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Novel insight into VOC removal performance of photocatalytic
oxidation reactors
Abstract A general model has been developed for analyzing the removal of
volatile organic compounds (VOCs) by photocatalytic oxidation (PCO) reactors,
taking into consideration of the photocatalytic (surface) reaction and the convective mass transfer coeﬃcients including allowance for their spatial dependence. On this basis, a novel insight into VOC removal performance of PCO
reactors is presented. The key parameter for evaluating PCO reactor VOC
removal performance is the number of the mass transfer unit (NTUm), which is
shown to be a simple linear product of three dimensionless parameters: the ratio
of the reaction area to the cross-sectional area of the ﬂow channel (A*), the
Stanton number of mass transfer (Stm), and the reaction eﬀectiveness (g). The A*
represents the geometric and structural characteristic of a PCO reactor. The Stm
shows the synergistic degree of alignment between the ﬂuid and mass ﬂow ﬁelds,
and reﬂects the convective mass transfer rate of the reactor. The g, describes the
relative intensity between the PCO reaction rate and the mass transfer rate. By
using the relationship and the parameters, the inﬂuence of various factors on the
VOC removal performance, the bottleneck for improving the performance and
design of a PCO reactor can be determined. Three examples are used to illustrate
the application of our proposed model. It is found that the VOC removal
bottleneck is the reaction rate for honeycomb type reactor, while mass transfer
rate for light-in-tube type reactor. With six ﬁns the fractional conversion of a
light-in-tube reactor increases about 70% relative to the one without any ﬁns.
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Practical Implications

Indoor air quality problem caused by volatile organic compounds (VOCs) have annoyed people for many years.
Photocatalytic oxidation (PCO) appears to be a promising technique for destroying VOCs in indoor air. With the
model and the novel insight presented in this paper, the inﬂuence of various factors on the VOC removal performance
can be determined. And the bottleneck for improving the performance of a PCO reactor can be easily identiﬁed. These
are helpful for designing high performance PCO reactors and optimizing their operative performance.

Introduction

In recent decades, buildings have been sealed more
tightly to reduce the energy consumption associated
with indoor air-conditioning, meanwhile, with the
increasing use of synthetic building materials and
furnishings that emit volatile organic compounds
(VOCs), the VOC concentrations in indoor air tend
to be higher than those allowed by existing codes.
High-VOC concentrations indoors have then often
been associated with adverse health eﬀects such as
allergic reactions; headache; eye, nose or throat irritation; dry cough; dizziness and nausea; diﬃculty in
concentrating and tiredness (Kim et al., 2001; Meininghaus et al., 1999; US EPA, 1990; WHO 1989),
which, when taken collectively, is called sick building

syndrome (SBS) (Bachmann and Myers, 1995). These
symptoms may aﬀect human health severely (Molhave,
1989) and may lead to economic losses (Fisk and
Rosenfeld, 1997; Haymore and Odom, 1993). Many
advanced technologies for the sustainable environment
to quickly and economically remove VOCs from
indoor air have been developed by researchers recently.
Photocatalytic oxidation (PCO) is an innovative and
promising approach among them (Tompkins, 2001).
The VOC removal by PCO is a surface reaction
process consisting of two important steps: ﬁrst, the
VOCs have to transfer to the reaction surface; second,
the VOCs are decomposed by the photocatalyst. Thus,
the VOC convective mass transfer rate, the reaction
rate and the reaction surface area are the most
important performance parameters of a PCO reactor.
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They are aﬀected by many factors such as the reactor
geometry, airﬂow velocity, and the physical properties
of VOC species, the wavelength and intensity of the
UV irradiation, photocatalyst performances, the temperature of the reaction surface.
Much research has been performed on the way in
which these diﬀerent factors aﬀect the PCO reactor
performance (Dreyer et al., 1997; Hall, et al., 1998;
Obee and Brown, 1995; Obee, 1996; Obee and Hay,
1997; Yoneyama and Torimoto, 2000). Obviously, it is
diﬃcult to know what inﬂuence the various factors
have on VOC removal performance of PCO reactors
only through experiments. Modeling and simulation is
a powerful method for determining the relationship of
VOC removal performance and the inﬂuencing factors.
Hossain et al. (1999) developed a three-dimensional
convection-diﬀusion-reaction model for analyzing the
VOC removal performance of honeycomb PCO reactors under steady-state conditions, which ﬁtted very
well with the experiments. The analysis was impressive.
However, the interaction eﬀects between the factors
were still not clariﬁed.
Based on a few suitable assumptions, many physical
models of PCO reactors were developed. Tronconi
and Forzatti (1992) developed a lumped parameter
model for a honeycomb structure reactor decomposing NOx. They derived dimensionless numbers to
express the reaction rate and convective mass transfer
rate and demonstrated the application of the model to
diﬀerent geometries and boundary conditions. Hall et
al. (1998) described a reduced order model for
photocatalytic honeycomb reactors, and discussed
mass transport and reaction rate limits. He found
that the product of volumetric ﬂow rate and conversion rate, which represent the overall rate of VOC
removal, reaches an asymptote with the velocity
increasing. Zhang et al. (2003) developed a PCO
reactor model and found that two parameters, the
number of the mass transfer unit, NTUm, and the
fractional conversion, e were the main parameters
inﬂuencing the photooxidation performance of a PCO
reactor. In the model, it was assumed that the
photocatalytic reaction was a ﬁrst-order reaction with
a constant reaction rate coeﬃcient and a constant
convective mass transfer coeﬃcient along the ﬂow
direction. Based on this model, Yang and Zhang
(2004) developed an improved model considering the
variable apparent reaction rate coeﬃcient, K, and the
variable convective mass transfer coeﬃcient, hm, along
the ﬂow direction. Three new parameters, the ideal
reaction number of mass transfer units, NTUm,ir, the
ideal reaction fractional conversion, eir,and the reaction eﬀectiveness, g, were deﬁned. The latter is useful
in evaluating the upper limit and the bottleneck of
VOC removal performance of PCO reactors.
At present, no model has been reported that takes
into consideration the variable reaction coeﬃcient of
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the photocatalytic surface and the convective mass
transfer coeﬃcient not only in the axial but also in the
perimetric direction. However, almost all the PCO
reactors in practice are spatial dependent, especially for
the ones with extended surfaces and non-uniform
irradiated photocatalytic surfaces with photocatalyst.
For example, the radiation distribution on the ﬁns of
the light-in-tube type PCO reactor with ﬁns reduces
sharply verus the radial direction.
The purpose of the present paper is: (1) to develop a
general PCO reactor model that takes account of the
variable apparent reaction rate coeﬃcient and convective mass transfer coeﬃcient on the reaction surface
(not only in the axial but also in the perimetric
direction); (2) to provide a novel insight into the
analysis of VOC removal performance of PCO reactors; (3) to determine the relationship between VOC
removal performance and the relating factors; (4) to
demonstrate the applications of the new model and the
relationship by means of examples.
Mechanistic model

In practical applications, three types of PCO reactors
(plate, honeycomb, and light-in-tube) are often
applied (Figure 1). These reactors can be summarized
as shown in Figure 2b, which describes the mass
transfer balance of a ﬁnite element in the crosssection. A general model will be developed for these
prototypical PCO reactors.
The following assumptions are made: (1) the crosssectional shape remains the same along the airﬂow
direction; (2) there is only one species of VOC in
indoor air or the VOCs can be treated as one species.
To simplify the analysis, the photocatalytic reaction rate is expressed as the product of the VOC
concentration adjacent to the reaction surface and
the apparent reaction rate coeﬃcient. Thus, for the
PCO reactor shown in Figure 2b, the mass conservation equation and boundary condition can be
written as
Z
dCðzÞ
G
¼
rðz; nÞdn
ð1Þ
dz
Ln
rðz; nÞ ¼ Kðz; nÞCS ðz; nÞ ¼ hm ðz; nÞðCðzÞ  CS ðz; nÞÞ
ð2Þ
z ¼ 0;

CðzÞ ¼ Cin

ð3Þ

where z is the distance in the axial direction, m; n is the
distance in the perimetric direction, m; L is the length
of the channel, m; Ln is the perimeter of the crosssectional area of the reaction surface path, m; G is the
volumetric airﬂow rate, m3s; C(z) is the mass-rateaveraged VOC concentration on the cross-section at
location z, i.e.:
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(a)

Airflow

UV lamps
Plate coated with
nanometer TiO2 powders

(b)

Airflow

UV light tubes

Inner surface coated with
nanometre TiO2 powders

(c)

Airflow

UV light tube
Fig. 1 Schematic of several PCO reactors: (a) plate type reactor; (b) honeycomb type reactor; (c) light-in-tube reactor

interface at location (z, n), mol/m3;Cin is the inlet
VOC concentration, mol/m3; r(z, n) is the local reaction rate at location (z, n), mol/m2/s; K(z, n) is the
local apparent reaction rate coeﬃcient at location
(z, n), m/s, which is the function of intensity and
wavelength of UV light, the physical properties of
photocatalyst, the humidity concentration and VOC
concentration (based on the Langmuir–Hinshelwood
kinetic rate formula in Obee, 1996); and hm(z, n) is
the local convective mass transfer coeﬃcient at
location (z, n), m/s.
Deﬁning the local total VOC removal factor:
Kt ðz; nÞ ¼

Fig. 2 Schematic of a channel of a monolith PCO reactor: (a)
coordinates of the channel; (b) mass balance of the ﬁnite crosssectional element

R
CðzÞ ¼

Ac

R

ðuCÞdAc

Ac

udAc

ð4Þ

where u is the velocity compound in z direction, Ac is
the cross-sectional area, m2; Cs(z, n) is the local VOC
concentration in the air adjacent to the air-solid

1
1=Kðz; nÞ þ 1=hm ðz; nÞ

the solution of Equation 1 gives
Z Z
1 L Ln
Kt ðz; nÞdndz
ln Cout  ln Cin ¼ 
G 0 0

ð5Þ

ð6Þ

where Cout is the outlet VOC concentration, mol/m3.
Deﬁne the average total VOC removal factor Kt as
follows:
R L R Ln
R L R Ln
Kt ðz; nÞdndz
0 0 Kt ðz; nÞdndz
Kt ¼
ð7Þ
¼ 0 0
R L R Ln
Ar
dndz
0

0

where Ar is the reaction surface area, m2. Combining
Equations 6 and 7 yields
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Cout ¼ Cin eðKt Ar =GÞ

ð8Þ

The number of the mass transfer unit, NTUm, the
fractional conversion, e, and removal rate, m_ for a PCO
reactor are expressed as follows:
NTUm ¼

e¼

Kt Ar
G

Cin  Cout
¼ 1  eNTUm
Cin

m_ ¼ Ge ¼ Gð1  eNTUm Þ

ð9Þ

ð10Þ
ð11Þ

When hm(z, n) and K(z, n) are independent of location
n, this model can be simpliﬁed to the model of Yang et al.
(2004); when independent of both z and n, this model can
be simpliﬁed to the model of Zhang et al. (2003). The
advantage of the present model is that it can be used to
analyze the VOC removal performance of three-dimensional PCO reactors, in particular to those with inner
extended surfaces and spatially dependent mass transfer
rate coeﬃcient and reaction rate coeﬃcient.
From Equation 9, the fractional conversion, e,
monotonically increases with increasing NTUm. Thus,
in order to improve fractional conversion of a PCO
reactor, it is very important to analyze how to increase
NTUm.

NTUm

Z Z 
1 L Ln Shðz; nÞ
1
dndz
¼
Ac 0 0
ReSc Shðz; nÞ=Daðz; nÞ þ 1
ð14Þ
where de is the equivalent diameter of the air ﬂow
channel, m; v is the kinematic viscosity, m2/s; and D
is the diﬀusion coeﬃcient of the VOC species in air,
m2/s.
Applying the local Stanton number of mass
transfer:
Stm ðz; nÞ ¼

Shðz; nÞ
ReSc

ð15Þ

and deﬁning the local reaction eﬀectiveness:
gðz; nÞ ¼

1
Shðz; nÞ=Daðz; nÞ þ 1

ð16Þ

Equation 14 can be rewritten as:
NTUm ¼

1
Ac

Z

L

Z

Ln

Stm ðz; nÞgðz; nÞdndz

The average Stm and g for the whole reactor can be
expressed as follows:
R L R Ln
R L R Ln
Stm ðz; nÞdndz
0 0 Stm ðz; nÞdndz
Stm ¼
¼ 0 0
R L R Ln
Ar
0 0 dndz
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ð18Þ

Novel insight into the number of the mass transfer unit, NTUm

R L R Ln

NTUm can be rewritten as follows:
Kt Ar Kt Ar
¼
G
ua Ac
Z L Z Ln
1
1=ua
dndz
¼
Ac 0 0 1=Kðz; nÞ þ 1=hm ðz; nÞ
ð12Þ

where ua is the average air velocity of the crosssectional ﬂow area, m/s.
Applying the Reynolds number, Re; Schmidt number, Sc; local Sherwood number, Sh(z, n); local
Damkohler number (Tronconi and Forzatti, 1992),
Da(z, n):
Re ¼

we have
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ðStm ðz; nÞgðz; nÞÞdndz
R0 L R Ln
0 0 Stm ðz; nÞdndz
R L R Ln
ðStm ðz; nÞgðz; nÞÞdndz
¼ 0 0
Ar Stm

g¼

NTUm ¼

ua de
m
;
Sc ¼
D
m
hm ðz; nÞde
Shðz; nÞ ¼
D
Kðz; nÞde
Daðz; nÞ ¼
D

ð17Þ

0

0

0

ð19Þ

We then have
NTUm ¼ A Stm g
Ar
A ¼
Ac

ð20Þ

where A* is the area ratio of the reaction area to the
cross-sectional area. Clearly, NTUm is the linear
product of three parts, A*, Stm, and g.
Applying the Taylor series yields:
ð1  eNTUm Þ ¼

ð13Þ

1
X

ð1Þn1

n¼1

¼

1
X
n¼1

ð1Þ

n1

ðNTUm Þn
n!
ðA Stm gÞn
n!

Thus, the VOC removal rate is expressed as

ð21Þ
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_
m¼Ge¼u
a Ac

1
X

ð1Þn1

n¼1

¼Ar hm g

ðA Stm gÞn
n!

ðAr hm gÞ2 ðua Ac Þ1 ðAr hm gÞ3 ðua Ac Þ2
þ

2!
3!
ð22Þ

If ua is high enough
m_  Ar hm g

ð23Þ

Therefore, when the averaged velocity, ua, increases, at
some point m_ reaches an asymptote, which is accordant
with Hall’s conclusion (Hall et al., 1998). Furthermore,
the limit value of m_ is a linear product of Ar, hm, and g.
In summary, the VOC removal performance of PCO
reactors improves with increasing values of the aforementioned dimensionless parameters. Applying this
model, the inﬂuence of geometry and conﬁguration,
convective mass transfer rate and PCO reaction rate
etc. on the VOC removal performance of a PCO
reactor can be analyzed.

location, m, and the subscript, w, stands for wall; C¥ is
the VOC mole concentration in free-stream ﬂow,
mol/m3; Cs(x) is the VOC mole concentration in the
air adjacent to the surface at y location, mol/m3.
Deﬁning the vector:
U1 ¼ 0i  u1 j

ð26Þ

and the following dimensionless variables:
 1 ¼ U1 ; x ¼ x ; y ¼ y
 ¼ U ; U
U
u1
dm ðxÞ
dm ðxÞ
u1
rC
¼
rC
ðCS ðxÞ  C1 Þ=dm ðxÞ
ð27Þ
We then have
R1
 y
  rCÞd
hm ðxÞl u1 l v 0 ðU
ShðxÞ ¼
¼
R1
 y
 1  rCÞd
D
v D ðU
0
R1
 y
  rCÞd
ðU
¼ Re Sc R 10
 y
 1  rCÞd
ðU

ð28Þ

0

Novel insight into Stm: analysis of synergy of flow and mass fields

Stm is a dimensionless mass transfer parameter. We
ﬁnd that it shows the synergistic degree of ﬂuid and
mass ﬂow ﬁelds. The ﬁeld synergy between ﬂow and
heat transfer was analyzed by Guo et al (1998, 2001),
based on the parabolic ﬂuid ﬂow. Tao et al. (2002,
2002) extended the concept to elliptic ﬂuid ﬂow and
other heat transfer problems. This concept was well
used in heat transfer enhancement, but not in mass
transfer ﬁeld. Similarly, from the analogy between heat
transfer and mass transfer, the synergy of ﬂuid and
mass ﬂow ﬁelds presents a new insight into the physical
meaning of Stm. Based on Guo’s concept, this section
will derive how to enhance the mass transfer.
For two-dimensional steady boundary ﬂow, the mass
balance equation is written as
@C
@C
@2C
u
þv
¼D 2
@x
@y
@y

where Æ refers to the dot product, and D is the gradient
operator; u¥ is free-stream ﬂuid velocity, m/s; l stands
for the characteristic length, m; Sh, Re, and Sc
represent the Sherwood number, the Reynolds number
and the Schmidt number, respectively. The vector dot
product in Equation (28) can be expressed as:
 ¼ jUjjr
 cos b;
  rC
 Cj
U
 ¼ jU
 cos b1
 1  rC
 1 jjrCj
U

ð29Þ

 U
 1Þ
where b(b¥) is the intersection angle between Uð
and DC. In most practical problems, in the concentra@C
tion boundary layer, there is @C
@y  @x . Therefore, b¥ is
close to zero. So Equation 28 can be rewritten as
R1
 y
 CjÞd
ðjUjjr
ShðxÞ
¼ 0R 1
Stm ðxÞ ¼
ð30Þ
 y
Re Sc
ðjrCjÞd
0

ð24Þ

where x is the coordinate along the ﬂow, and y that
normal to x; u and v are the velocity components in x
and y directions, respectively, m/s; C is mole concentration, mol/m3.
Integrating Equation 24 in the boundary layer and
combining the deﬁnition of convective mass transfer
coeﬃcient yields:

R dm ðxÞ  @C
u @x þ v @C
0
@y dy
hm ðxÞ ¼
Cs ðxÞ  C1

R dm ðxÞ  @C
ð25Þ
@C
u
þ
v
0
@x
@y dy

¼ u1 R d ðxÞ 
m
@C
@C
0

u
1
0
@x
@y dy
where dm(x) is the mass boundary layer thickness at x

It is evident from Equation 30 that: (1) Stm depends
not only on the values of the velocity and concentration gradient of ﬂuid ﬂow, but also on the intersection
angle between them; (2) Stm £ 1, only when there is
|U| ¼ 1 and b ¼ 0 everywhere, Stm ¼ 1, that is, the
 has to be the same with U
 1 ; not only the
vector U
value but also the vector direction; Obviously, when
 must be equal to 1; (3) b plays
b ¼ 0 everywhere, jUj
an important role in describing the synergistic degree of
ﬂuid and mass ﬂow ﬁelds.
For three-dimensional steady ﬂow and mass transfer
problems, the mass balance equation is written as
*

U rC ¼ r  ðDrCÞ

ð31Þ

*

where U is the velocity vector, and  is the divergence
operator.
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Integrated over the whole ﬁeld, Equation 31 is
rewritten as
Z *
Z
ðU rCÞdV ¼
ðr  ðDrCÞÞdV
V
ZV
ð32Þ
*
¼
ðn ðDrCÞÞdS
S

where V is the whole *ﬁeld volume, m3, with a
bounding surface S, m2; n is the unit vector normal
to the boundary, S. Further derivation of Equation 32
yields:
Z
Z
*
*
ðj U jjrCj cos bÞdV ¼
ð n ðDrCÞÞdS
ð33Þ
V

S
*

The average value of ðj U jjrCjÞ; and the average
intersection angle are deﬁned as follows:
R

*

ðj U jjrCjÞa ¼

V

*

ðj U jjrCjÞdV
R
¼
V dV

R
V

*

ðj U jjrCjÞdV
V
ð34Þ

R

*

R

Discussion on Stm. The mass transfer is the precondition of a PCO reaction. That is to say, it has to make
sure that the mass transfer rate is high enough to
guarantee the high reaction rate. If the value of A* is
high enough, the value of Stm will determine the VOC
removal performance. Assuming g ¼ 1, the maximal
value of NTUm is (A* Stm). Only when the value of
(A* Stm) is high, the VOC removal performance of the
reactor is promising. Otherwise the reactor design is
failed. Therefore, Stm can be regarded as the mass
transfer evaluation parameter with which the mass
transfer bottleneck of any unreasonable reactor can be
found. From Equation 31, it is known that adjusting
the airﬂow direction normal to the reaction surface
may enhance Stm.
From Equation 30 and the deﬁnition of the convective mass transfer coeﬃcient, it yields:

Stm ¼

*

ðj U jjrCj cos bÞdV
ð n ðDrCÞÞdS
cosba ¼ V R
¼ S *
*
ðj U jjrCjÞa  V
V ðj U jjrCjÞdV
ð35Þ
From
R *Equation 35,
 it is seen that if the integral value
ð
n
ðDrCÞÞdS
is positive, ba is in the range of
S
0 ) p/2; if the integral value is minus, ba is in the range
of
When
R p/2)p.
 ba ¼ p/2, the integral value
*
ð
n
ðDrCÞÞdS
is null, which means that the mass
S
ﬂux on the reaction surface is zero. Thus, the fractional
conversion of the reactor is 0%. If ba ¼ 0 (or p),
Stm ¼ 1, which means that NTUm¼A*1g. Thus, in this
case, the fractional conversion depends only on A* and
g.
ba is important to analyzing the value of Stm. The
average Stm is proportional to the cosine value of the
average angle. For example, if the average angle
reduces from 89 to 88, the cosine value of the average
angle increases about 100%.
Discussion on A*, Stm, and g

Discussion on A*. A* is a very useful parameter in
optimizing a PCO reactor geometric conﬁguration.
Considering that 0 £ g £ 1 and 0 £ Stm £ 1, the
maximal value of NTUm is A*, theoretically. If taking
NTUm as A*, the fractional conversion is still not
satisfactory, it means that no matter how much the
mass transfer and reaction rate are enhanced, the VOC
removal performance cannot reach the desired level.
For this case, the geometric conﬁguration design or
selection should not be accepted.
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Therefore, A* can be regarded as a reactor geometric
conﬁguration evaluation parameter with which any
unreasonable reactor geometric design or selection can
easily be found.

hm
rCjwall 1
¼ D
ua
ðCm  CS Þ ua

ð36Þ

where C|wall is the concentration gradient on the
reaction surface; Cm is the mass-rate-averaged concentration of the cross-sectional area. Thus, if the term
(C|wall/Cm ) CS) is not equal to constant (as is the
case in most practical situations), Stm is the function of
the concentration distribution. Tronconi and Forzatti
(1992) found that the Sherwood number, Sh, vary with
the value of the Damkohler number, Da. That is to say,
Stm depends on g. Thus, it implies that g inﬂuences the
concentration distribution, and then aﬀects Stm, indirectly.
However, if the VOC concentration diﬀerence in the
PCO reactor is not high, the inﬂuence of VOC
concentration to Stm can be neglected, just as the
situation of the inﬂuence of temperature to the heat
transfer. Zhang et al. (2003) found that when the VOC
concentration is low (lower than 2 ppmv), NTUm
remains almost constant in a series of experiments with
various VOC concentrations. Therefore, it is justiﬁed
to assume that Stm is independent of the VOC
concentration if the concentration is low (as is the case
in most practical situations).
Discussion on g(z, n) and g. If the value of (A* Stm) is
satisfactory, the value of g will determine whether the
reactor is available or not.
Equation 16 can be changed into

gðz; nÞ ¼

1
hm ðz; nÞ=Kðz; nÞ þ 1

ð37Þ

Novel insight into VOC removal by PCO reactors
If the mass transfer rate is much greater than the
reaction rate, i.e. hm(z, n)  K(z, n), g(z, n) approaches its minimum, 0. If the reaction rate is much
greater than the mass transfer rate, i.e.
K(z, n)  hm(z, n),g(z, n) approaches its maximum, 1.
Therefore, g, the averaged value of g(z, n) for the whole
reaction surface, can be regarded as a PCO reaction
evaluation parameter. If g is near 0, it implies that the
bottleneck of VOC removal by a PCO reactor is
reaction rate. For this case, applying a high performance photocatalyst or improving the reaction condition
may obviously increase VOC removal performance.
Determination of A*, Stm, g, and ba for a given PCO reactor

A* can be calculated by the geometric size of the PCO
reactor. Stm can be calculated by using the Computational Fluid Dynamic (CFD) method or by using
suitable empirical correlations. NTUm is calculated by
using the measured fractional conversion, e of a PCO
reactor. When A*, Stm, and NTUm are known, g can be
calculated by using Equation 20. In addition, g also can
be calculated by using Equation 19 and CFD method.
If applying the CFD method, the velocity ﬁeld and
the concentration gradient of VOC within the PCO
reactor can be determined. Thus, the parameter, ba can
be calculated out by using Equation 35.
Illustrative examples

Fig. 3 Schematic of laminar ﬂows between two parallel plates:
(a) fully developed ﬂow parallel to the plates; (b) uniform ﬂow
normal to the plates.

The mass equation can be simpliﬁed as
@2C
¼0
@y2

ð39Þ

It is subjected to the boundary conditions:

In order to illustrate the applications of NTUm, A*, Stm,
g, and ba for analyzing VOC removal performance by a
PCO reactor, the following examples are presented.
Influence of ba on Stm: mass transfer between two semi-infinite plates

Consider the problems shown in Figure 3: (a) fullydeveloped mass ﬂow and laminar ﬂow with average ua
inside two parallel plates; (b) laminar ﬂow with
uniform velocity, ua, normal to two parallel porous
plates [these two cases are similar to Guo’s illustrations
(Guo, 2001).
In these two cases, the bottom porous plates are kept
at uniform VOC concentration, C1 > 0; the top
porous plates are coated with nanometer TiO2 powders
in the inner surfaces, with UV lamps irradiating from
outsides. Adjust the UV light intensity to keep a very
low VOC concentration on the inner surfaces of the top
plates, C2  0.
Case a. In the fully developed mass and laminar ﬂow,
we have

@u=@x ¼ 0; v ¼ 0; @C=@x ¼ 0; @ 2 C=@y2  @ 2 C=@x2
ð38Þ

Cð0Þ ¼ C1 ;

CðdÞ ¼ 0

ð40Þ

The analytical solution of Equation 39 gives
C¼

C1
y þ C1
d

ð41Þ

In this case the concentration gradient is normal to the
plates but the velocity parallel, i.e., v ¼ 0, ¶C/¶x ¼ 0
(Figure 3a). The intersection angle b between U and
C is always equal to p/2. For the top plate:
Sh
1
Sh ¼ 1;
Stm ¼
¼
ð42Þ
Re Sc Re Sc
where Re¼uad/m. Usually, Sc is near 1 for gas phase
VOC, and Re is much greater than 1. Thus, Stm tends
to be much less than 1 in this case.
Case b The mass equation can be simpliﬁed as

ua

dC
d2 C
¼D 2
dy
dy

ð43Þ

It is subjected to the boundary conditions:
uð0Þ ¼ ua ; uðdÞ ¼ ua ;

Cð0Þ ¼ C1 ; CðdÞ ¼ 0

ð44Þ

The analytical solution of Equation 43 is
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C¼

C1
Re Sc
ðe d y  1Þ þ C1
eRe Sc  1

coordinate system is shown in Figure 2a, with the
transverse coordinates x and y, and the axial coordinate z. A uniform mesh with ﬁxed step size of 0.1 mm
was used for the full domain of the channel. Numerical
experiments were carried out to ensure the independence of the results on the mesh and error tolerances.
Use of the mesh with a step size of 0.05 mm and more
stringent error tolerances had no signiﬁcant eﬀect on
the solution. Thus, NTUm, A*, Stm, g, and ba were
obtained by using Equations 18–20 and 35.
Table 1 lists the CFD-simulated and experimental
results for the formaldehyde conversion tests. Compared with Hossain’s experimental data, a statistical
best-ﬁt result was obtained, with a slope of 1.045, R2 of
0.972. Thus, the CFD method is capable of predicting
the experimental results with a high level of conﬁdence.
If the acceptable value for the fractional conversion
is 85%, the NTUm value should be greater than 2 (see
Equation 9). According to the discussion in Discussion
on A*, Stm, and g, the VOC removal performance can
be evaluated step by step. From Table 1, it is known
that A* values are always much greater than 1. Thus,
the geometry design for this type PCO reactor is
satisfactory. In addition, the products (A* Stm) are also
greater than 2 except for Test 1. However, the ﬁnal
fractional conversions are less than 85% because of
low g values. It implies that the bottleneck for
honeycomb type PCO reactor is the reaction rate.
From Hossain’s paper (1999), it is known that the UV
radiation intensity drops sharply with increasing
distance into the channel. This is the main reason for
a small value of g.
From Table 1, it is also seen that Stm is much smaller
than its maximum, 1. Figure 4 shows the intersection
angle distribution at the plane of X ¼ 0.5. The intersection angle, b, is close to 90, especially on the
reaction surface (Y ¼ 1). Therefore, the averaged
intersection angles, ba, approaches 90(see Table 1),
resulting in low Stm values. Hence, for this typical PCO
reactor (see discussion in Inﬂuence of ba on Stm: mass
transfer between two semi-inﬁnite plates), A* oﬀsets
the low Stm values which makes the product (A* Stm)
satisfactory.

ð45Þ

In this case the concentration gradient and the velocity
are both parallel to the plates, i.e. the intersection angle
between U and C always equals to 0.
For the top plate, we have
Stm ¼

expðRe ScÞ
expðRe ScÞ  1

ð46Þ

Usually, due to that Re Sc is much greater than 0, Stm
is close to its maximum, 1.
In summary, the intersection angle between concentration gradient and velocity plays a key role in the
mass transfer process. As well known, for the typical
PCO reactor, the airﬂow usually ﬂows along the
reaction surface in parallel, which results in
v  u;

@C
@C

@x
@y

ð47Þ

That is the reason why b is close to p/2 (Figure 3a). In
order to enhance the mass transfer rate, it is necessary
and eﬀective to increase the velocity normal to the
reaction surface (Figure 3b).
Honeycomb type reactors

Hossain et al. (1999) developed a mathematical model
to describe the VOC removal performance of a titaniacoated honeycomb monolith PCO reactor for air
puriﬁcation (Figure 1b). In the experiment, they
employed two-monolith/one-UV-lamp-bank conﬁguration. Monolith lengths were 0.5, 1.0, and 1.5 in. (12.7,
25.4, and 38.1 mm). Each monolith contained 64 cells
per square inch (CPSI). The ﬂow rate was 55 cubic feet
per min (CFM), with mean UV intensities on the
12 · 12 in. monolith face of 6.5 mW/cm2. The inlet
formaldehyde concentration was 2.1 ppmv and the
water concentration was 2700 ppmv.
Applying Hossain’s model, we solved the conservation equations, including the convection, diﬀusion and
reaction for each component in the monolith, using
Phoenics 3.3 (Commercial CFD software). The

Table 1 The simulated and experimental results for formaldehyde removal

Test

Lamp number/number
of surface radiated

Monolith
length (in.)

Measured
e (%)

Simulated
e (%)

Diff.
(%)

m_ ¼ Ge
(·10)3 m3/h)

NTUm
(·10)1)

A*

Stm
(·10)2)

g
(%)

ba
(degree)

1
2
3
4
5
6

4/1
4/2
4/1
4/2
4/1
4/2

0.5
0.5
1.0
1.0
1.5
1.5

35.0
52.5
42.5
60.5
43.5
66.0

36.1
57.4
40.5
64.2
46.4
68.3

)3.17
)9.35
4.80
)6.12
)6.55
)3.50

3.32
5.28
3.73
5.91
4.27
6.28

4.48
8.53
5.18
10.30
6.23
11.50

16.0
32.0
32.0
64.0
48.0
96.0

9.67
7.73
7.73
6.90
7.18
6.66

29.0
34.5
21.0
23.3
18.1
18.0

98.0
95.4
96.9
95.6
95.1
94.9

The airflow rate for the tests above is about 0.0092 m3/h.
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1

90.1
90.6
91.7

99.0

0.8

92.5
93.

7

.2

0.4

95

121.8

Y

0.6

99.0

94.4

96.3

0.2

101.3
94.9

0

0

0.2

0.4

0.6

0.8

1

Z
Fig. 4 Intersection angle distribution at the plane of dimensionless X ¼ 0.5(X ¼x/W, Y ¼ y/W, Z ¼ z/L).

Light-in-tube type reactors

The formaldehyde removal performances of two kinds
of light-in-tube PCO reactors designed by us were
measured in a gas-tight stainless steel chamber,
1.2 · 1.2 · 1.2 m3, with no VOC emission sources
and sinks. By using a gas analyzer (INNOVA 1312)
and a data log system, the fractional conversion, e, is
evaluated based on the method developed by Zhang et
al. (2003). The VOC removal performance is simulated
by, using CFD method introduced in the section for
honeycomb type PCO reactors.
Table 2 lists the formaldehyde removal performances of the two light-in-tube reactors: without ﬁns
(Figure1c) and with six ﬁns coated with nanometer
TiO2 powder, P25 (Figure 5). The inner diameter and
the length of the tubes are 48 mm and 26.5 cm,
respectively. The UV lamp’s external diameter is
15 mm with the same length as the tube, and its
irradiative wavelength is 254 nm with UV intensities
from the lamp surface, 4.54 mW/cm2. The air volumetric ﬂow rate through the tube is 25.0 m3/h. In the
gas-tight chamber, the air temperature and relative
humidity (RH) are controlled at 25C and 50%,
respectively. The initial formaldehyde concentration
in the test chamber is 1.50 ppmv.
Using the same evaluating method discussed in the
section for honeycomb type reactor, it is known that

Table 2 The formaldehyde removal performances of the two light-in-tube reactors:
without fins and with fins

PCO reactor

e
(%)

m_ ¼ Ge
(m3/h)

NTUm
(·10)2)

A*

Stm
(·10)3)

g
(%)

ba
(degree)

Without fins
With six fins

5.42
9.40

1.36
2.35

5.57
9.87

24.5
56.6

2.97
3.20

76.6
54.7

90.0
90.1

1
2
3
Fig. 5 Schematic of the light-in-tube PCO reactor with six ﬁns.
1, steel tube whose inner surface is coated with nanometer TiO2
powder; 2, UV lamp; 3, ﬁns coated with nanometer TiO2 powder
on both sides.

A* and g are both large enough. However, but Stm is
not satisfactory because the product of (A* Stm) is
quite small. Compared with honeycomb type reactor, g
for light-in-tube PCO reactor is greater but Stm is
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smaller. It implies that the VOC removal bottleneck for
light-in-tube type PCO reactor is the mass transfer rate.
With six ﬁns, Stm increases a little and A* obviously
increases. Although g decreases, NTUm increases more
than 70% relative to the one without any ﬁns.
Conclusions

• A general model is developed for analyzing VOC
removal performance of PCO reactors, taking into
consideration the spatially dependent reaction coefﬁcient of photocatalytic surfaces and the convective
mass transfer coeﬃcient.
• A novel insight into the number of the mass transfer
unit, NTUm, shows that it is a simple linear product
of three-dimensionless parameters: A*, Stm, and g.
By using the relationship and the parameters, the
inﬂuence of various factors on the VOC removal
performance of a PCO reactor can be determined.
• The dimensionless mass transfer number, Stm, is the
parameter describing the synergistic degree of ﬂuid
ﬂow and concentration ﬁelds. It depends not only on

the velocity, concentration distributions and physical properties of ﬂuid ﬂow and the species in it, but
also on the intersection angle between ﬂuid ﬂow and
concentration ﬁelds. The averaged intersection
angle, b, plays an important role in describing the
synergistic degree of ﬂuid and mass ﬂow ﬁelds.
Increasing the velocity normal to the reaction surface can enhance the mass transfer.
• g describes the relative intensity between the PCO
reaction rate and the mass transfer rate, which
clearly shows PCO reaction performance of a reactor. If g is near 0, it implies that the bottleneck of
VOC removal of a PCO reactor is reaction rate.
• The relationship between NTUm, A*, Stm, and g,
and their associated parameters are very useful in
PCO reactor design and performance evaluation.
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