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There has been an increasing interest in the use of upper-room ultraviolet germicidal irradiation (UVGI)
system because of its proven disinfection effect for airborne microorganisms. To better design and explore
further potential applications of UVGI systems, it is of critical importance to predict the spatial UV inten-
sity in enclosures. In this paper, we developed a new mathematical model to predict spatial radiation
intensity for upper-room ultraviolet germicidal irradiation systems. The detail geometries of the lamp
and the reflector were removed and replaced by introducing a fictitious irradiation surface near louver
ir disinfection
irborne infection
pper-room ultraviolet germicidal

rradiation
VC
iew factor

slots. The view factor approach was applied to evaluate the UV irradiance in a three-dimensional space
with different louver configurations. With this approach no detail meshing of the fixture is required and
this leads to significant simplification of the entire systems from modeling perspectives.

To validate the model, experiments were performed in a full-scale environmental controlled chamber
in which one UVGI fixture was mounted on a sidewall. The UV irradiance was measured by a radiometer.
The results predicted by the present model agree very well with the experimental measurements. Factors

mod
affect the accuracy of the

. Introduction

During the last two decades, aerosols transport and dispersion
n indoor environments have caused wide public concerns. Con-
rolling and reducing of human-to-human airborne transmission
f contagious pathogens, in particular SARS, tuberculosis, the fatal
vian and swine influenza virus is an interdisciplinary issue [1–6].
nterest has grown significantly in the use of ultraviolet germicidal
rradiation (UVGI) to disinfect indoor pathogens. The first labora-
ory studies on using UVGI to sterilize air in surgical operating room
ated back to the 1930s [7,8].

One practical application of this concept to disinfect airborne
icrobes is the use of upper room UVGI installations [9,10]. The

dvantages of using upper-room UVGI installations in disinfec-
ion room include low initial and running costs, less maintenance
nd easy relocation. It can be installed simply for new and retrofit
rojects. Currently, upper-room UVGI is recommended by the Cen-

ers for Disease Control and Prevention (CDC) as a supplemental
pproach for preventing transmission of tuberculosis in isolation
ooms [11] and has been applied in shelters for homeless [12].
uman exposure to UVC should be minimized as excessive expo-

∗ Corresponding author. Tel.: +852 3442 6299; fax: +852 2788 7612.
E-mail address: alvinlai@cityu.edu.hk (A.C.K. Lai).

304-3894/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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el was also discussed.
© 2011 Elsevier B.V. All rights reserved.

sure causes eye or skin irritation. Recommended dose limits for
occupations is below 6 mJ for 8 h [13]. With this potential health
threat, one successful application of UVGI is to irradiate the upper
part of a room while minimizing radiation exposure of persons at
the lower part of the room to avoid overdose by skin and eyes. Thus
bare lamps can never be used in practical installations. Instead,
UVGI fixtures with inclined multi-louvers are normally used to
generate collimated, parallel rays irradiating to the upper-zone of
rooms in order to shield the UV rays from being directly viewed
by occupants. A reflector is normally installed behind the lamp to
maximize the output.

The performance of any UV devices against a particular airborne
microorganism can be generally described in terms of the fraction
of microorganisms surviving following irradiation, given by [14]:

C(t) = C0e−ZEpt (1)

where C0 is the initial microorganism concentration (cfu m−3), Z
is the susceptibility constant of the microorganisms to the irradia-
tion for a given microorganism (m2/J), Ep is the irradiation intensity
(W/m2) and C(t) is the concentration at time t (s) following UV

irradiation (cfu m−3).

The irradiation intensity, Ep, is a controlling parameter influenc-
ing the UVGI system efficacy. The intensity distribution is a function
of spatial position relative to the lamp fixture, and it depends on
a few important parameters such as the lamp configuration, wall

dx.doi.org/10.1016/j.jhazmat.2011.02.022
http://www.sciencedirect.com/science/journal/03043894
http://www.elsevier.com/locate/jhazmat
mailto:alvinlai@cityu.edu.hk
dx.doi.org/10.1016/j.jhazmat.2011.02.022


174 C.L. Wu et al. / Journal of Hazardous Materials 189 (2011) 173–185

Fig. 1. Introduction of the fictitious surface: (a) the schematic of multi-louvered UV fixture and (b) simplification of the UV lamp by an equivalent UV irradiation plane.
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Fig. 2. Illustration of the calculation of the view facto

eflectance, air relative humidity and temperature and room con-
guration in which some of them have been discussed previously
15,16]. The dose received by the microorganisms depends on the
bove factors affecting Ep and the (vertical) air movement entering-
nd-leaving the irradiated zone. The efficacy of the upper-room
VGI has been measured and reported in a number of studies

15,17–20]. In fact current understanding on system installation
as acquired by trial-and-error methods and translated into rules

f thumb [21,22].
Mathematical approaches such as analytical and computational

ave been applied and reported in the literatures. Under the ana-
ytical approach, a room was divided into two zones; a lower,
rradiant-free zone and an upper, irradiated zone [23–25] or even
hree zones [26,27]. Systems of equations were solved to evaluate
he zonal concentration. Though the simplicity, the approach did
ot take into account the variation of room air velocities across the
oom, and most importantly uniform irradiance field in the upper-
one was assumed. Computational approach is needed to model the
fficacy of a unique UVGI system and an exclusive set of operation
onditions. Conventionally the approach consists of two sequential
teps; first computing the UV field and followed by evaluating the

oncentration of microorganisms by computational fluid dynamics
nalysis. This paper focuses on the first step.

Two methodologies for modeling UV intensity field have been
roposed, named the inverse square law [14,28] and the view factor
pproach [29,30]. However, these models are limited to applica-
een sub-surface ABCD and the observation point P.

tions of bare UV lamps, while the lamp reflector, the fixture and the
louvers have not been included. These simplifications lead the mod-
els that cannot be applied for real-life upper-room UVGI systems.
Due to the complicated geometry of the real UV lamp configuration,
it is difficult to predict the UV intensity distribution analytically.
Recently, the effects of lamp radius and sleeve on radiation field
around a UV lamp were reported for water disinfection [31]. For
indoor application, one study developed a mathematical model to
predict UV irradiation level for upper part of a room [32]. Never-
theless the model was only valid for pendant-type fixtures.

In this work, we developed a novel yet simple mathemat-
ical model with the view factor method to predict spatial UV
intensity for indoor environments installed with multi-louvered
wall-mounted UV fixtures. The model was validated through a com-
prehensive comparison of the modeling results with experimental
measurements conducted in a full-size environmental chamber.

2. Mathematical model

The core model for predicting lamp intensity and the reflected
component of radiation is based on radiation view factors [33].

The intensity of the UV radiation from the specific fixture depends
not only on the lamp power output, but also on the fraction of
this output that exits the fixture or the louvers. An example of
multi-louvered fixture is shown in Fig. 1(a). The three-dimensional
meshing of the complicated geometry in Fig. 1(a) makes it very



C.L. Wu et al. / Journal of Hazardous Materials 189 (2011) 173–185 175

Table 1
Parameters of modeling cases.

Es (W) Huv (m)a Ls (m) Hs (m) Ds (m) Ns �L
b

Case 1 5.3 2.05 0.27 0.11/Ns 0.0 1 0◦

Case 2 5.3 2.05 0.27 0.11/Ns 0.14 14 0◦

d
s
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Case 3 5.3 2.05 0.27 0.11/Ns 0.14 14 5◦

a The height of UV lamp center.
b The inclined angle of the louver.

ifficult or almost impossible to predict spatial UV intensity
traightforwardly. To simplify the calculation, we introduced a fic-
itious surface near the louver inlet slots to represent the UV lamp
see Fig. 1(b)). The finite-size cross section at the internal side of the
xture is served as an equivalent UV irradiance surface. This ficti-
ious source irradiates UV lights with a UV output approximately
he same as the lamp output power. The simplification is justified by
he fact that both the lamp and the reflector are very close to the lou-
er slots, and the reflector casts almost all UV rays passing through
he internal cross section of the fixture. At this stage, we assumed
hat the fraction output of the UV lamp entering this fictitious sur-
ace is f, which can be adjusted with the reflector actual condition.
hus, the equivalent UV output from this fictitious surface is

s = fEuv (2)
here Euv is the UV power output of lamp.
A well-designed reflector arch can distribute the radiation very

niformly to the louver slots. In such a case, the UV emission inten-
ity at the whole fictitious surface can be deemed as uniform and

Fig. 4. Configurations of experiment room: (a) schematic of the fixture and
Fig. 3. Calculation of the view factor between a differential surface and a finite
surface.

is calculated by

Is = Es

As
(3)

where As = NsHsLs is the total area of the slot cross section, Ls is the
slot length, Hs is the slot height and Ns is the number of louver
slots. For the case of a heterogeneous distribution of the surface UV

output, we have

Es =
∫

A

Is (x, z) dxdz ≈
Ns∑
i=1

Is,iHs,iLs,i = HsLs

Ns∑
i=1

Is,i (4)

(b) arrangement of the measured points. All dimensions are in cm.
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Fig. 5. UV irradiance distribution in y direction with no louver case (Case 1) at z = 2.05 m. (a) Present model results compared with those predicted by a bare lamp (Eq. (9))
at E–E and (b) D–D.
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w
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Fig. 6. UV irradiance distribution in x direction with no

ith the assumption that all the louver slots have the same dimen-
ions. Is,i is the UV output intensity of the fictitious sub-surface

orresponding to the ith slot.

Through the introduction of the fictitious irradiation source,
he UV intensity I(x, y, z), for a given differential surface at the
bservation point P(x, y, z), can be calculated by the summa-
ion of the view factors between the surface and the all slot
case (Case 1) at z = 2.05 m: (a) A–A, (b) B–B and (c) C–C.

sub-surfaces:

Ns∑

I =

i=1

Is,iFd1−i (5)

where Fd1−i is the fraction of thermal power leaving differential
surface 1 and reaching the ith slot.
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Fig. 7. UV irradiance distribution in y direction with horizo
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ig. 8. The UV irradiance contour field with horizontal louver surface (Case 2) at
= 2.05 m.

Fig. 2 illustrates the calculation of the view factor for a sub-
urface i corresponding to a given slot. Three zones in space are
istinguished depending on the range in which the sub-surface can
e seen at the point P(x, y, z) through the louver slot. We defined a

ocal coordinate O-n1n2n3 with the origin placed at the center of the
ub-surface O (xi, yi, zi). The unit normal vector of the sub-surface
s n1 and the unit vector along the lamp axis is n2. We suppose the
imensions of the surface area border seen from the observation
oint P in n3 and n2 is L3 and L2, respectively. The depth and length
f the louver slot are Ds and Ls, respectively. Other parameters are
enoted in Fig. 2. Obviously, if P is in region III, the observer cannot
eceive the UV radiation from this slot and we have L3 = 0; if P is
n region II, the observer can receive part of UV radiation from the
lot, and we have 0 < L3 < Hs, while L3 = Hs as P in region I and the
ull radiation from the slot can be received by the observer. L3 can
e determined via some geometry relations:

3 =

⎧⎪⎪⎪⎪⎪⎪⎪⎨
Hs if W3 ≤ 0 (P is in region I)

Hs − W3Ds

W1 − Ds
if W3 > 0 and Hs >

W3Ds

W1 − Ds
(P is in region II) (6)
⎪⎪⎪⎪⎪⎪⎪⎩ 0 if W3 > 0 and Hs ≤ W3Ds

W1 − Ds
(P is in region III)

here W3 = |PO · n3| − (1/2)Hs, and W1 = |PO · n1|
ntal louver (Case 2) at z = 2.05 m: (a) E–E and (b) D–D.

Similar formulas can be obtained and used to calculate the sub-
surface dimension L2 in n2-direction that can be seen from the
observation point:

L2 =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Ls if W2 ≤ 0

Ls − W2Ds

W1 − Ds
if W2 > 0 and Ls >

W2Ds

W1 − Ds

0 if W2 > 0 and Ls ≤ W2Ds

W1 − Ds

(7)

where W2 = |PO · n2| − (1/2)Ls.
Once the valid UV irradiation source of the sub-surface is deter-

mined, as shown in Fig. 3, the view factor for the differential area can
be calculated through some algebraic operations of the following
formula:

Fd1−f = A

2�(1 + A2)1/2
tan−1

[
B

(1 + A2)1/2

]

+ B

2�(1 + B2)1/2
tan−1

[
A

(1 + B2)1/2

]
(8)

where A = a/c and B = b/c. The above formula gives the view factor
of a differential planar element placed at a distance c from the cor-
ner of a finite parallel rectangle with a width a and height b [33].
Referring to the above calculations, we have c = W1. The algebraic
operation of the above formula depends on the region in which the
Point P falls in the vertical and axial directions, respectively. The
details are shown in Appendix A.

Given the fixture axial direction n2 and the louver inclined angle
� or the slot normal direction n1, the visible dimensions of one
fictitious surface from any space point will be determined through
Eqs. (6) and (7). Then the view factor can be calculated with Eq.
(8). Finally, the UV irradiation intensity at any point in space can be
obtained with Eq. (5).

3. Model validation

3.1. Experiment set-up

The experiments were conducted in an environment-controlled
room with dimensions 2.25 m (L) × 2.3 m (W) × 2.3 m (H). The walls
are insulated by fiberglass. There is one door and no windows. Since

no bio-aerosols were used at this stage, no ventilation was pro-
vided during the measurement. To facilitate model validation, it
is important to keep the parameters to a minimum. To eliminate
internal surface reflection, all the surfaces including the diffusers
were covered by black papers. One side-wall UVC germicidal fixture
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ig. 9. Schematic diagram of the fixture shielded effect: (a) observation point loca
xture.

TB-12-W, American Ultraviolet) was mounted along the center of
he wall. The UVC fixture holds a UVC lamp of 16 W.

The intensity was measured by a radiometer (IL1400, Interna-
ional Light Technologies) equipped with a suitable detector with
peak at 254 nm (SEL/NS254/W). The meter and the sensor were
rand new and have been factory-calibrated before shipping. The
ensor was mounted on a tripod. As the intensity is very sensitive
o the source orientation, particularly at the vicinity of the fixture,
t is very crucial to ensure that the detector faces perpendicularly
o the fixture.

The intensity was measured at two horizontal heights, namely
05 cm and 210 cm. All the measurement points were marked on
he floor to facilitate accurate location measurement and they were
hown in Fig. 4.

Prior to the measurement, the lamp was turned on for 30 min.
ach point measurement was repeated at least three times. One
articular observation to check for the quality of the data is their
ymmetry along the central line. For instances if the data for points
and B are similar, the reliability of both data would be high oth-

rwise measurements were repeated.
The lamp reflector used in our experiment is made of smooth,

hin stainless steel covered with polished aluminum foil and hence
e assumed the value was 1.0. The effect of wall reflection was

gnored here. Conventionally it can be measured with spherical
ctinometry method [34,35]. In actual condition, the reflectivity of
all for 254-nm ultraviolet radiation mainly depends on the wall
aterial surface [25,32,36]. For most of painted walls, the reflection

or 254-nm ultraviolet radiation is on the order of 5% [32].
.2. Model validation

The mathematical model developed in the present work was
pplied to study the irradiance field with identical dimensions
t the center line of the fixture and (b) observation point located to the side of the

those of the experimental chamber. To compute the UV intensity
at space, the closure was meshed by 60 × 60 × 60 grids. The fic-
titious surface was located between the UV lamp and the louver
fixture (y = 0.2 m). The other modeling parameters are summarized
in Table 1.

4. Results and discussion

4.1. Case 1: no louver

In the experimental set-up, the louver of the fixture was
removed while keeping the lamp holder box and the reflector. To
match the experiment conditions, the louver depth was set zero in
our numerical model. Likewise, the comparison of our model and
the existing bare lamp model was also discussed. In reported bare
lamp model, the spatial radiance is calculated as [30,36]:

I = Es

2�rl
Fd1−2 (9)

where r is the radius of the lamp, l is the length of the lamp, and Fd1−2
is the fraction of radiative intensity leaving differential surface 1
and reaching UV lamp. It can be obtained with [33]:

Fd1−2 = 1
�H

tan−1 L√
H2 − 1

+ L

�

[
X − 2H

H
√

XY
tan−1

√
X(H − 1)
Y(H + 1)

− 1
H

tan−1

√
H − 1
H + 1

]
(10)
The parameters in Eq. (10) are defined as follows:

L = l

r
, H = h

r
, X = (1 + H)2 + L2, Y = (1 − H)2 + L2
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Fig. 10. UV irradiance distribution with horizontal

here h is the distance between the differential surface and the
amp. If differential surface 1 is not at the end of the cylinder, Fd1−2
s calculated with algebraic operation.

Fig. 5 shows the radiation intensity along E–E and D–D at
= 2.05 m, respectively. It can be seen that the bare lamp model
nder-predicts the UV intensity considerably and the irradiances
ead less than 25% of the experimental measurements. This sub-
tantial discrepancy is incurred by the negligence of the reflector,
hich reflects almost all the UV rays. However, in the present
odel, the reflection effect is taken into account by assuming an

quivalent UV output of the fictitious source to that of the lamp. This
onsideration improves the modeling accuracy greatly. Fig. 5(b)
hows that the present model predicts UV intensity approximately
0% higher than the measurement where the observation point is
ery close to the fixture (D–D). This discrepancy is attributed to the
gnorance of the lamp fixture shading effect on UV source distribu-
ion. That is to say that uniform UV source distribution in fictitious
urface is not an ideal way. The corresponding discussion on this
oint is presented at Section 4.4. The axial profiles of the UV inten-
ity at three distances from the fixture are also compared to the
xperimental measurements, as shown in Fig. 6. One characteristic
f the radiation intensity distributions is that the profile becomes
uch flatter as the distance from the fixture increases. The peak

alue of the radiation intensity always occurs at the center of the
xture.
.2. Case 2: horizontal louver

In this case the louver slices were added and configured hori-
ontally. A comparison of the prediction and experiment along E–E
(Case 2) at z = 2.05m: (a) A–A, (b) B–B and (c) C–C.

and D–D at z = 2.05 m is shown in Fig. 7. It can be seen that the radi-
ation intensity decreases monotonously as the observer departs
from the fixture along E–E, while it increases to a peak value of
about 1 W/m2 and then decreases gradually as the observer departs
from the left sideward of the fixture along D–D. These two profiles
of the radiation intensity are also confirmed from the “growing-
bubble” contours of the intensity field at the horizontal plane at
z = 2.05 m, as shown in Fig. 8. The difference is partly attributed to
the shielding effect of the fixture sidewall. The radiation intensity
calculated by the view factor equation (Eq. (8)) diminishes more
rapidly at the location close to the source surface than that at the
location far from it. It is easy to prove that

ıFd1−f = ∂Fd1−f

∂A

[
1
c

(
ıa + ıb − (a + b)ıc

c

)]
(11)

with ( ∂ Fd1−f/∂ A) =(∂ Fd1−f/∂ B) > 0.
If the fictitious surface is fully visible and a = a0, b = b0, Eq. (11)

reads as

ıF (0)
d1−f

= ∂Fd1−f

∂A

[
− (a0 + b0)

c2
ıc

]
(12)

and given 0 < c1 < c2, one obtains (|∂Fd1−f /∂c|c=c1 ) >
(|∂Fd1−f /∂c|c=c2 ). where a and b are the width and height of
the visible surface, respectively, and c is the normal distance from
the observer to the source surface, as defined in Fig. 3.
It can be imagined that the observer approaches to the UV fix-
ture from locations far away by two trajectories, with one aligned
to the fixture center (E–E) and the other aligned to the lateral side
at a distance of 0.25 m from the fixture center (D–D), at the hori-
zontal plane z = 2.05 m. In the former case, all the sub-surfaces are
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Fig. 11. UV irradiance distribution with 5 angle inclined louver (C

isible to the observer at the beginning, thus the radiation intensity
ncreases due to the decrease of the distance from the UV source
ıc < 0). Then, when the observer moves towards the fixture, the
ouver grids at the top and the bottom of the fixture begin to shield
he UV rays and the total visible area of the sub-surfaces decreases
ıb < 0 and ıa = 0). Since the shielded surfaces locate at the top or
ottom of the fixture, they are always much further away from
he observer, which is at the center of the fixture, comparing to
he visible sub-surfaces, as shown in Fig. 9(a). Moreover, there are
wo sub-surfaces (the central ones) fully visible from the observer
we have ignored the thickness of the louver slice). The increas-
ng proportion of the radiation from the visible sub-surfaces due to
he decrease of distance is much larger than the reducing radiation
rom other sub-surfaces due to the decrease of visible areas. From
eometric relations, we have

= 2Hs(c − Ds)
Ds

(13a)

b = 2Hs

Ds
ıc (13b)

o substitute Eq. (13) into Eq. (11), the expression of Eq. (11) can
e rewritten as

F (1)
d1−f

= ∂Fd1−f

∂A

2Hs − a0

c2
ıc (14)
ompared to Eq. (12), Eq. (14) also can be described as

F (1)
d1−f

= ıF (0)
d1−f

+ ıF ′
d1−f (15)

ith ıF ′
d1−f

= (∂Fd1−f /∂A)(2Hs + b0/c2)ıc
: (a) E–E at z = 2.05 m, (b) E–E at z = 2.1 m and (c) D–D at z = 2.1 m.

Since the single louver height Hs is much smaller than the louver
width Ls (ıa = 0, so a = Ls is a constant), we always have ıF (1)

d1−f
> 0

with ıc < 0. Therefore, a monotonously intensified radiation profile
is observed, as shown in Fig. 7(a). ıF ′

d1−f
can also be considered

as the fraction of radiation shielded by louvers. This part becomes
significant when the observer is close to the lamp, resulting in a
much less radiation increase near the lamp when comparing to
that in at no louver configuration (see Fig. 5(a)).

In the latter case, similar trend occurs when the observer
receives almost all the coverage of the sub-surfaces. When the dis-
tance decreases gradually, one of the fixture sidewalls begins to
shield some UV rays besides the top and bottom louvers (ıb < 0,
and ıa < 0), as shown in Fig. 9(b). At the beginning, the proportion
of the increased UV intensity due to decreasing of distance from
the UV source is much larger than the decreasing proportion by the
shielding effect of both the sidewall and the louver slices, which
results in a general increase of the irradiance. The shielding lateral
dimension of the sidewall can be calculated similarly to Eq. (13):

a = a0 − DsLp

(c − Ds)
(16a)

ıa = DsLp

(c − Ds)
2

ıc (16b)
Using Eq. (13) and Eq. (16), Eq. (11) can be expressed as

ıF (2)
d1−f

= ∂Fd1−f

∂A

[
2Hs − a0

c2
+ DsLp(2c − Ds)

c2(c − Ds)
2

]
ıc (17)
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Fig. 12. UV irradiance distribution in x direction with

ompared to Eq. (12), Eq. (17) also can be expressed as

F (2)
d1−f

= ıF (0)
d1−f

+ ıF ′
d1−f + ıF ′′

d1−f (18)

here ıF ′′
d1−f

= (∂Fd1−f /∂A)(DsLp(2c − Ds)/c2(c − Ds)
2)ıc, and

p = 0.25 − 0.5a0 ≈ 0.5a0 is the lateral distance from the observer to
he fixture side wall.

ıF ′′
d1−f

can be considered as the proportion of radiation shielded
rom the fixture side wall. It becomes significant if the lateral
istance Lp is large or/and the depth of the fixture is large while the

bserver is close to the lamp. If c > 2.36Ds, Eq. (17) yields ıF (2)
d1−f

=
∂Fd1−f /∂A)

⌊
−(0.5a0(2c2 − 6Dsc + 3D2

s )/c2(c − Ds)
2)ıc

⌋
> 0.

erein, we assume 2Hs − a0 ≈ − a0 and Lp ≈ 0.5a0 since Hs � a0.
his means that irradiance increases as the observer distance c
ecreases to approximately twice the louver depth Ds. Since both
imensions (a and b) of the visible source surface decrease as the
bserver approaches the fixture and a decrease of the view factor
ill occur: ıFd1−f < 0 if c < 2.36Ds. Given the initial parameters, the
eak value of the view factor should occur at y = 0.53 m (c = 0.33 m).
he above analysis is based on Eq. (8) assuming that the observer
s always aligned to the corner of the visible surface, however it
s not the practical situation. In reality the shielded surface with
ncreasing dimensions is much closer or almost aligned to the
bserver while the visible surfaces with decreasing dimensions are
ar away from the observer. This concludes that increasing the area

f the ghost surfaces has a dominant and negative contribution
o the final view factor. The predicted model of the maximum
V intensity occurs at y = 0.6 m, which closes to the experimental

esult (y = 0.55 m). The maximum radiation intensity is about
.8 W/m2, which is slightly lower than the measured value of
ver (Case 3) at z = 2.1 m: (a) A–A, (b) B–B and (c) C–C.

1.0 W/m2. It can be seen that the developed model captured the
above two different profiles and the modeling results agree very
well with the experimental measurements, as shown in Fig. 7.

The sidewall shielding effect can also be observed from the axial
profiles of the radiation intensity, as shown in Fig. 10. It can be seen
that the maximum radiation intensity always occurs at the center
of the fixture. The profile becomes flatter and its value decreases as
the horizontal distance increases. This is because the sidewall can
shield less UV rays if the normal distance to the observer is kept
farther away from the UV source. It is observed that the profiles are
sharper if compared to the no-louver configuration, as shown in
Fig. 10(a). This implies that the sidewalls of the UVGI fixture have
a significant influence to the distribution of the radiation intensity.
Both the predicted and measured irradiances are much lower than
those of no-louver configuration since the louver slices shield most
of UV rays. It can be concluded that a mathematical model ignoring
the fixture and louver dimensions is not applicable to evaluate the
efficacy of the upper-room UVGI system with louvers.

4.3. Case 3: 5◦ inclined louver

Very often the ceiling of rooms restricts the installation height
of UVGI fixture. To enhance the maximum efficacy while keeping
the exposure below the threshold limit, the louvers are always
inclined horizontally at a small angle directing the collimated

beams upwards to minimize the human exposure. In this case, the
irradiance field for 5◦ upward inclined louver surface is analyzed,
which is identical to the experimental conditions.

Fig. 11 shows UV irradiance distribution in y direction with 5◦

inclined louver surface. At the horizontal plane aligned with the
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enter of the lamp (z = 2.05 m), the magnitude of the irradiance at
he measurement point, which is nearest to the fixture, is almost
he same as that in Case 2, but it diminishes quickly as the observer
eparts from the lamp. It can be noticed that there is almost no

rradiation detectable at those locations with a distance more than
.25 m from the fixture. This suggests that the penetrability of the
irect UVC at z = 2.05 m plane was weakened by the inclined lou-
er surfaces. The irradiance influence region is actually shifted to
he plane at z = 2.1 m. However, at the plane z = 2.1 m, the shield-
ng effect from the bottom louvers is still very evident while the
bservation point is close to the fixture. Fig. 11(b) and (c) shows
he short-term increase of the UV intensity profiles by the shield-
ng effect. Fig. 12 shows the lateral profiles of the UV irradiance at
hree distances from the louver in the plane z = 2.1 m. It can be seen
hat the prediction is more precise in near lamp field than in remote
egion, where the irradiance is close to zero and is under-predicted
y the model.

.4. Effects of reflector

An ideal parabolic reflector made from ideal material can reflect
00% horizontal light ray. In practice, non-ideal situation is encoun-
ered. Generally, the reflectivity of polished aluminum reflector
anges from 0.79 to 0.91 [36,37]. In order to investigate the effect
f possible reflectivity with our reflector, the additional results of

= 0.9 is studied in details.

For all modeling results presented, uniform UVC intensity dis-
ribution method was assumed and applied to the model. The
ctitious surface length was set equal to the length of the fluores-
ent tube (0.27 m). To further explore how non-uniform intensity

Fig. 14. Results of different reflectance of reflector with f
Fig. 13. Different irradiative source intensity distribution methods: (a) uniform, (b)
parabolic and (c) linear.

affects the modeling results, Eq. (2) was modified as follows:

Es = f × f (x) × Euv (19)

where f(x) is the UVC intensity distribution function along the fic-
titious surface. As shown in Fig. 13, two additional distribution
functions were introduced and both of them have the same integral
areas of the uniform distribution. Their mathematical expression is

given in Table 2.

Fig. 14 presents the results of horizontal louver case (Case 2)
with setting f(x) = 1.0 and f = 1.0 or 0.9. The modeling results pre-
dicted with f = 1.0 near the lamp is slightly better than those by
f = 0.9. The results of different non-uniform source intensity distri-

(x) = 1.0 at z = 2.05 m: (a) E–E, (b) D–D and (c) A–A.
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Fig. 15. Results of different irradiative source intensity distribution m

Table 2
Function for irradiative source intensity distribution methods.

b
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f(x) Uniform Parabolic Linear

−(Ls/2) ≤ x ≤ (Ls/2) 1.0 −(6/L2
s )x2 + (3/2) −(4/Ls)|x| + 2

ution methods are shown in Fig. 15. Inferring from the results,
arabolic and linear distribution give similar irradiance field and
hese results agree slightly better with the measurements than
hose by uniform distribution. We can conclude that uniform dis-
ribution function gives acceptable results for most engineering
pplications. Otherwise, the parameters (f or f(x)) of the model can
e tailor-adjusted to fit the specific conditions.

. Conclusions

In this work, we developed a novel mathematical model to eval-
ate UV irradiance intensity for indoor upper-room UVGI systems.
he model is simple to apply yet high accuracy results can be
btained. By introducing a fictitious irradiation surface near the
ouver slots, the view factor approach is applied to compute the
V irradiance in a three-dimensional space with accounting for

he influence from the louvers. This approach eliminates apply-
ng complex geometries for modeling physical boundaries and
eatures of UVGI systems. The model was validated through com-

rehensive comparisons to experimental measurements, which
ere performed in a full-scale environmental controlled chamber,

n which one UVGI fixture was mounted on a sidewall. The UV inten-
ity distribution predicted by the present model agrees very well
ith the experimental measurements. This model has great poten-
ethods with f = 1.0 at z = 2.05 m: (a) E–E, (b) D–D and (c) A–A.

tial for optimizing the design of indoor upper-room UVGI systems.
The effects on the accuracy of the model were also discussed.
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Appendix A. The algebraic operation of UV view factor

Considering from Eqs. (6) and (7), the view factor algebraic for-
mula for indoor spatial viewpoint can be categorized into four cases.
The dimensions of the finite visible surfaces for each case are shown
in Fig. A1.

Case 1 (W2 < 0, W3 < 0): If P falls into region I for both the n2 and
n3 directions, as shown in Fig. A1(a), the sub-surface of the louver
slot is divided into 4 valid finite surfaces (QBRP′, RCSP′, TAQP′, and
SDTP′) with their common corners aligned to the differential area
at the Point P′, the projection of P on the sub-surface. In this case,
the view factor between the differential area and the sub-surface
of slot i is,

Fd1−i =
4∑

Fd1−f (A.1)
f =1

Case 2 (W2 > 0, W3 < 0): If P falls into the side of region I for both
the n2 and n3 directions, as shown in Fig. A1(b), by introducing
some ghost surfaces (QBSP′, PSCF′, QREP′, P′ETF), the view factor
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Fig. A1. The view factor area with different cases when view point location projects on th
3 (W2 < 0, W3 > 0); (d) Case 4 (W2 > 0, W3 > 0).

Table A1
Dimensions of the four finite surfaces when P falls into different locations.
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[

Surface 1 Surface 2 Surface 3 Surface 4

a W3 + Hs |W3 + Hs − L3| W3 + Hs |W3 + Hs − L3|
b W2 + Ls W2 + Ls |W2 + Ls − L2| |W2 + Ls − L2|

an be calculated as

d1−i = Fd1−1 + Fd1−2 − Fd1−3 − Fd1−4 (A.2)

Case 3 (W2 < 0, W3 > 0): If P falls into the down of region I for both
he n2 and n3 directions, as shown in Fig. A1(c), by introducing some
host surfaces (P′EBS, P′RFS, QAEP′, QTRP′), the view factor can be
alculated as

d1−i = Fd1−1 − Fd1−2 + Fd1−3 − Fd1−4 (A.3)

Case 4 (W2 > 0, W3 > 0): If P falls into region II for both the n2 and
3 directions, as shown in Fig. A1(d), by introducing some ghost
urfaces (QBTP′, ESTP′, QRFP′, and EMFP), the view factor can be
alculated as

d1−i = Fd1−1 + Fd1−2 − Fd1−3 − Fd1−4 (A.4)

In the above cases, the width and length of the four finite sur-
aces are listed in Table A1 and the normal distance is c = W1.
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