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Abstract

This paper reports the results of a numerical study on removal of two contaminants from a three-dimensional enclosure with one inlet,
one exhausting port and one returning port. In the formation of the problem, use is made of Reynolds stress model (RSM). The gov-
erning equations are solved by means of the SIMPLE algorithm. Lots of cases have been studied for the sensitivity analysis, including
more practical cases from the total fresh air supplying to the total recirculation situations. The influence of inlet velocity, fresh air ratio,
recirculating air filtered removal efficiency and contaminant property is investigated. The indoor contaminant is studied parametrically as
a function of governing dimensionless numbers (Reynolds number and Schmidt number). The results show the above parameters have
complex influence to indoor contaminant removal.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The generation of contaminants is one of the major con-
tributing factors linked to the poor indoor air quality prob-
lem [1]. Furthermore, indoor contaminant levels are always
greater than those of outdoor. Therefore, their levels can be
reduced by dilution either through increased fresh air or
through increased filtration [2,3].

However, increasing fresh air blindly would result in the
extravagance of energy consumption. Thus, meeting the
contradiction between energy conservation and comfort-
able indoor environment is an urgent task for researchers
[1,4]. The waste heat of indoor exhaust air can be recovered
by installation of heat transfer equipment [5,6]. This work
aims to identify optimal air conditioning systems of provid-
ing a comfortable indoor air environment with the lowest
cost of energy. Three-dimensional simulation is performed
to evaluate the removal of two contaminants from an
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enclosure with one inlet, one exhausting port and one
returning port.
2. Problem formulation

The novel window-type room air conditioner
(NWRAC) considered here is composed of a window-type
room air conditioner and a fan-assisted stack exhaust with
pre cooling/heating of supply air by heat exchange between
the indoor exhausting air and outdoor fresh air [5,6]. The
supplying, recirculation and exhaust grilles are the same
dimensions of 0.4 m � 0.5 m. In addition, recirculated air
is mixed with the precooling/preheating fresh air to bring
the total flow rate up [6]. As shown in Fig. 1, a discrete
source of contaminant is located on the center of the floor,
which is assumed emitting two pollutants simultaneously
for constant concentration. CO2 and HCHO have been
selected as representative indoor pollutants. The outdoor
pollutants are negligible.

Room airflow is governed by the three-dimensional,
steady, incompressible Navier–Stokes and mass species
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Nomenclature

C contaminant concentration
Re Reynolds number
Q air flow rate
r fresh air ratio
re filtered removal efficiency
Sc Schmidt number
x, y, z cartesian coordinates

Greek symbols

m kinematics viscosity
mt turbulent viscosity

Subscripts

exh exhaust
fre fresh air
mix mixture
recir recirculation
sou contaminant source
sup supply

Superscripts

CO2 carbon dioxide
HCHO formaldehyde
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equations [7]. RSM (Reynolds Stress Model) turbulence
modeling closure has been employed [8]. Cavity height H,
supplying velocity usup, and concentration difference Dc

(csource � cfre) are adopted for length, velocity and concen-
tration scales, respectively [9],

ðX iÞ ¼ ðxiÞ=H ; ðUiÞ ¼ ðuiÞ=usup ð1aÞ
CCO2 ¼ ðcCO2 � cCO2

fre Þ=DcCO2 ;

CHCHO ¼ ðcHCHO � cHCHO
fre Þ=DcHCHO; P ¼ p=qu2

sup ð1bÞ

k ¼ k�

u2
sup

; e ¼ e�H
u3

sup

ð1cÞ

The corresponding control parameters are as follows:

Re ¼ usupH=m; ScCO2 ¼ m=DCO2 ;

ScHCHO ¼ m=DHCHO ð2Þ

Schmidt numbers with 0.2 (CO2) and 2.0 (formaldehyde)
have been considered [10]. For the inlet section, the Rey-
nolds number is in a range of 102–105.
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Fig. 1. Schematic diagram of the simulated room with novel window-type
air conditioner.
The non-slip impermeable condition is imposed on all
the solid walls. Vsup = Wsup = 0, Usup = 1 representing
the mean stream wise longitudinal dimensionless velocity.
ksup = 3/2(usupIox)2, where Iox = 10% represents the turbu-
lence intensity of the X-component of velocity at the inlet
as obtained from experiments. esup ¼ ðC0:75

l k1:5
sup=0:07DHÞ,

where DH represents the hydraulic diameter of the inlet sec-
tion. The turbulence is assumed to be isotropic,
u0iu
0
j ¼ 2

3
k0dij. Zero flux outlet boundary conditions were

chosen for k and e. Close to the wall, where viscous effects
become dominant, these turbulence models are used in con-
junction with wall functions [8].

Concerning the constituent conservation for the
NWRAC, the velocity boundary conditions of outlet are
given below,

U recir ¼ ð1� rÞU sup; U exh ¼ rU sup ð3Þ

where the fresh air ratio is defined as r = Qfre/Qsup

(0 < r < 1). In terms of no filtration of carbon dioxide,
re = 0, the concentration boundary conditions are,

CCO2
sup ¼ ð1� rÞCCO2

recir ¼ ð1� rÞ
R

Arecir
cCO2

recir dA

Arecir

ð4Þ

oC
on

�
�
�
�

CO2

recir

¼ oC
on

�
�
�
�

CO2

exh

¼ 0 ð5Þ

In terms of filtration of formaldehyde,

CHCHO
sup ¼ ð1� rÞð1� reÞCHCHO

recir

¼ ð1� rÞð1� reÞ
R

Arecir
cHCHO

recir dA

Arecir

ð6Þ

oC
on

�
�
�
�

HCHO

recir

¼ oC
on

�
�
�
�

HCHO

exh

¼ 0 ð7Þ

The numerical method used in this work is a three-dimen-
sional turbulent version of the control-volume based finite
difference procedure described in [7,9,11–13]. All calcula-
tions carried out in this work are based on 42 � 42 � 42
control volumes. The current numerical method has been
successfully used in a series of recent papers [9,11–18]. For
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turbulent lid-driven flow in a three-dimensional cavity, the
numerical results were in excellent agreement with the
experiments given by Koseff and Street [19].
3. Results and discussion

3.1. Effect of Reynolds number

Side-viewing of Y = 0, there are two main flow patterns
formed in the enclosure, the lower one is a clockwise recir-
culation zone near the floor, and the upper counterclock-
wise circulates near the roof (Fig. 2). The two zones are
directly separated by the supplying jet. The higher Re

results in the longer persisting extended distance, with mix-
ing pollutants. Passing over the whole room, pollutants
emitted from the floor source are entrained into the clock-
wise cell and taken away from the cavity following the fluid
flow. The concentration of CO2 is reduced with increasing
Re, and tends to constant for Re > 105. Correspondingly,
dilution is an increasing function with Re. For HCHO with
re = 0.8, the inlet coming wind always brings the low con-
centration level even Re = 102.

Observing from the Fig. 2, when Re is low (<104), the
concentration field that rides on the forced convection
depends to a significant degree on Sc. For CO2, the concen-
tration boundary layers are non-distinct and mass transfer
through the cavity is mainly by diffusion in the vertical
direction. The opposite effect is encountered for HCHO,
where the concentration boundary layers become sharper
than that of CO2. In addition, for formaldehyde, the mass
diffusivity is low enough such that the vertical intrusion
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Fig. 2. Variation of average pollutant level with Reynolds number as
parameter for fresh air ratio r = 0.5.
layers lining the sidewalls are considerably sharper than
that counterpart of CO2, the net result is that the core of
the HCHO concentration field is in a state of uniform con-
centration. When Re is sufficiently high (>105), and the
flow circulation is driven mostly by the supply velocity
and the results are independent of Schmidt effect.
3.2. Effect of fresh air ratio

Without fresh air, the recirculation port results in the
strong indraft being confined within narrow zone. Upon
increasing r from zero, the increasing velocity of the
exhaust port results in the enlargement of the confined zone
(Fig. 3). Simultaneously, a weak counter-clockwise cell
develops in the front left corner, while the incoming jet
stretches (becomes straighter and thinner) near the back
wall. The incoming clean air bypasses the rest of the enclo-
sure and proceeds directly toward the outlet. The role of
the fresh air ratio is to reduce and dilute the indoor pollu-
tants. With no fresh air and filtration, the accumulation
occurs. As r increases, the CO2 concentration of incoming
flow decreases at the supply location. For HCHO (with fil-
tration re > 0), even without fresh air, the indoor contami-
nant concentration is acceptable. This means that fresh air
and filtration are both the effective ways to improve the
indoor environment.

When CO2 (re = 0) is carried away by the jet (Fig. 3), an
almost linear variation of the average pollutant level pre-
vails, and the removal efficiency represented as the recipro-
cal of average pollutant level increases abruptly.
Thereafter, a small decrease of contaminant concentration
is observed. The CO2 concentration is consistently decreas-
ing in order of increasing fresh air ratio, but the decreasing
rate becomes less. For formaldehyde without filtration, the
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Fig. 3. Variation of average pollutant level with fresh air ratio r as
parameter for Re = 105.
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average pollutant level and its trend are almost the same
with that of CO2. This is due to that Reynolds number is
sufficiently high (105), and the flow circulation is driven
mostly by the inlet supply velocity and the results are inde-
pendent of the Schmidt effect. While, the concentration of
formaldehyde under filtration condition (re = 0.8) is first
slightly decreasing until r = 0.5, which is the minimal pol-
lutant level, and then increasing. The highest average form-
aldehyde level is about 0.13, much lower than that of
contaminant without filtration [4]. The average pollutant
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Fig. 4. The iso-concentration profiles. (a) In the Z-plane (Z = 0.6) along the h
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profiles of formaldehyde for various filtered removal efficiency re.
level with or without filtration approaches the same level
with r = 1.0. It attributes to the continuous release of the
contaminant. The result agrees well with the constituent
conservation analysis (Eq. (8)).

lim
n!1

Cn ¼ lim
n!1

CmixðnÞ ¼
C1

1� ð1� rÞð1� reÞ
ð8Þ

where C1 represents the concentration of recirculating port
for the first recirculation.
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Fig. 5. The average pollutant level and emission rate of formaldehyde
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3.3. Effect of filtered removal efficiency

For CO2 cannot be filtered, this section focuses on form-
aldehyde. Fig. 4a–c indicates an area of high concentration
in recycling region due to the interaction of the primary
and secondary flow cells. The results show that formalde-
hyde emitted from the floor tends to follow the course of
the airfield moving circularly. It can be seen that the min-
imum is at the inlet and quickly increases along the length.
We can see a higher and uniform concentration distribu-
tion after X = 0. The formaldehyde concentration is a step
increasing function for re as parameter. The lower re, the
more the pollutant will be accumulated within the enclo-
sure. The double peak structures observed in Y-direction
concentration profiles illuminate the accumulation on the
recirculating and exhausting sides. The Z-direction concen-
tration profiles indicate the sharply decreasing just above
the floor, and then slowly decreasing along the height.

With an increase in the filtered removal efficiency, the
average concentration decreases (Fig. 5). This means that
the higher filtered removal efficiency, the less pollutant
can move into the room. The emission rate of formalde-
hyde is also affected by the filtered removal efficiency.
Reversing from the volumetric average concentration, the
emission rate is an increasing function with the filtered
removal efficiency.
4. Conclusions

The effects of Reynolds number, Schmidt number, fil-
tered removal efficiency and fresh air ratio are studied
numerically. The results show that increasing Reynolds
number reduces the average pollutant levels effectively.
The concentrations of pollutants with different molecular
diffusivity approach to the same value for fresh air ratio
tend to be unity. The HCHO level is a decreasing function
with filtered removal efficiency.
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