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The purpose of this study is to improve the predictive potential of a simple box model by using CFD
simulation. In this easy-use box model, the material/air mass transfer is governed by a convective co-
efficient of pollutant through the boundary layer settling on the surface of material (hoi) which is a key
parameter for the prediction of indoor air pollution. The aim of this study is to better assess this
parameter as function of several variables (material surface emissions, room configurations and venti-
lation conditions) by means of CFD simulations. First, dimensional analysis method is applied to CFD

results to establish a new relationship between physical parameters involved in the transfer of com-
pounds in air, particularly room characteristic length, mean air velocity in inlet section area and mo-
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1. Introduction

Exposure to indoor air pollutants can be considered as one of the
primary environmental health stressors, since people spend
80e90% of their time within enclosed living spaces [1]. Among
indoor pollutants, volatile organic compounds (VOCs) could be
responsible for health hazards and/or malodorous atmospheres [2].
There is evidence of the increased prevalence of asthma and al-
lergies within damp homes, especially in developed countries,
among children [3,4]. It has been reported that more than a third of
children in Europe has had bronchial asthma or allergy [5]. Indoor
pollutants are released from a variety of sources as building ma-
terials, indoor activities or ambient air quality [6]. Formaldehyde is
a common indoor air contaminant with adverse health effects. In
2010, theWorld Health Organization (WHO) recommend the use of
the short-term (30-min) guideline of 0.1 mg m�3 will also prevent
long-term health effects, including cancer. FA is genotoxic, causing
DNA adduct formation, and has a clastogenic effect. Normal indoor
ho).
air FA concentrations do not pass beyond the respiratory epithe-
lium, and therefore FA's direct effects are limited to portal-of-entry
effects. However, systemic effects have been observed in rats and
mice, which may be due to secondary effects as airway inflamma-
tion and (sensory) irritation of eyes and the upper airways, which
inter alia decreases respiratory ventilation [7,8]. High-dose expo-
sure increases the risk of acute poisoning, while prolonged expo-
sure may lead to chronic toxicity and even cancer [9,10]. Numerous
common building materials emit formaldehyde indoors. Among
them, wood-based panels, which constitute the major elements of
building components and furniture, have been paid special atten-
tion [11]. To investigate real material emissions, several analytical
methods have been developed to obtain simpler and faster on-site
sampling [12e17]. The ability to measure in situ the surface con-
centrations or emission rates of building materials offered new
opportunities for IAQ modeling. Two major types of computer
simulation techniques for modeling IAQ were currently applied:
mass-balance models and computational fluid dynamics (CFD)
techniques [18]. Mass-balance models were used to assess average
indoor air pollutant concentration as a function of outdoor con-
centration, building characteristics (volume, air exchange rate …)
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Abbreviations

Aj external surface area of the material j (m2)
Ci average indoor air concentration of the pollutant i

(mg.m�3)
Ciout average outdoor air concentration of pollutant i

(mg.m�3)
Csij gas phase concentration of the pollutant i at material j

surface (mg.m�3)
Diair molecular diffusion of the pollutant i in the air (m2.s�1)
Fair air flow (m3.s�1)
H height of the room (m)
hij convective mass transfer coefficient of pollutant i

through the boundary layer over the material j (m.s�1)
hoi an overall convective coefficient of the pollutant i

suitable for all boundary layers (m.s�1)
i pollutant (formaldehyde)

j material number
L length of the room (m)
l width of the room (m)
Lc characteristic length of the material/fluid system

(m) ¼ V/SAj

m total number of materials within the room
Pe Peclet number
Qij contribution of the material j to the IAQ (source or sink

of pollutant i) (mg.m�3.s�1)
Sc Schmidt number
Sh Sherwood number
t time (s)
U mean air velocity in cross section area of inlet (m.s�1)
V volume of the room (m3)
m dynamic viscosity of the air (kg.m�1.s�1)
r density of the air (kg.m�3)
l outdoor air exchange rate (s�1)
and indoor sources/sinks. To simplify the mathematical resolution,
the indoor air space is considered as continuously stirred tank
reactor (CSTR), operating at steady state conditions [19e21]. On the
other hand, CFD models take into account the fluid flow strictly as
well as the transport of indoor pollutants. Researchers have done
much to promote the application of numerical simulation in air
quality [22e27]. For example, Panagopoulos et al. (2011) adopted
CFD technology to simulate the dispersion of VOC and formalde-
hyde in indoor air of an apartment [28]. The purpose of this study is
to use CFD simulation to improve the predictive potential of a
simple boxmodel, detailed in a previous paper [29]. In this previous
paper, the efficiency of this model was partially assessed due to the
low contribution of buildingmaterial emissions to indoor pollution.
That will be the focus of the present paper using CFD modeling to
simulate large range of material emissions and ventilation condi-
tions in a room having a rectangular parallelepiped geometric form.

2. Theory/calculation

2.1. One-box model

A brief review of the model is made because it was detailed in a
previous paper [29]. The simple one-box model (or single zone
model) describes the change in pollutant concentration in a well-
mixed room as a differential equation, in which production/loss
processes add/subtract to the concentration over time. Pollutant
mass balance in controlled volume (box) can be expressed by the
following differential equation (Fig. 1):

vCi
vt

¼
Xm
j¼1

Qij þ lCiout � lCi (1)
Fig. 1. Physical concept of the one-box model.
where Ci is the average indoor air concentration of the pollutant i
(mg.m�3), Qij the contribution of the material j to the IAQ (source or
sink of pollutant i) (mg.m�3.s�1), l the outdoor air exchange rate
(s�1), Ciout the average outdoor air concentration of pollutant i
(mg.m�3), t the time andm the total number of materials within the
room. In Fig.1, Csij is the gas phase concentration of the pollutant i at
the material j surface.

At material/air interface, pollutant transport through the
boundary layer could be expressed as:

Qij ¼ hij
Aj

V
�
Csij � Ci

�
(2)

where hij is the convective mass transfer coefficient of pollutant i
through the air boundary layer on the surface of material j, Aj the
surface area of the material j and V the volume of the room.

Substituting (2) into (1) and at steady state, we obtain:

Ci ¼
Pm

j¼1hij
Aj

VCsij þ lCioutPm
j¼1hij

Aj

V þ l
(3)

To simplify the calculation of the previous equation, an overall
convective coefficient (hoi) of the pollutant i suitable for all
boundary layers is defined. So equation (3) becomes:

Ci ¼
hoi
V
Pm

j¼1AjCsij þ lCiout
hoi
V
Pm

j¼1Aj þ l
(4)

When l / 0 then Ci ¼
Pm

j¼1
AjCsijPm

j¼1
Aj

For low values of l, the modeled concentration of the pollutant
(Ci) tends to the average of gas phase concentrations at material
surface (Csij) weighted by material surfaces (Aj).
2.2. Establishment of an empirical relationship to estimate an
overall convective coefficient (hoi)

An empirical relationship between hoi, r, m, Diair, U and Lc is
established and used to assess hoi. This relationship is obtained by
dimensional analysis, based on the application of Vaschy-
Buckingham theorem [30]:



Fig. 2. Nomenclature of four walls, floor and ceiling inside the studied room.
hoiLc
Diair

¼ K
�

m

Diairr

�a�ULc
Diair

�b

(5)

where Lc is the characteristic length of the material/fluid system
(m) (¼ V/SAj), U the mean air velocity in cross section area of inlet
(m.s�1), r the density of the air (kg.m�3), m the dynamic viscosity of
the air (kg.m�1. s�1) and Diair the molecular diffusion of formalde-
hyde in the air (m2. s�1). The characteristic length takes into ac-
count the room dimensions (volume, material surface areas). To
assess an overall convective coefficient, it is essential to introduce a
fluid velocity parameter. The easily quantifiable parameter is the
mean air velocity in cross section area of inlet. So it will be tested as
convective parameter in input data of the established relationship.

Three dimensionless numbers are obtained, respectively known

as Sherwood number (Sh) (hijmLc
Diair

), Schmidt number (Sc) ( m
Diairr

) and

Peclet number (Pe) (ULcDiair
). Schmidt number has a constant value for

formaldehyde (¼0.8945). So, there are only two parameters to
identify (K and b). To determine these parameters, CFD simulations
are carried out for air flow rate (Fair) range of about 10e140 m3 h�1

(or U between 0.19 and 2.63 m s�1) on a room taken as a reference
in this study, described in Table 1.

2.3. CFD modeling

ANSYS Fluent R15.0 software (Canonsburg, USA) is used to
simulate fluid dynamics inside the experimental site. Based on
NaviereStockes equations, it solves both mass and momentum
conservation equations using finite-volume method. Simulations
are performed with viscous realizable k-epsilon model.

3. Material and methods

As shown previously in the box model description, the material/
air mass transfer is based on the determination of an overall
convective mass transfer coefficient (hoi). This point is now dis-
cussed in the next section.

3.1. Determination of an overall convective mass transfer coefficient
(hoi)

The applied methodology involves determining the average
concentration of formaldehyde (Ci) in a reference room (Table 1) by
CFD modeling and then to introduce this value into the box model
(Eq. (4)) to deduct the overall convective coefficient (hoi) from it,
according to the following equation:

hoi ¼
lVðCi � CioutÞPm

j¼1
�
AjCsij

�� Ci
Pm

j¼1Aj
(6)

Main characteristics of the reference room are summarized in
Table 1.

Nomenclature of four walls, floor and ceiling of this room is
Table 1
Ventilation rate and dimensions of the reference room.

Length L (m)
Width l (m)
Height H (m)
Volume V (m3)
Cross section area of air inlet (m2)
Cross section area of air outlet (m2)
Air flow Fair (m3.s�1)
Mean air velocity in cross section area of Inlet U (m.s�1)
detailed in Fig. 2.
Air inlet and outlet are located on the same wall, named front

wall. Areas of all the indoor surfaces are reported on Table 2.
In a room, all building materials have different emission profiles

which are subject to different local air velocities. So it is funda-
mental to study the relevance of defining an overall convective
coefficient instead of local coefficients. The aim of this part is to
investigate the effect of material surface concentration (Csij) on
overall convective coefficient calculated by Eq. (6) (hoi). A large
range of concentration values is chosen to examine the ability to
define an overall coefficient suitable for all cases. For this purpose,
CFD simulations are implemented basing on data reported on
Table 3.

3.2. Effect of air flow rate on the estimation of an overall convective
coefficient (hoi)

To test the air flow effect on hoi value, CFD simulation is carried
out for a range of air flow stream (Fair) from 10 to 140 m3 h�1 inside
the room, which corresponds to an inlet air velocity in cross section
area (U) between 0.191 and 2.62 m s�1. Average indoor air con-
centration of formaldehyde (Ci) assessed from CFD calculation is
then introduced into the box model to deduce the overall convec-
tive coefficient (hoi) from it. A value of gas phase concentration of
formaldehyde at material surface (Csij) equal to 300 mg m�3 is
applied to all faces of the room, detailed in Table 1, as input data of
the CFD model. This scenario of high concentration is chosen
because it leads to a maximal divergence of both CFD and box
models. Obtained results are analyzed by R-3.2.1 software (https://
cran.r-project.org/bin/windows/base/) applying regression anal-
ysis, based on non-linear least squares method, to assess to K and b

parameters of the relationship established previously (Eq. (5)).

3.3. Effect of room size on the estimation of hoi

Various CFD simulations are carried out to test the influence of
the geometrical size on the estimation of the overall convective
5.5
4.0
2.5
55
0.0145 (0.29 � 0.05)
0.02509 (0.965 � 0.026)
1.52778 � 10�2

1.0536

https://cran.r-project.org/bin/windows/base/
https://cran.r-project.org/bin/windows/base/


Table 2
Surface area of the six faces of the studied room.

Face Surface area (m2)

Front wall 9.9604
Back wall 10
Right wall 13.75
Left wall 13.75
Floor 22
Ceiling 22

Table 3
Studied cases to estimate an overall coefficient (hoi).

Gas phase concentration of formaldehyde at material surface Csij (mg.m�3)

Floor Ceiling Right wall Left wall Front wall Back wall

300 300 300 300 300 300
300 300 300 300 0 0
300 300 0 0 0 0
300 0 0 0 0 0
150 150 150 150 150 150
150 150 150 150 0 0
150 150 0 0 0 0
150 0 0 0 0 0
75 75 75 75 75 75
75 75 75 75 0 0
75 75 0 0 0 0
75 0 0 0 0 0
30 30 30 30 30 30
30 30 30 30 0 0
30 30 0 0 0 0
30 0 0 0 0 0
300 30 150 75 30 30
30 300 30 150 75 30
30 30 300 30 150 75
75 30 30 300 30 150
150 75 30 30 300 30
30 150 75 30 30 300

Table 5
Studied cases to assess the effect of mean air velocity in cross section area of inlet (U)
on the estimation of the overall convective coefficient (hoi).

N� CFD sim Air inlet section Air velocity U (m.s�1)

Length (m) Width (m) Area (m2)

11 0.29 0.1 0.029 0.5268
12 0.29 0.03 8.7 � 10�3 1.756
13 0.29 0.02 5.8 � 10�3 2.634
coefficient (hoi). Obtained values are compared to those deduced
from the relationship (Eq. (5)) to assess the applicability of this
relationship. Set of experimental conditions are reported on
Table 4. Experiments lead to a room volume varying from 30 to
120 m3. Locations and cross section areas of air inlet, outlet and air
flow rate remain identical to those presented in Table 1. A value of
gas phase concentration of formaldehyde at material surface (Csij)
equal to 300 mg m�3 is applied to all faces of the room as input data
of CFD simulations.

Next paragraph concerns the effect of mean air velocity in the
cross section area of inlet (U) on the estimation of the overall
convective coefficient (hoi).
Table 4
Studied cases to test the effect of geometrical size of the room on the estimation of the

N� CFD sim Lc (m) Geometrical size L x l x H Face surfac

L (m) l (m) H (m) Floor

1 0.5088 3 4 2.5 12
2 0.5559 4 4 2.5 16
3 0.5885 5 4 2.5 20
4 0.6125 6 4 2.5 24
5 0.6308 7 4 2.5 28
6 0.6454 8 4 2.5 32
7 0.6524 6 5 2.5 30
8 0.682 6 6 2.5 36
9 0.7049 6 7 2.5 42
10 0.7231 6 8 2.5 48
3.4. Effect of geometrical size of cross section area of air inlet on the
estimation of hoi

To test the relevance of air velocity in inlet section (U) as
convective parameter to assess hoi, the effect of the size of cross
section area on hoi keeping a same air flow rate is now investigated.

Four CFD calculations corresponding to three different cross
section areas of air inlet, leading to mean velocity (U) varying from
0.5 to 2.6 m s�1, are carried out according to data detailed on
Table 5. Studied room is always the one described in Table 1, with a
location of the inlet and outlet sections identical to that shown in
Fig. 2.

Last paragraph deals with the effect of the location of air inlet/
outlet sections on the estimation of hoi.
3.5. Effect of the location of air inlet/outlet sections on the
estimation of hoi

Until now in this study, air inlet and outlet section areas are
located in the same face as shown in Fig. 2. Two new locations of air
inlet/outlet are now studied according to Fig. 3. The outlet is moved
from the front wall to the back wall. Geometry sizes of the room
and air flow rate are always identical to that detailed in Table 1.
3.6. Comparison of hoi values deduced from both CFD simulations
and established relationship for a room of a newly-built wood frame
house

The model in CFD simulation is a wood frame room. In order to
assess the domain of applicability of the relationship, the room
with a geometry quite different from a simple rectangular box
shape is studied (Fig. 4). Materials and areas of all indoor surfaces
are listed in Table 6. Interior walls (1 and 2) are differentiated
because they are not composed of the same assembly of materials.
Room volume (V) and its characteristic length (Lc) are equal to
27.715 m3 and 0.466 m, respectively. Air inlet and outlet have
respectively cross section area of 0.0145 m2 (0.29 m � 0.05 m) and
0.0251 m2 (0.965 m � 0.026 m).
overall convective coefficient (hoi).

e area (m2)

Ceiling Right wall Left wall Front wall Back wall

12 7.5 7.5 9.96 10
16 10 10 9.96 10
20 12.5 12.5 9.96 10
24 15 15 9.96 10
28 17.5 17.5 9.96 10
32 20 20 9.96 10
30 15 15 12.46 12.5
36 15 15 14.96 15
42 15 15 17.46 17.5
48 15 15 19.96 20

14 0.145 0.04 5.8 � 10�3 2.634



Fig. 3. Two new locations of air inlet/outlet.

Fig. 4. Plan of the studied room.

Table 6
Surface material component and surface area of each face of the studied room (real
case).

Face Component Surface area (m2)

Interior wall 1 Painted gypsum board 18.02
Interior wall 2 Painted gypsum board 7.62
Floor Plywood (vitrified ash) 11.46
Ceiling Painted gypsum board 11.335
Glazed door Glass 3.35
Door Maritime pin þ cellulose varnish 2
Plinths Medium-density fiberboard 0.854
A gas phase concentration of formaldehyde at material surface
(Csij) of 300 mg m�3 is applied to seven faces of the room as input
data of CFD model. Formaldehyde concentration in air inlet is fixed
to 5 mg m�3. CFD simulations are carried out for air flow rate (Fair)
range of about 10e63 m3 h�1 (10, 21, 42, 55 and 63 m3 h�1).
Convective coefficient values (hoi) deduced from both CFD simula-
tion and established relation (Eq. (5)) is compared to assess the
applicability of this new version of box model.
3.7. Real case study based on an experimental campaign

The aim of the study is to test performances of both models
(CFD, box model) to predict average indoor air concentration of



formaldehyde in the room detailed previously (Fig. 4.). To this end,
a measurement campaign is carried out on the experimental site,
described in the previous 3.6 section. The methods for the mea-
surements of formaldehyde concentrations in air and at indoor
material surfaces, as well as that used for the air exchange rate
assessment were detailed in a previous paper [29]. Air sampling is
performed in 250 mL glass vial (Entech Instruments, Simi Valley,
CA, USA) equipped with SPME-adapter (Quad Service, Ach�eres,
France). On site, vials are filled with air by simply opening their
vacuum valves and then stored no longer than two days at room
temperature (20 ± 3 �C). At laboratory, a pre-conditioned and
modified SPME fiber is directly introduced in the vial through the
SPME-adapter. The pre-concentration of formaldehyde is carried
out for 30 min. The fiber is then introduced in a PTV injection port
of a 3800 gas chromatograph coupled with a 1200Q quadrupole
mass spectrometer (GC-MS) (Varian, Les Ulis, France) for quantifi-
cation. To quantify material surface concentration, the sampling
involved two steps: first, a home-made cylindrical glass emission
cell equipped with a septum is directly placed on the material
surface and formaldehyde released from the material to the
headspace of the cell until reaching equilibrium (about 2 h). Sec-
ond, a pre-conditioned modified SPME fiber is introduced during
15 min for formaldehyde pre-concentration before GC-MS analysis.
3.8. CFD simulation methodology

CFDmodels concern amicroscopic view of IAQ by examining the
detailed flow fields and formaldehyde concentration distribution
within a room. Implementation of this tool may lead to a more
accurate average indoor air concentration of formaldehyde (Ci)
Table 7
Main parameters of CFD simulation of the reference room detailed on Table 1.

Materials

Mixture Formaldehyde-air
Density Incompressible ideal gas
Thermal conductivity (W.m�1.�K�1) 0.026
Viscosity (Pa.s) 1.8 � 10�5

Formaldehyde diffusivity (m2.s�1) 1.67 � 10�5

Meshing
Meshing method Multizone
Mesh type Hexahedral
Nodes 331,222
Elements 320,310
Element size min-max (m3) 3.017 � 10�6 e5.617 � 10�4

Element face min-max (m2) 1.251 � 10�4 e8.041 � 10�3

Mesh quality
Minimum orthogonal quality 0.372
Maximum aspect ratio 31.12
Inflation
Limits 6 faces (4 walls, floor, ceiling)
Inflation option Total thickness
Number layer 5
Growth rate 1.2
Maximum thickness (m) 0.055
CFD Fluent
Model Viscous Realizable k-epsilon
Discretization
Gradient Least square cell based
Pressure Second order upwind
Momentum Second order upwind
Formaldehyde Second order upwind
Energy Second order upwind
Solution method Coupled
Boundary conditions
Inlet velocity (m.s�1) 1.0536
Formaldehyde concentration(mg.m�3)
Inlet 5
6 faces 300
required to then assess the convective coefficient (hoi) using Eq. (6).
As an example, main parameters for CFD simulation of the room
detailed in Table 1 are summarized in Table 7.
4. Results and discussion

4.1. Determination of an overall convective mass transfer coefficient
(hoi) using CFD modeling

The purpose of this section is to assess the relevance of defining
an overall convective coefficient (hoi) instead of local coefficients to
quantify the material/air mass transfer. Stringent conditions with a
large range of material surface concentrations are chosen to
analyze the ability to define an overall coefficient suitable for all
cases (Table 3). For this, CFD modeling is used to calculate average
indoor air concentration of formaldehyde (Ci) in the reference room
(Table 1) and then this value is introduced in the box model to
deduct the convective coefficient according to Eq. (6). The mean
value of hoi deduced from the 22 simulations detailed on Table 3 is
equal to 1.3 � 10�3 m s�1 with a standard deviation of
0.3 � 10�3 m s�1. To simplify the determination of an overall co-
efficient, this value can be assessed from the maximum value of
indoor air concentration (Ci ¼ 267 mg m�3) resulting of simulation
data where a gas phase concentration of formaldehyde at material
surface (Csij) of 300 mg m�3 is applied to all faces of the room. Then,
the overall coefficient (hoi) is 1.3 � 10�3 m s�1. Comparison of in-
door air concentrations obtained by CFD modeling (reference
method) and box model using this overall coefficient value
(1.3 � 10�3 m s�1) is presented in Fig. 5.

Uncertainties in indoor air concentrations of box and CFD
models (DCi/Ci) are respectively assessed to 0.03 with the only
contribution of hoi standard deviation and 0.005 by repeating 10
runs. Results of the “exact” CFD model with an average value equal
to 83.2 mg m�3 are close to the first bisector of the figure. Values of
the box model are distributed according to the Laplace-Gauss
normal law distribution, with average and standard deviation
respectively equal to 81.3 and 63.4 mgm�3. According to the Student
t-test, there is no significant difference between the results of two
models at the 95% confidence level.

So, this study shows the applicability of an overall convective
coefficient (hoi) integrated in a box model suitable for a large range
of material surface concentrations (Csij). This result is consistent
with diffusion models in which the convective coefficient is only
dependent on local air flow rate inside the boundary layer at ma-
terial/air interface and not on surface concentrations.
Fig. 5. Comparison of CFD model (reference value) and box model with an overall
coefficient hoi (mean value) resulting of simulation data (Table 3).



Fig. 7. Effect of room size on the assessment of convective coefficient (hoi) e Com-
parison between study results and empirical relationship (Eq. (7)).
4.2. Establishment of an empirical relationship to estimate an
overall convective coefficient (hoi) by dimensional analysis

To obtain this relationship, CFD simulations are carried out for
air flow rate (Fair) range of about 10e140 m3 h�1 (or U between 0.19
and 2.63 m s�1) in a reference room described in Table 1. Schmidt
number being equal to 0.8945 for formaldehyde, we end up with
the following simplified relationship between Sh and Pe numbers,
deduced from Eq. (5):Sh ¼ K’Peb. Study results are presented in
Fig. 6.

K0 and b parameters are assessed by regression analysis. So, the
convective coefficient (hoi) can be evaluated from the following
relationship expressed as:

Sh ¼ 0:04266Pe0:66502 (7)

It is now important to test the robustness and applicability of
this relationship for various room sizes.
4.3. Study of the effect of room size on the estimation of hoi

This relationship is established with the variation of only one
parameter U in the Peclet number. The effect of characteristic
length of material/fluid system (Lc) on this relationship is now
investigated. To study its effect, experiments are carried out in a
large range of room volume from 30 to 120 m3 with a constant
value of air flow stream (55 m3 h�1) to neglect the influence of
mean air velocity in cross section area (U) in this part. Setting of
study are detailed in section 3.3. Results are reported in Fig. 7.

Its observation shows a quite good correlation between the
experimental points and empirical relationship. So this relationship
is suitable to evaluate the effect of characteristic length (Lc) on the
determination of convective coefficient (hoi). However, small value
of Lc leads to an underestimation of hoi by relationship due to a high
air exchange rate in this case (1.83 h�1). In the range of air exchange
(from 0.46 to 1.83 h�1) studied in this part, the local air flow rate
inside the room has a low impact on the estimation of hoi.
Furthermore, the choice of mean air velocity in cross section area
(U), constant value equal to 1.05 m s�1 here, seems to be a relevant
parameter to estimate hoi. The effect of U on the estimation of hoi
will be more investigated in the next section.
Fig. 6. Empirical relationship between Sherwood and Peclet numbers deduced from
dimensional analysis.
4.4. Effect of mean air velocity in cross section area (U) on the
estimation of hoi

To discuss the relevance of U as convective parameter in Peclet
number, a constant air flow stream of 55m3 h�1 in a reference room
(Table 1, Fig. 2) is applied to the four CFD simulations with various
inlet section areas to obtain a large range of mean air velocities
(from 0.53 to 2.63 m s�1). Results are presented on Fig. 8.

This figure shows the influence of U on the quantification of hoi.
For high Peclet number (Pe), the relationship (Eq. (7)) leads to an
overestimation of the convective coefficient. But according to un-
certainties, the assessment of hoi from the relationship remains
acceptable. Concerning the fluid dynamics process, this study
highlights the effect of U on the determination of hoi. So it seems not
necessary to investigate the local air flow velocities at material/air
interface inside the room to evaluate a mean convective coefficient.
This surprising result could be explained by the local air flow
stream values quite homogeneous, and then the knowledge of the
maximum flow streamvalue at air inlet, corresponding to themean
air velocity in cross section area (U), is sufficient to approximate hoi
value. To illustrate that, distribution of local flow velocities inside
the studied room is presented on Fig. 9.

Despite an outdoor air exchange rate of 1 h�1, flow velocities are
mainly lower than 0.1 m s�1 inside this room, with the exception of
the air supply area. The feasibility of replacing the local air flow
velocities at material/air interface inside the room by a simple
mean air velocity in cross section area (U) is a major improvement
in the aim of simplification of IAQ modeling approach.
Fig. 8. Effect of mean air velocity in cross section area (U) on the assessment of
convective coefficient (hoi) e Comparison between study results and empirical rela-
tionship (Eq. (7)).



Fig. 9. Contours of velocity magnitude of air stream inside the room (volume 55 m3) -inlet flow rate 55 m3 h�1.
4.5. Effect of the location of air inlet/outlet sections on the
estimation of hoi

Until now, the study is based on a unique configuration of air
inlet/outlet locations following the plan of Fig. 2. Two other con-
figurations are tested to investigate the influence of this parameter
on the applicability of the new relationship, according to the plan of
Fig. 3. The room reference is always those detailed in Table 1. Re-
sults of the two CFD simulations are shown in Fig. 10.

According to these results, there is no significant effect of
Fig. 10. Effect of the location of air inlet/outlet sections on the assessment of convective coe
location on the estimation of the convective coefficient. Conse-
quently, the distribution of local flow velocities inside the room is
not affected by the location of outlet section.

4.6. Discussion about the applicability of the new version of box
model in a real case

In order to test the prediction limit of box model, the studied
real room has geometry quite different from a simple rectangular
box shape as shown in Fig. 4. Operating conditions are previously
fficient (hoi) e Comparison between study results and empirical relationship (Eq. (7)).



Fig. 11. Comparison between empirical relationship and CFD simulations applied to a
real case (no rectangular box shape).
detailed on section 3.6. Comparison between CFD simulations and
box model based on empirical relationship is summarized on
Fig. 11.

Despite this difference of geometry, a quite good correlation
between the two models can be observed, which is a promising
result for the applicability of this simple box model. Until now, the
study consisted in adjusting the box model by CFD simulations
without experimental validation. This validation approach will be
implemented in the next section.
4.7. Measurement campaign and models test

Main results of the measurement campaign are summarized in
Table 8 and modeling results reported in Table 9.

Data of Table 9 highlights an improvement of prediction of mean
indoor air concentration with the new version of box model
(experiment 8.3 mg m�3 and 8.1 for the model) due to the inte-
gration of the new empirical relationship (Eq. (7)). Moreover, we
observe an improvement of the predictive potential of box model
due to the best prediction of convective coefficient value. The
Table 8
Main results of campaign measurement.

Mean air velocity cross section area inlet (U)
(m.s�1)

0.402

Outdoor air exchange rate (l) (s�1) 2.1 � 10�4

Outdoor air concentration of formaldehyde
(Ciout) (mg.m�3)

3.2 ± 2.3

Surface building materials Interface concentration (Csij)
(mg.m¡3)

Floor 6.8 ± 1.1
Ceiling 5.9 ± 0.9
Interior wall 13.7 ± 2.2
Exterior wall 6.6 ± 1.0
Plinth 8.0 ± 1.3
Door 9.8 ± 1.6
Glazed door 3.2 ± 0.5
Formaldehyde indoor concentration (Ci)

(mg.m¡3)
8.3 ± 2.3

Table 9
Comparison between experimental and modeling results.

Formaldehyde indoor air concentration (Ci) (mg.m�3)

Experimental CFD model Box model new version Box model old version

8.3 ± 2.3 8.0 ± 0.4 8.1 ± 5.5 4.9 ± 4.3
relationship to assess hoi used in the old version of box model leads
to an underestimation of the material emission contribution to
indoor air concentration.

5. Conclusion

In this paper, CFD simulations are implemented to improve the
performance of a simple box model by testing large range of ma-
terial surface concentrations and ventilation conditions in a room
of rectangular parallelepiped geometric form.

This study highlights the interest of mean air velocity in cross
section area of inlet (U) as adjustment parameter of air ventilation
in indoor environment to assess an overall convective coefficient of
formaldehyde suitable for all boundary layers at indoor material
surfaces (hoi).

An empirical relationship between hoi, r, m, Diair, U and Lc is
established to estimate hoi (Eq. (7)) and tested by CFD simulations
for various room sizes, mean air velocities and air inlet section lo-
cations. Simulation results show a quite good correlation between
CFD and empirical approaches.

Results of measurement campaign highlight the relevance of the
new version of box model to assess average indoor air concentra-
tion of formaldehyde (Ci) due to the best determination of hoi with
the established relationship. Given this first result, this new version
of box model seems to be a convenient and easy-use tool to esti-
mate the contribution of formaldehyde material emissions on in-
door air quality. However, it will be necessary to realize more
measurement campaigns to estimate the real performance of this
new model.
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