﬂuid from the wall. Currently, the

characterizing the ﬂuence rate near the lamp.

models presented in this study do not include terms that

Although not reported in the ﬁgures, the view

account for wall reﬂection; however, the quartz vessels

factor approach was found to produce similar results

with actinometer solution would measure this reﬂected

to RAD-LSI with the exception of near the lamp ends. In

radiation.

that region, the view factor model was closer to the

Quartz vessels at positions 1, 2, 4, 5 and 6 were placed

experimental results but still above the UVCalc3D predic-

fairly close to the reactor wall (i.e. centre of the quartz

tions. The view factor model’s improvement over the LSI

vessel was 0.7 cm from the wall) while the quartz vessel at

model is due to its inclusion of cylinders as its source of

position 3 was placed 3 cm from the wall. As the results in

light emission and not a series of point sources (Modest

Figure 9a show, it is reasonable to conclude that a portion

1993). However, like the RAD-LSI, the view factor model

of the ﬂuence rate contribution to points 1, 2, 4, 5 and 6 is

fails to predict regions near the lamp ends because it does

from wall reﬂection due to these points’ close proximity to

not account for the non-uniform emission pattern in the

the wall. The portion of the measured ﬂuence rate result-

derivation of Equation (25), which accounts for the

ing from wall reﬂection decreases as the measurement

fraction of irradiation on the differential element (Modest

location moves away from the wall as with position 3. The

1993). Overall, the ﬂuence rate results in air suggest that

results at points 1, 2, 4, 5 and 6 suggest that wall reﬂection

the lamp is best approximated by using the MSSS concept.

could play an important role in the accurate prediction of
the low dose region of a dose distribution curve in a UV
reactor. Without wall reﬂection, the MSSS model,
UVCalc3D and RAD-LSI were found to predict the low

Fluence rate distributions in water

dose region reasonably well within 20% of the mean and

Figure 9 displays the ﬂuence rate distribution prediction at

inside the error bar limits as shown with position 3.

the 18 measurement points in a reactor ﬁlled with water.

At the intermediate measurement points (test points

The modelling results were compared with experimental

7–12, Figure 9a) all three models exhibited reasonable

measurements at 77 and 88 UVTs. However, only the 88

agreement with the experimental data. In the region close

UVT results were displayed in Figure 9 since the trends

to the lamp (points 13–18) the ﬂuence rate predictions

seen at 88 UVT were also found at 77 UVT. The goodness

from both the MSSS model and UVCalc3D were more

of ﬁt between the experimental and modelling results was

accurate than RAD-LSI. The difference between calcu-

computed as (Kvalseth 1985):

lated and measured results was quite large at test point 14
(Figure 9a). However, considering the ﬂuence rate value at

18

R2 ⫽ 1 ⫺ ∑ 共Ii ⫺ Î 兲2Ⲑ ∑ 共Ii ⫺ I 兲
i⫽1

point 13, which is located further from the lamp centre

18

(29)

i⫽1

and yields even higher UV light intensity than point 14 in
the actinometer measurement, it is likely that the disagreement

between

numerical

and

experimental

results

where Ii represents the experimental results, I is the

may have been caused by saturation of the actinometer

average value of Ii over all of the points and Îi represents

solution at point 14. Because the solution in the spherical

the model results. In Figure 9a, for test points (1, 2, 4, 5

vessel is not mixed during the irradiation, it is possible that

and 6) far from the lamp, the MSSS model, UVCalc3D and

the high UV ﬂuence rate produced a ‘saturation’ effect of

RAD-LSI were found to under-predict the experimental

the actinometric solution in the inner quartz surface of the

ﬂuence rate and yield similar results. Essentially, the

spherical vessels (Sommer et al. 1999). Under saturated

transmissivity tests were conducted in a metallic reactor

conditions, the spherical actinometer underestimates the

where the interior wall surface was smooth with a high

ﬂuence rate. The MSSS model differs with UVCalc3D only

surface ﬁnish. As a result of this metallic wall condition,

with the inclusion of the quartz sleeve thickness when

some of the ﬂuence rate emanating from the lamp was

calculating the refraction angle. The results in Figure 9a
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Fluence rate value in water at test points: (a) comparison between UV Calc3D, RAD-LSI and MSSS models, (b) determination of appropriate n value for attenuation factor, (c)
comparison between DO and view factor models.
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seem to suggest that the inclusion of the quartz sleeve

As a result, refraction effects should be incorporated

thickness is insigniﬁcant and therefore can be approxi-

into the DO model in FLUENT to improve its perform-

mated by a factor in any future modelling approach as

ance. In Figure 9c, the view factor model combined with

computed in UVCalc3D.

the ﬁve-points attenuation factor based on Equation (22b)

Figure 9b compares the MSSS model with the LSI

predicted comparable results to the RAD-LSI, MSSS and

model that incorporates the attenuation factor (Equation

UVCalc3D. Like the DO model, the view factor model is

22c) using 3, 5 and 10 points approximation. The goal here

not derived from the point source summation method.

was to determine the number of points needed in the

However, owing to the introduction of the attenuation

attenuation factor calculation. Each n point approach

factor, which covers reﬂection, refraction and absorption

was compared with the MSSS approach also using

effects, its result was relatively closer to the actinometer

Equation (29). For this calculation, Ii represents MSSS

measurement data than the DO model.

model results and Îi represents the LSI model results using

Figure 10a–d displays the longitudinal shape of differ-

different n values for the attenuation factor. In Figure 9b,

ent ﬂuence rate distribution models along the lamp length

all three n values yield very high R2 values suggesting that

at

all three n values could be used to approximate the MSSS

11.35 cm). The MSSS model was omitted from Figure 10

approach. Looking at regional differences, the results

since the ﬁve-points LSI model produced results identical

show that the 3, 5 and 10 points attenuation factors yield

with the MSSS approach. In Figure 10, the view factor and

identical results at locations far from the lamp. Near the

RAD-LSI yield very similar results in the region near the

lamp, the greatest deviation occurred between the three-

lamp. However, the agreement between these two models

point approximation and the MSSS model. The results

decreases with increasing radial distance. In this study, the

suggest that the ﬁve-point approximation method for

view factor and RAD-LSI models utilize the same attenu-

attenuation factor calculation is a time efﬁcient and

ation factor calculation (Equation 22b), which only

accurate alternative to the MSSS model. As a result, the

accounts for the bending of light due to refraction and

ﬁve-point approximation was applied to other attenuation

absorption effects. The only difference between these two

factor calculations used in this study.

models was in their calculation for ﬂuence rate without

Figure 9c displays a comparison of the DO and view

different

radial

distances

(x = 3.35,

4.35,

7.35,

refraction, reﬂection and absorption effects.

factor models with the experimental results. In Figure 9c,

In the region close to the lamp, RAD-LSI will auto-

the large difference between the DO model and the exper-

matically select the RADIAL model that considered the

imental data can be attributed to neglecting both bending

lamp as a cylindrical object that emits light only in the

and focus effects of refraction at air/quartz/water inter-

radial direction. Similarly, the view factor approach also

faces. As mentioned earlier, the commercial software,

takes into account the cylindrical geometry of the lamp

FLUENT, only accounts for absorption and scattering when

using a more complicated relationship. The inclusion of

solving the radiative transport equation (Equation 25).

the cylindrical geometry would explain the similar

Scattering was neglected since no particles were present in

performance near the lamp surface. However, far from the

the experimental tests. The inaccuracy of the DO model

lamp surface, RAD-LSI will select the LSI model, which

demonstrates the signiﬁcance of the refraction effect when

treats the lamp as a summation of point sources. As a

dealing with water. Bolton (2000) discusses the inﬂuence of

result, the disagreement between RAD-LSI and the view

refraction when calculating the ﬂuence rate distribution in

factor model will be more signiﬁcant in the regions far

UV systems for drinking water disinfection. Bolton shows

from the lamp surface.

that when the UVT is much larger than 70%, neglecting

While the attenuation factor method seems to be a

refraction will cause large errors for point source summa-

reasonable approach for modelling the ﬂuence rate with

tion methods. Although the DO model is based on a differ-

reﬂection, refraction and absorption, the user must

ent method from that of the point source summation

exercise care in its use. The bending and focus effect of

method, ignoring refraction still resulted in large errors.

refraction as well as the cosine function have their own
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Fluence rate longitudinal distribution, perpendicular distance from lamp: (a) x=3.35 cm, (b) x=4.35 cm, (c) x=7.35 cm, (d) x=11.35 cm.

individual inﬂuence on the shape of the ﬂuence rate curve

emits light primarily in the radial direction near the lamp

along the lamp length. A basic effect of refraction is light

surface. Consequently, the focus effect should not be

bending, which is caused by the position shift as UV light

included in the attenuation factor when using either the

passes through air/quartz/water interfaces. The bending

RAD-LSI or view factor models.

effect is also a prerequisite for the path length calculation,

The cosine function was introduced to correct for the

which is an integral part of the absorption effect in

improper representation of a cylindrical lamp by the point

different media. As a result, the attenuation factor with the

source summation method. The results showed that a

bending effect should be considered the minimum or basic

cost-efﬁcient MSSS approach could be achieved using the

refraction characterization level.

LSI with an attenuation factor that includes not only the

The focus effect is the second essential part of

bending and focusing effects but also the cosine angle

refraction, which will cause the central region of the

effect. The question that still remains is what model should

longitudinal ﬂuence rate distribution curve to be ﬂatter

be used in the evaluation of the UV reactor performance.

and cause a sharp reduction in the ﬂuence rate near the

In the case of reviewing alternative design or process

lamp ends. As illustrated in Figure 10a, the RAD-LSI

conﬁgurations, a reasonable approach would be to use

and view factor models without the focus effect in the

the RAD-LSI or view factor model with an attenuation

attenuation factor calculation already exhibit a ﬂat proﬁle

factor that includes absorption and light bending effects

in the central region of the lamp. This is due to their

(Equation 22b). In the case of validating the model

approximation of the lamp as a cylindrical surface that

performance with biodosimetry tests or when the goal is to
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The MSSS model, which includes the quartz sleeve

MSSS based ﬂuence rate model should be applied to

thickness, and UVCalc3D, which applies a factor to

account for all the true physics of UV light. The MSSS

account for the impact of the quartz sleeve on the

ﬂuence rate model could be used without signiﬁcant cost

ﬂuence rate, produced similar results. This indicates

in computational time and resources for reactors with a

that inclusion of the quartz sleeve thickness is

low number of lamps (i.e. six or less). With larger reactors

insigniﬁcant, and that it can be approximated by a

utilizing more lamps, the LSI with the full attenuation

factor as calculated in UVCalc3D.

factor (Equation 22c) or UVCalc3D could be used since it

•

The attenuation factor method combined with the

mimics the accuracy of the MSSS approach with a lower

LSI model was shown to be a reasonable

computational time. Moreover, the LSI with the full

compromise between computing time and accuracy

attenuation factor could further reduce the computational

with respect to the MSSS model. In addition, the

cost of the UVCalc3D model for reactors that contain

attenuation factor can be incorporated into the view

multiple MP lamps. Overall, the ﬂuence rate model

factor and RAD-LSI models to account for

that should be selected for simulations of UV reactor

reﬂection, the bending effects of refraction and

performance will depend on the ultimate use of the

absorption effects.

numerical data.

•

RAD-LSI and view factor predicted similar ﬂuence
rate distribution proﬁles near the lamp surface.
However, the RAD-LSI model tends to predict a
lower ﬂuence rate than the view factor model with

CONCLUSIONS
A detailed evaluation of several ﬂuence rate distribution

increasing radial distance.

•

over-predict the ﬂuence rate near the lamp surface

models has been performed. These models include the

and under-predict the ﬂuence rate in regions far

MPSS, MSSS, UVCalc3D, LSI, RAD-LSI, view factor and

from the lamp surface because it did not incorporate

DO. The models were compared with experimental
ﬂuence rate measurements using spherical actinometers,
which measure the ﬂuence rate at speciﬁc points in space.
Experimental ﬂuence rate measurements were performed
in air and in water at two different transmittances (77 and
88% at 254 nm). In addition, an MSSS approach was
presented that includes the quartz sleeve thickness when
calculating the refraction angle at air/quartz/water inter-

The DO model was found to signiﬁcantly

the effects of refraction.

•

The selection of bending and focus effect as well as
the cosine angle in the attenuation factor calculation
depends on the different models used. The bending
effect is crucial for all models. However, the focus
effect and cosine angle correction is only suggested
with use in the LSI model.

faces. Moreover, a cost effective approach was developed
to simulate the MSSS by combining the LSI model with an
attenuation factor that accounts for reﬂection, refraction,
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