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Abstract
The inﬂuence of ﬁns on formaldehyde removal in annular photocatalytic reactors was theoretically, numerically and experimentally
studied. The simulated and experimental results agreed well. It was found that mass transfer tends to be the bottleneck of formaldehyde
removal in conventional annular photocatalytic oxidation (PCO) reactors. When using ﬁns coated with titania in a PCO reactor, the
reaction area is greatly increased and the convective mass transfer is, therefore, obviously enhanced. The reaction coefﬁcient may,
however, be reduced. On the whole, the formaldehyde removal performance in an annular PCO reactor can be obviously improved by
adding ﬁns to the reactor. This analysis is helpful for annular PCO reactor design, and for performance optimization.
r 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
In recent decades, buildings have been more tightly
sealed so as 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 [1,2]. High VOC concentrations
indoors are known to be harmful to human health [3–7].
Formaldehyde, a typical indoor air chemical pollutant
emitted from furniture and decorating materials, is found
to be associated with asthma, masopharyngeal cancer and
multiple subjective health complaints [8]. Many researchers
have developed new advanced technologies to quickly and
economically remove VOCs from indoor air. Photocatalytic oxidation (PCO) is an innovative and a promising
approach among them [9–11].
VOC removal by PCO is a surface reaction process
consisting of two important steps: mass transfer of VOCs
to the reaction surface and decomposition of the VOC by
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the photocatalyst. Thus, the VOC convective mass transfer
rate, the reaction rate and the reaction surface area are the
most important factors inﬂuencing VOC removal in a PCO
reactor. These factors are related to many other factors
such as the reactor geometry, the airﬂow velocity, the
physical properties of the VOC species, the wavelength and
intensity of the UV irradiation, and photocatalyst performances etc.
Many physical models of PCO reactors have been
developed. It is assumed that the gas-phase absorption,
scattering, and reﬂection of UV light is negligible and the
light reﬂection from the photocatalyst coating diffuses
perfectly. Hall et al. [12] developed a reduced order model
for photocatalytic honeycomb reactors, and discussed mass
transport and reaction rate limits. They found that the
product of volumetric ﬂow rate and conversion rate, which
represents the overall VOC removal rate, reached an
asymptote with the increased velocity. Zhang et al. [13]
developed a PCO reactor model based on the mass transfer
analysis, and found that two parameters, the number of the
mass transfer unit, NTUm, and the fractional conversion, e,
are 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
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reaction with a constant reaction rate coefﬁcient and a
constant convective mass transfer coefﬁcient along the ﬂow
direction. Based on Zhang’s model, Yang et al. [14]
improved this model and deﬁned the reaction effectiveness,
Z, to determine the bottleneck of VOC removal in PCO
reactors. Mo et al. [15] presented a novel insight into VOC
removal in PCO reactors: (1) the mass transfer unit,
NTUm, is the 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, Z); (2) the intersection
angle between velocity and the concentration gradient of
ﬂuid ﬂow, b, describes the synergistic degree of velocity and
concentration ﬁelds and strongly inﬂuences the convective
mass transfer coefﬁcient. This insight is useful in PCO
reactor design and performance optimization.
In practice, three types of PCO reactors (plate,
honeycomb and annular) are usually applied. A plate
reactor is frequently used in experiments to generate
oxidation rate data for VOC removal, while the honeycomb and annular reactors are commonly applied to
indoor air puriﬁcation. For the honeycomb reactor, it is
known that the UV radiation intensity drops sharply with
increasing distance into the channel [16]. For an annular
reactor, the mass transfer rate is smaller than that of the
honeycomb [15], while the radiation intensity is uniform
along the tube.
In the present study, a method for evaluating the
effectiveness of VOC removal in a PCO reactor was
introduced. Based on this study, the VOC removal bottleneck of the annular PCO reactor was numerically studied,
and was validated by the experimental results. The
prediction and evaluation of the VOC removal performance of this type of reactor with ﬁns was made.

Z describes the relative intensity between the PCO reaction
rate and the mass transfer rate. Both of Stm and Z are
positive and not greater than 1. The VOC removal
bottleneck of the PCO reactor can be determined by
analyzing the value of A*, Stm, and Z. In order to force the
actual conversion to be greater than a desired value, ed
(edo1, for example 90%), the value of A* should be greater
than the desired NTUm,

2. Key parameters for analyzing reactor performance

The formaldehyde removal performance of two kinds of
annular PCO reactors designed by us (Fig. 1(a) without ﬁns
and (b) with six ﬁns), were measured in a gas-tight stainless
steel chamber (1.2  1.2  1.2 m3) with no VOC sources or
sinks (Fig. 2). The tubes used in the experiments had an
inner diameter of 48 mm and a length of 265 mm. The UV
lamp’s external diameter was 15 mm and its length was the
same as the tube, with 98% of the UV lamp radiation
emitted at 254 nm and a UV radiation intensity of
4.54 mW/cm2 on the lamp surface. The UV radiation
intensity was measured by a UVC power meter with the
sensor being close to the lamp surface tightly. An axial ﬂow
fan installed in the stainless steel chamber ensured that the
formaldehyde was uniformly distributed. A centrifugal fan
supplied the required airﬂow rate for the reactor. The air
temperature was controlled at 2570.5 1C by using an
electric heater on the bottom of the chamber. The initial
formaldehyde and water vapor concentrations inside the
chamber were generated by injection and evaporation,
respectively.
The mass conservation equation for formaldehyde in
the chamber together with the initial condition can be

The key parameters of a PCO reactor are the fractional
conversion of VOC, e [13], and the VOC removal rate [12],
_ They are expressed as follows [15]:
m.
¼

C in  C out
¼ 1  eNTUm ,
C in

NTUm ¼ A Stm Z,
Ar
,
A ¼
Ac
_ ¼ GC in  ¼ GC in ð1  eNTUm Þ,
m

(1)

ð2Þ
(3)

where Cin and Cout are the inlet and outlet VOC
concentrations of a PCO reactor, respectively, mol/m3;
NTUm is the number of the mass transfer unit; G is the
volumetric airﬂow rate, m3/s.
A* represents the geometric and structural characteristics of a PCO reactor. Stm is the dimensionless convective
mass transfer coefﬁcient and shows the synergistic degree
of alignment between the velocity and concentration ﬁelds.

A XNTUm;d ¼  lnð1  d Þ.

(4)

If not, no matter how great Stm and Z are, the actual
conversion will be less than ed. In other words, for this case
(A*oNTUm,d), A* is the bottleneck to improving VOC
removal performance of a PCO reactor. Therefore, for a
PCO reactor’s geometric dimension design or selection,
only the structure with A* greater than NTUm,d can be a
candidate.
However, A*XNTUm,d is not sufﬁcient. Be sure that
A Stm XNTUm;d .

(5)

If Stmo NTUm,d, then Stm is the bottleneck to
improving the performance of VOC removal.
If (A*Stm) is adequately high, be sure that
A Stm ZXNTUm;d .

(6)

Otherwise, Z is the bottleneck.
By using this method, the bottleneck to VOC removal
performance can be determined. If every step is satisﬁed,
the reactor is promising.
A* only depends on the geometric size of the PCO
reactor [15]. Stm and Z can be calculated using a CFD
analysis.
3. Experimental details
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Air flow
2
3
Fig. 1. Schematic of the annular reactor (a) without ﬁns and (b) with ﬁns: (1) inner surface of exterior cylinder coated with nanometer TiO2 powders;
(2) UV lamp and (3) rectangular ﬁns.

Air flow

Axial fan
Gas-sample pipe

PCO unit

INNOVA 1312

Centrifugal fan

Fig. 2. Schematic of the gas-tight stainless steel chamber and formaldehyde concentration measurement system.

Fig. 3. Schematic of the coordinate system for a single channel in the
reactor with ﬁns (x-arc distance, y-radial distance and z-axial distance).

written as [14]:
V

dC
¼ GCðtÞð1  eNTUm Þ,
dt
t ¼ 0; CðtÞ ¼ C ini ,

ð7Þ

where V is the chamber volume, m3 and Cini is the initial
concentration of formaldehyde in chamber, ppmv.
The solution of Eq. (7) is
ln CðtÞ ¼ ln C ini 

Fin surface

G
ð1  eNTUm Þt.
V

(8)

The fractional conversion (or NTUm) was calculated
from the slope of the line ﬁt to the experimental data
plotted as ln(C(t)) versus t using the least-squares method.
Formaldehyde concentrations in the chamber were
measured by using a gas analyzer (INNOVA 1312) and a
data log system. The volumetric airﬂow rate through the
PCO reactor was measured by an anemometer.
4. Numerical analysis
The mass transfer and PCO of formaldehyde were
simulated by solving the mass transfer equation for
the reactor. The radiation transport equation was
applied to describe the UV light intensity in the PCO
reactor, which was important for the reaction boundary
condition.
The velocity and VOC distribution in the reactor
were calculated by the CFD method. Considering the
symmetric nature of the structure inside the reactor
with ﬁns, only one channel was taken into consideration
(Fig. 3).

4.1. Radiation transport equation
It is seen from Fig. 1 that the UV radiation ﬂux on the
reaction surface was not uniform. Reasonably, to simplify
the radiation transport analysis, the assumptions in
Ref. [16] were:
(1) The channel of the tube reactor was identically
irradiated internally by a lamp, which emits primarily
at the wavelength of 254 nm.
(2) Gas-phase absorption, scattering, and reﬂection of the
light were negligible.
(3) All the thermal radiative properties (absorptance a and
reﬂectance r) were assumed to be independent of the
light incidence angle.
(4) The photocatalytic coating on the internal wall of the
tube was uniform, opaque, diffuse and gray. Thus, al þ
rl ¼ 1 and the emissivity l ¼ al .
(5) The photocatalytic coating did not emit radiation in the
spectral region of interest.
There is a radiation balance on a reaction surface
consisting of three parts: the incident UV ﬂux, G, mW/cm2;
the total emission UV ﬂux, J, mW/cm2; and the absorbed
radiation, q, mW (Fig. 4(a)). For surface i, there is
qi ¼ Ai ðG i  J i Þ,

(9)

where Ai represents the area of surface i. Fig. 4(b) shows
that the total UV emission ﬂux of surface i consists of the
emission radiation, E, and the reﬂected part of the incident
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radiation, rG, which is,
J i ¼ E i þ rl;i G i ¼ l;i E b;i þ rl;i Gi .

(10)

Recognizing that rl;i ¼ 1  al;i ¼ 1  l;i for an opaque,
diffuse, gray surface, it yields
J i ¼ l;i E b;i þ ð1  l;i ÞG i .

(11)

Combining Eqs. (7)–(9), we obtain
qi ¼

J i  E b;i
.
ð1  l;i Þ=l;i Ai

(12)

N
X
Jj  Ji
J i  E b;i
¼
.
1
ð1  l;i Þ=l;i Ai
j¼1 ðAi F ij Þ

(13)

With the following reciprocal relationship
F ji Aj ¼ F ij Ai .

(14)

We have
J i ¼ l;i E b;i þ ð1  l;i Þ

N
X

normal direction of surface i, and the straight line through
the centroids of surface i and j.
The geometric relationship of i and j surfaces in the
annular channel is shown in Fig. 5.
By solving Eq. (15), the total emission radiation, J is
calculated. Therefore, the absorbed radiation, q can be
obtained. The UV radiation intensity on the reaction
surface, IWall, can be expressed as follows:
I Wall ¼ q=A.

(17)

The dimensionless UV radiation intensity, I
as follows:

In a multi-surface-radiant-system, we have [17]
qi ¼

241

J j F ij ,

(15)

j¼1

where N is the total number of all the differential surfaces
including the light source and the reaction surfaces; Fij is
the view factor of surface from i to j. The view factor
between two ﬁnite surfaces is expressed as
cos ji cos jj
F ij ¼
Aj ,
(16)
pr2
where r represents the distance between the centroids of
surfaces i and j; ji is the intersection angle between the

Iþ ¼

I Wall
,
I Lamp

+

is deﬁned

(18)

where, ILamp is the UV radiation intensity on the surface of
the UV lamp, mW/cm2.
In addition, the reﬂectance r is light-wavelength
dependent. Brucato et al. [18] presented an empirical
reﬂectivity expression. For that,



l  420
rðlÞ ¼ 0:515 þ 0:455 tanh
þ 1:85 .
(19)
20
For l ¼ 254 nm, r is equal to 0.055.
4.2. Velocity and concentration field
For the case where the air temperature changes little, the
air properties can be regarded as constant. Therefore, we
have the following governing equations:
Continuity equation:
r  ð~
uÞ ¼ 0.

(20)

Momentum equation:

a

Aj, ελ,j
Ji

Gi

b

~
u  r~
u ¼ rp þ mr2~
u.

JiAi

EiAi

GiAi

Conservation equation for formaldehyde species concentration C:

ρλ,iGiAi

~
u  rC ¼ Dr2~
u.

Ai
qi

qi = αλ,iGiAi

Ai, ελ,j

Fig. 4. Radiation exchange in a reactor with ﬁns: (a) schematic of the
channel and (b) radiation balance corresponding to Eq. (10).

(22)

In Eqs. (20)–(22), is the velocity, m/s; p the pressure, Pa;
m the dynamic viscosity, kg/(ms); C the formaldehyde
concentration, ppmv; D the diffusion coefﬁcient of
formaldehyde in air, m2/s.

a

b
dAi

(21)

ϕi

r

Inner surface of
exterior cylinder

dAj

Fin

ϕj

Aj

ϕi

ϕj
r

dAi
UV-Lamp

Ai

dAj

Fin

Fig. 5. Schematic of the geometric relationship between the differential areas of dAi and dAj in an annular channel for the view factor calculation:
(a) without ﬁns and (b) with ﬁns.
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The PCO reaction occurs at the surfaces coated with
nanometer TiO2 powders.
The boundary conditions of Eqs. (20)–(22) are:
At the inlet,
ux ¼ uy ¼ 0;

uz ¼ const;

C ¼ const.

(23)

The standard k–e turbulence model was applied. The
algorithm of SIMPLE was used to uncouple the pressure
and velocity. The QUICK format was used during the
simulation. The turbulence intensity was set as 5%.
The turbulence kinetic energy and turbulence dissipation
rate were set as 0.07 and 0.01, respectively.

At the walls,
ux ¼ uy ¼ uz ¼ 0.

(24)

At the non-reaction surface,
qC
¼ 0.
q~
n
At the reaction surface,

qC 
D
¼ <,
q~
n wall

5.1. Influence of fins on radiation field
(25)

(26)

where < is the local heterogeneous reaction rate. It can
be expressed by the Langmuir–Hinshelwood–Hougen–
Watson kinetic-rate form [19]:


K 1CS
<ðC S ; C W ; I G ; I Wall Þ ¼ K 0
1 þ K 1CS þ K 2CW



K 4CW
I Wall n
,

1 þ K 3CS þ K 4CW
IG
ð27Þ
1

5. Results and discussion

Fig. 6 shows the predicted UV radiation intensity proﬁle
for the annular PCO reactor without ﬁns. The UV
radiation intensity is nearly uniform increasing with
distance into the channel except for the channel ends.
However, for the reactor with ﬁns, the UV radiation
intensity distribution on the reaction surface is not
uniform, in particular on the ﬁns. For a reactor with six
ﬁns, Fig. 7 shows the dimensionless UV radiation intensity
on the internal surfaces of the exterior cylinder and the ﬁns
(see Fig. 3 for geometry details). It is seen that the UV
radiation intensity on the internal surface of the exterior
cylinder is comparatively uniform, but in the y direction,
the UV radiation intensity decreases sharply.
5.2. Comparison of CFD-predicted and experimental results

2

where, K0 (mmol /cm /h) is the rate constant for a given
UV radiation intensity, IG, mW/cm2; K1, K2, K3, K4
(ppmv1) are the Langmuir adsorption equilibrium constants; and CS (ppmv) and CW (ppmv) are the gas-phase
concentrations of formaldehyde and water vapor on the
surface, respectively.
In simulation, Iwall is imported into Fluent as part of the
boundary conditions of concentration. Using ﬂuent, the
velocity and concentration distributions can be predicted.

Fig. 8 shows the experimental photocatalytic reaction
data for formaldehyde. The volumetric airﬂow rate
through a single tube was 25.0 m3/h. The initial formaldehyde concentration in the test was 1.50 ppmv. The
formaldehyde removal performance of the reactor with
ﬁns was obviously better than that of the reactor without
ﬁns. From Fig. 8(b), it is seen that the slope of the lineﬁtting experimental data is approximately constant. That

Fig. 6. Dimensionless UV radiation intensity on the surfaces of annular PCO reactor with ﬁns.
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Fig. 7. Dimensionless UV radiation intensity on the surfaces of (a) the exterior cylinder and (b) the ﬁns with ILamp 4.5 mW/cm2 (X ¼ x=Lx, Y ¼ y=Ly,
Z ¼ z=Lz. Lx, Ly, Lz are the length in x-, y- and z-direction, respectively).

the experimental data is very small, which means that this
CFD model is capable of predicting the experimental
results with a high level of conﬁdence.

Formaldehyde concentration (ppm)

a
1.8
1.6

Without fin

1.4

With six fins

1
0.8
0.6
0.4
0.2
0
0

b

5.3. Influence of fins on formaldehyde removal performance

1.2

0.5

1

1.5
Time (hr)

2

2.5

3

1

In(C(t))

0.5
0

y = -0.6683x + 0.3845
R2 = 0.9815

-0.5
-1
-1.5

y = -1.3967x + 0.3331
R2 = 0.978

-2
0

0.5

1

1.5
Time (hr)

2

2.5

Fig. 8. Experimental photocatalytic reaction data for formaldehyde:
(a) concentration decay curve and (b) ln(C(t)) versus testing time.

means e can be regarded as constant, which is the same as
Yang’s result [14].
Table 1 shows a comparison of the experimental data
with the CFD-predicted results for the annular reactors
with six ﬁns and without ﬁns. It can be seen that the
relative difference between the CFD-predicted results and

Comparing Figs. 6 and 7, it can be concluded that the
UV radiation intensity is reduced almost 50% on
the internal surface of the exterior cylinder. However, the
fractional conversion increases about 70% compared to the
reactor without ﬁns. It is necessary to further understand
the inﬂuence of ﬁns on the formaldehyde removal
performance.
Assuming that the desired fractional conversion is 30%,
corresponding to Eq. (1), NTUm has to be greater than
0.36. According to the discussion in Section 2 (from
Eqs. (4)–(6)), the formaldehyde removal performance can
be evaluated step-by-step. From Table 1, it is known that
A* is always greater than 0.36. Thus, the geometry design
for this type of PCO reactor is adequate in the reaction
area. However, the product of A* and Stm is much less than
0.36, which means that the ﬁnal fractional conversion is not
satisfactory. This implies that the bottleneck of an annular
PCO reactor is the mass transfer rate. If ﬁns are applied,
A* and Stm are both enhanced, while Z decreases
simultaneously.
Fig. 9 shows the CFD-predicted results of the reactors
with various ﬁns. The fractional conversion, e, monotonically increases with increasing ﬁn number. When the
number of ﬁns is less than 12, the term, (A*Stm), is less
than 0.36. That is to say, if more than 30% of the fractional
conversion is required, more than 12 ﬁns have to be applied
into this type PCO reactor. The formaldehyde removal
bottleneck is changed from the mass transfer rate to the
reaction rate, when the number of ﬁns is increased. For
example, if 12 ﬁns are applied, (A*Stm) is greater than 0.36,
but Z is less than 40%, which means that the reaction rate is
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Table 1
The formaldehyde removal performances of two kinds of annular reactors: with ﬁns and without ﬁns
PCO reactor

Measured e (%)

Predicted e (%)

Diff. (%)

NTUm (  102)

A*

Stm (  103)

Z (%)

With six ﬁns
Without ﬁns

9.40
5.42

10.2
6.10

7.8
11.1

9.87
5.57

56.6
24.5

3.20
2.97

54.7
76.6

Fig. 9. e, (A*Stm), and Z versus the number of ﬁns in the annular PCO reactor.

less than the mass transfer rate. Thus, in this case, the
question of how to enhance the reaction rate should be
taken into account after ﬁns were used.
In summary, using ﬁns will increase the reaction area and
mass transfer rate and offset the decreasing of Z of an annular
PCO reactor. The analysis of the inﬂuence of ﬁns is also useful
for other PCO reactor design, optimization and control.
6. Conclusions
(1) The CFD analysis validated with experiments was
helpful in predicting the formaldehyde removal performance of the annular PCO reactor.
(2) e, A* and Stm increase with an increasing number of
ﬁns, while Z decreases.
(3) The formaldehyde removal bottleneck in the annular
PCO reactor is the mass transfer rate. Applying ﬁns is
effective in improving the value of (A*Stm). However,
as more ﬁns are added, the reaction rate gradually
becomes the bottleneck.
(4) The analysis is helpful for various PCO reactor designs,
optimization and control.
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