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Abstract 

A mathematical model is developed to predict Volatile Organic Compound (VOC) emission rates from homogeneous materials. 
The model considers both mass diffusion and mass convection processes in the boundary layer between the material surface and the 

air flow. Establishing the relationship between the surface air flow and emission rate: the model. therefore can predict the material 

emission rate under different environmental conditions. The other feature of the model is that all the parameters have clear physical 
meaning and can be either found in liternture or calculated using known theories and1 or equations. 

The prediction of the mathematical model was validated at three different levels; with experimental results from the CBS specially 

designed test chamber. with experimental results from the EPA which were carried out in an ASTM chamber, and finally with the 

predictions made by other models. The results indicate that there is. in general. good agreement between the model predictions and 

the experimental results. The main advantage of this model is that the model does not require any experimental data as input. 
[ 1999 Elsevier Science Ltd. All rights resen·ed. 
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l. Introduction 

There has been growing interest in the development of 

mathematical models to describe the material emission 

process and the effects of indoor environmental con

ditions on this process. Several models have b!.!en 

developed and these models can be categorized into two 

groups: empirical and semi-physical models. 

The empirical model is based on fitting an appropriate 

mathematical expression to a set of experimental data. 

usually concentration as a function of time [ 1-3]. The 

disadvantage of the empirical model is that the 

coeftlcients in the equations have to be obtained from 
experiments for each material and under different 

environmental conditions. therefore, these coeftlcients do 
not have any physical meaning. 

The earliest semi-physical models to predict emission 

rates from materials were proposed by Hoetjer [4] and 

Black and Bayer [5]. In the development of these models. 

it was assumed that the internal resistance of materials 
to mass diffusion was negligible. This assumption restricts 

the application of the model. where the transport of vap-
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our through a board-air interphase region is a rate lim

iting process. Dunn proposed a model for the prediction 
of emissions from a thin film [6]. The main assumption 

here was that the emission is merely a surface phenom
enon. The model considers sink effects. however. the 

assumption of thin film restricts its application to thick 

materials where diffusion is a controlling factor. 
The latest physical model based on Fick·s Law of 

Diffusion was developed for wet materials by Guo and 

Tichenor [7]. The following assumptions were made in 
the development of this model. 

(I) For a given wet material. all freshly applied surfaces 
are assumed to have the same voe vapour pressure. 
In other words, vapour pressure is a property of that 

wet material and is independent of the amount of 

coating applied. The amount of coating only effects 
the decay rate; the more material applied. the slower 

the decay. 

(2) The surface VOe concentration during the aging per

iod is proportional to the mass of voe remaining. 

(3) The average diffusivity of the solvent molecules can 
be represented by the diffusivity of the most abundant 
component in the solvent mixture. 

The preliminary validation of the model indicates that 
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the model provides a better fit to experimental results 
from test chambers than the empirical or other semi
physical models. The main drawback of this model is that 
the boundary layer thickness has to be obtained through 
data-fitting the experimental results. Haghighat and De 
Bellis [8] discussed the impact of temperature and 
humidity on the emission rate profile of materials. 
Recently, Sparks et al . [9] proposed a method to estimate 
the gas-phase mass trans fer coefficient based on the fl uid 
dynamic conditions of the environment. 

This paper describes a new approach to estimate the 
gas-phase mass transfer coefficient based on the principles 
of mass transfer and Auid Aow. Also. the paper reports the 
res ults of the validation of this model with : experimental 
results from the velocity-controlled test chamber, exper
imental results from the EPA which were carried o ut in 
an ASTM chamber. and finally with the predictions made 
by other models. 

2. Theoretical background 

The material emission rates are determined, partly, by 
the rates of diffusion from the interior of the material to 
the surface and, partly, by the voe transfer rates through 
the air current in contact with the material s ur face, as 
shown in Fig. I A. 

The emission rate can be calculated either based on 
interior mass transfer or exterior mass transfer. as shown 
in the following equation: 

(I) 

where mis the mass emission rate at time t (rngrn-"h-1). 
c, is the surface voe concentration at time t (mgm-3), 
co is the interior voe concentration at time t (mgm-3). 
c" is the voe concentration in the air flow (mgm -.1), Ii, 
is the interior voe mass transfer coefficient (rnh-1 ), and 
""'is the exterior voe mass transfer coefficient (mh-1). 

Interior mass transfer is determined from the physical 
and chemical properties of materials. The mechanism is 
so complicated that little is known about it. The exterior 
material em1ss1on process involves evaporation, 
diffusion, convection, absorption and desorption, etc. 
According to eqn ( I). in order to calculate the voe 
emission rates, the surface voe concentration. C,, and 
the exterior mass transfer coefficient, h,11, must first be 
determined. 

2.1. Siuface VOC co11ce11trntio11 (C,) 

The following basic assumptions are made for cal
culating the surface voe concentration: 

(I) For any given material, there exists a VOe so urce 
characteristic concentration, C,,, which is dependent 
on the material content. age and structure. but inde
pendent of the loading and environmental 

conditions. The air immediately adjacent to ti 
material s urface has the s urface voe concentratio 
C,. 

(2) For solid materials, C, decays very slowly and can r 
treated as a constant during a certain time period. 
is proportional to the voe source concentration. ( 
and a function o f  temperature and relative humidit: 
and it can be measured by using the static headspa1 
method. 

For liquid materials, C, is the concentration o f  ti 
specific voe and is a function of time C, = f( t). When 
wet material is newly applied to a surface. it has an initi 
voe concentration of C,0 near the surface, which is ; 
the saturated vapour pressure of the specific voe. c,., 
a f unction of temperature and h umidity and C0• As ti 
wet material ages. the vapo ur pressure of the remainir 
voe decreases gradually [ 1]. If the fresh surface has VO 
concentration of C,0 and an initial mass per unit arl 
o f  voe applied of M,,, (mgm -.i), the concentration C 
(mgm-3), during the aging period is proportional to ti 
mass of voe remaining, M(f), (mgm-.i). 

(_ 

2.2. Exterior mass transfer coefficient (h,,,) 

In the case of a room or an enclosure. the air flow clo 
to the walls is a complex three-dimensional and no1 
isotropic t urb ulent flow. There is a boundary layer adja· 
ent to each surface by which the voe exterior ma 
transfer rate is  determined. The mass transfer rates ' 
voes in the boundary layer are governed by diffusio1 
forced convection. natural convection .  and adsorptio1 
/desorption. Numerous parameters have an impact o 
the emission process. The following assumptions a1 
made: 

( 1) No chemical reactions ,  no desorption or adsorptio1 
(2) Material surfaces have uniform roughness and a thi 

layer is applied in the case of wet materials. 
(3) Steady state stream flow over the s ur face. 
(4) Uniform voe concentration in ambient air. 
(5) No temperature difference between the air an 

material surfaces. 
(6) In the case o f  TVOe (total volatile organic con 

pounds) calc ulation, the diffusivity o f  the most abu1 
dant component is used as the diffusivity of TVOC 
D. 

(7) The static viscosity of the wet material is much larg1 
than the static viscosity o f  the stream flow 111 »/lg· 

As there is no temperature difference between the su 
faces and the air Aow o ver it, the natural convectio 
ca used by buoyancy effects can be neglected. Althaus 
the densities of different voes are higher than that l 



s 
f 

1 

j 

r 

·-

11 
h 
.f 

F. f!aghighat, Y. Zhang; Building and Enl"iro11111en1 34 I 1999 J 377-389 379 

r - - -----...----

c I -------T---L-. 
Cs ' 1 

l 
hs Co 

t--__ x ______ --r - - - - -
x' 

'to,max 

---------------- � ---

� .. 

x x' 
Fig. I. Sd1cmatic or emission process. 

air. the migration caused by the gravity force is negligible 
compared to the migration caused by turbulence and 

concentration differences. This is due to the relatively 
small diameters of the voe molecules and the random 
collision ofVOC and gas molecules [IO]. Therefore. there 

is little difference in flow conditions and mass transfer 

processes according to the smface orientation. The time
a vcraged governing equations or fluid flow and mass 
transfer in the boundary layer for all surfaces in a room 
or an enclosure can he written as: 
Continuity equation: 

t� -.- (pu) = 0 rx, ' (3) 

u1 = n1+u; (4) 
where !71 is the mean velocity and 111 1s its fluctuating 
component; j denotes the .r.y or: coordinates. 
M omen turn conservation equation: 

(11,11, -- 1 ,�/! t ['( (i'-11, 1"11,)] 
- --. +-;;- -- :;---- + . t\', pt.\'1 ('.\'1 p !.\'1 !.\'1 

(5) 

where pis the dynamic viscosity of air. and i and j denote 
the .\'. y or: coordinates. 
Mass conservation equation: 

t11c t ( fc) --=-1- = � p D -. - + S,. 1 x, < x, r·x, (6) 

(' = c+c' (7) 
where c is the mean concentration. and c' is its fluctuation 
component. D is the diffusion codncient of a specific 

VOC in air. and S0 is the source term. 

Although the actual turbulent tlow is three-dimen
sional. regardless or how simple the �low boundaries are. 

from symmetry. the terms representing the<' 1'x1 deriva
tive of Lime-averaged quantities in eqns (5) and (6) are 
zero. Furthermore. if u' and r' are treated as the velocity 
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fluctuations caused by an eddy as it rides along with the 
mean flow, then u' and r' are of comparable order of 
magnitude. Thi· mean thHt in the boundary layer the 

term C/fa}(u'�) can be neglected relntive to tgr)(1/c') 
in eqn �S). and - ex) u'c') r lative co u�1�y)(c'c') in eqn 
(6). Due to the lendernes of the boundary hyer. i5 « L. 
the momentum and ma con er ation equations in the 
near wall region can be implificd into two dimensional 
boundary layer equati n [I I]. as follow: 

_·a _ca I -p p (t2a) -::11'i" 
u- + r- = - - - + - - - --'x 'y p �x p '.r2 er 

_i.c _cc (c=c') t'c'c' 
u-+c-= D - ---ix ?iy -y� 1:.r · 

(8) 

(9) 

By defining the eddy shear stress and eddy mass flux as: 

, , Ca 
- pu v = pe-;;cy 

cc 
- pv' c' = pem-;;

oy 

(I 0) 

( 11) 

where e is the eddy kinematic viscosity, and Em is the eddy 
mass diffusivity; 
the boundary equations become: 

a-:-+v-;;-= - - -;;- + - (v+e)-·a ca I -p c [ ca] 
cx cy p y cy cy ( 12) 

(13) 

where the boundary condition · for velocity and con
centration are C,, und C, Ht the free stream t�espcl'tively. 
and zero ( = u = 0) <1nd , nt th material surface. 

respectively. 
Ba ed on the theory or fluid dynamics, both elocity 

and concentration boundary layer· on a non- lip olid 
surface have been vi ua liz d as two ·ublayers: (I) the 
vi cous ublayer. where 11 » P., and (2) the fully turbulent 
sublayer. where F. » 1•. The two ublayer· merge at ome 
place where v and e are of the ame order of magnitude. 

!any experiment have ho n that S[reaks of lov.··-
peed/high- peed fluid form near the wall. and that the e 

streak· break down periodically. in which fluid i. ejected 
from the vi cou ublayer with ·ignificant normal vel
ocities [ 11 ], ei:: Fig. I b. Therefore. in an order of mau
nitude ense. the time-averaged quantities. r,lx) an

�
d 

111.,(X). are both related CO the l0Cal den it Of COlllaCt 
pol de fined as: 

( 
cumulative length of direct contact spots 

17x)= (14) 
total length of sample-wall section 

The relationship between L,,(x) and m0(x) is: 

Lo Ill,, 
-- -/'/---. To.m.1" 111\).mu'C 
Focusing, for the time being. only on extreme ends 
this relationship and writing the time-averaged r0 and 1 
in terms of the local coefficients Cr., and hm1 U z. it can 
found that since the direct contact spots are covered wi 
laminar shear flow and outside these laminar layers t 
flow and concentration conditions are described by l 
and C :u Lo.max and 

hm 
u x n10.ma.x u x ---�c. C,-C" Lo.nwx 

2 /.,\ 
(I• 

mo.max can be obtained from the laminar boundary layt 
equations: 

i'u [.tr I cP fl(�"") ll-;;- + v -;;-- = - - -:;- + - -x .r P ·x p f:yz 

u-;;--- +v-;;- = D - . 
cc cc (c\) 
ex cy f_r! 

(I� 

(18 

By using the scale analysis method. the scale of r0 ""'·'am 

1110.max are: 

,, (U,_L)-
I 1 

Lo.max - p[;;._ -v-

--- --s --111, .... u" D 1 .i (u 'l'. L)' 1 
c.-c, L c i· 

m"·"''" _!!__ 11(U-r.L)': 
(. c· L Sc ,- -;_ v 

( 19 

(Sc> I) 

(Sc < I) (21) 

where L is the longitudinal length of the boundary shear 
layer. Combining eqns ( 16). (20) and (21) and defining 
Stm = h.,J U"' the following scaling law can be obtained: 

St 'c s-' 2 m,-..,,2 ./�x c 

(Sc >  I) 

(Sc < I) 

(22) 

(23) 

where Cr.x is the local skin-friction coefficient. h"' is the 
mass transfer coefficient, Sc is the Schmidt number 1'/ D 
and Uy_ is the free stream velocity. The mass transfer 
coefficient can be calculated as: 

hm - -- -
L0 ( I' )-2 3 

pU,_ D 

! ( V )- I 2 
hm - u" -p .,_ D 

(Sc> I) (24) 

(Sc< I). (25) 

From the above analysis, it can be seen that the exterior 
mass transfer coeflicient is determined by the boundary 
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layer flow condition, U," wall shear s tress. r0, and fluid 
physical properties. The mass transfer rates can be cal
culated as: 

= �(�)-2 i [ (M(t))-
J m pU,_ D 

C
," A./" Cx 

m---- C -- -C 
_ br0 ( v )- 1 2 [ (M(t)) 

J pU 1• D '0 I'v/0 T. 

(26) 

(Sc> 1) (27) 

(Sc< I) (28) 

where b is a constant and i t  is a funct ion o f  Sc. When 
Sc .� 1, b = I; otherwise, b has to be obtained from 
experiments. 

In a room or a chamber, the mass balance equation 
for a VOC or TVOC in the stream a ir is: 

V(d C x/dt) = -QC'- +mA (29) 

where Vis the chamber volume (m3), Q is the chamber 
air flow rate (m3h-1) and A is the source area (m2). At 
t = 0,  C x = 0 (an emp ty chamber or room) and 
M(t) = lv/0• The solution of eqns (27), (28) and (29) give 
the following expressions for chamber concentration and 
emission ra te: 

C ,-. "' ( 1' 1 r,1) br ( 1· )-2 3 LC 
z = -- - e' -e-- pC1. D (r1 -r2) 

C 
,1 "''' 

( ,. f r,f) hr ( 1· )- 1 2 LC - = -- - e 1 -e-'- p ·, D (r1-r2) 

hr,, ('')-c _1 c�. 111 = -- - ----[(r
1 

+N)e'11 p(J, D (r1 -rJ 

-(r2 + N)e' '1] 

Ill = -- -br0 ( '' ) 
pUY. D 

(Sc> I) (30) 

(Sc< I) (3 1) 

(Sc> I) (32) 

-(r2+N)e'0'] (Sc< I) (33) 

r1.2 = {-uv+LH+HCso/Mu) 

±[(N +LH +HCjM,,)2-4NHC,j1Vl0]1 2}/2 (34) 

where L is the prod uct loading fac tor = A, V ( 1112111-J ) , N 
is the air exchange rate (h-1) and 
H = brp-1 u;1(1·/D)-2 3• 

In this modeL it can be seen tha t the mass emission 
rate is de termined by ftuid properties D. 1·. and p: and 
fl uid condi tions U ,_ . N. Land r0• Wi th the exception of 
the wall shear stress. r0• all other parameters can be 
measured or obtained. Therefore. in this model. there are 
no coetllcien ts req uired from da ta-ti t ting experimen tal 

,�r,., . - . '" ' . I,� .r .. . . � . . ·-. . ·,� r��� 

data from the dynamic chamber or test house studies. 
Depending on the flow conditions and the geometry, r0 
can be calcula ted in the following ways: 

Wall shear s tress calculation (re): The wall shear stress is 
defined as: 

(35) 

The shear s tress o f  turbulent flow is the summation of 
bo th laminar shear s tress and turbulence shear s tress and 
they are equal everywhere in a steady state flow, 

cu ' ' r = r., = 11-:;-- + pu i· . cy (36) 

This shows that the wal l  shear stress of turbulen t flow 
depends not only on the mean flow veloci ty, but also 
on the turbulent flow condition. Depending on the flow 
condition and geometry, there are different rela tionships 
existing between the wall shear stress and flow condition . 
As mentioned before, both velocity and concentration 
boundary layers on a non-slip solid surface have been 
visualized as two sublayers: ( l )  the laminar sublayer , 
where 1· > e. and (1) the iner tial sublayer (fully turbulent 
sublayer) where e » 1·. In the inertial su blayer, eqn (36) 
can be rewri tten as: 

(37) 

From experiments. the following empirical relationship 
has been obtained in the iner tial sublayer [12] 

(38) 

As turbulence is s tochastic in na ture. it is only possible 
to calcula te the wall shear stress theoretically for some 
ideal cases . such as flow over smooth pipes and serni
infinite ftat plates [13). Von Karmen devised an expression 
for the calculation o f  skin friction for the case o f  uni form 
fluid ftowing over a smoo th semi-infinite ftat p la t  [13]: 

C1., = 0.664Re;� 1 2 (laminar flow. Re, < 10'.Local) 

(39) 

Cr.L = 1.328Re[.-1 2 (Laminar flow. Re, < 10'.Average) 

(40) 

C,-,, = 0.0592Re� 1 5 

(Turbulent flow, 5* 105 <Re,< 10'.Local) (41) 

c,L = 0.074Rei� I 5 - 174?.Rel_ I 
(Turbulent tlow, 5*105 <Re,< 10'.Average) (42) 

C,- = _r,_, (43) 
I 211U� 
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where Rel = U x. L/v and L is the characteristic length o f  
the flat plate. 

Most material surfaces cannot be regarded as smooth 
surfaces, so that the velocity distribution. resistance to 
the flow, boundary layer thickness and wall shear stress 
are effected by t he roughness of surfaces. Schlichting [ 13] 
stated that rough surfaces can be classified into three 
groups based on t heir effect on t he flow. 

2.2. J. H_rdrnulically smooth 
In this category, the heigh t of protrusions caused by 

t he roughness is smaller than the thickness o f  the laminar 
sublayer, thus, the roughness has little effect on the fl.ow. 
Examples of these are polished wood and commercial 
steel. 

(44) 

where k, is the sand roughness and U, is the friction 
velocity, (T0/p)11• 

2.2.2. Transition 
Protrusions extended partly outside t he laminar sub

layer, and addi tional  resistances, as compared with 
smooth pipe. are mainly due to t he formed drag experi
enced by the protrusion in the boundary layer. 

ku, 
5 � -'- � 70 T0 = f (roughness, flow condition). v 

2.2.3. Completely rough 

(45) 

All protrusions reach outside the laminar sub-layer 
and by far t he largest part o f  the resistance to flow is due 
to the formed drag which acts on them. 

k,u, 
70 � - T0 = f (roughness). \' (46) 

By using the appropriate equation or empirical 
expression mentioned above, surface shear stress  T0 in 
most flow conditions over a surface can be calculated . 
Thus, the emission rate can then be calculated by using 
eqns (27) and (28). 

3. Model validation 

The validation of this model was performed by com
paring its predictions against the experimental results 
from the Centre for Building studies (C BS). Concordia 
Universi ty. experimental results from the U.S Environ
mental  Protection Agency (EPA), as well as the pre
dictions made by other models. 

3.1. i\tlodel rnlidation 1rith the experimental results from 

the relocity con1rolled test chamber 

T he model was first tested against the experimental 
results from bo th a constant source, water, and a fast
decay wet source. varnish. These results were obtained in 
a CBS velocity controlled test chamber [14]. 

The small velocity-controlled test chamber is made of 
stainless steel and consists of two parts: a rectangular 
chamber area and a cone shaped part as s hown in Fig. 2. 
The test area is  located in the rectangular chamber, and 
an uniform airflow is  generated here. The purpose of the 
cone shape is to help strengthen the flow in the chamber 
area and to t horoughly mix t he exit air. A t  the junction 
o f  these two parts, t here are two fans (Sunon Brushless 
B lower OD 5.5 cm) installed at a distance of 100 mm 
from either side of the wall. A stainless steel mesh screen 
with mesh size 7.5 cm-1 is placed directly before the fans. 

These fans are installed to draw air through the test 
c hamber; while the stainless steel mesh helps to provide 
uni form flow in the test area. A T F E-fluorocarbon tube 
mesh or a stainless steel mesh is positioned a t  the inlet of 
the test chamber to generate a homogeneous and iso
tropic turbulence with different levels of turbulent fluc
tuations. A height adjustable test  area is  designed to 
prevent emissions from the edge of the testing materials 
and to avoid disturbances to the flow pattern caused 
by the t hickness of the testing materials. The test area 
measures 250 by 200 mm, and is located 100 mm down
stream from the inlet, at the centre o f  the cross section. 
The test chamber is constructed such that its bottom 
includes a 250 by 200 mm indented area (see Fig 2(a)). 
Within the indented area, there is a stainless steel plate, 
the size of the test area, which can be raised or lowered 
from 0 to I 0 mm below the chamber bottom by tightening 
or loosening screws. While this adjustment accom
modates for t he thickness of the materials, t he indented 
area ensures no leakage. 

This small velocity-controlled test chamber can be 
operated at  three different levels of turbulent fluctuations. 
To achieve the first level, a TFE-fluorocarbon tube mesh, 
which is made of a set of teflon tubes with diameter of 
10 mm and depth o f  5 cm arranged in a honeycomb 
configuration. is installed at the inlet o f  the tes t  chamber. 
For the second level, a coarse stainless steel mesh with 
grid 7.5 cm - 1 replaces t he TFE-fluorocarbon tube mesh 
at the inlet. The third level uses a fine stainless steel 
mesh with grid 11.4 cm-1• For each level of turbulent 
fluctuation, there exists a relationship between the fan 
power reading and the mean air velocity inside the test 
chamber. At all levels of turbulent fluctuations. both the 
mean fl.ow condition and the boundary layer over the test 
area are designed to be uniform. 

A series of air velocity measurements were performed 
in order to characterize the velocity-controlled test cham
ber and to verify that the objectives of the design were 
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\ �-screw 

Fig. 2. (a) The small air velocity controlkd test chamber designed at the CBS. (b) The model of the sm�tll velocity-controlled test charnb�r for 

calibration. 

achieved. A Dantec 60 x dual beam Laser Doppler Yel
ocimetry (LOY) (TSI Model No. 9100-3) was used to 
measure the velocity. LOY has a lower measuring limit 
of 0.001 ms-1 and it uses water vapour as particles for 
detection; water vapour is generated by the SUPER 
Ultrasonic SH550T. 

For better visualization and convenience in taking vel
ocity measurements, a polymethylmethylacrylate 
(PMMA) chamber model, identical to the small velocity
controlled test chamber. was built for the charac
terization. To avoid the distortion of the laser light, cal
ibrating measurements were taken at the top plate of the 
model where a 25 mm slit was cut at a location of 150 
mm from the inlet. Also, three 10 mm diameter holes 
were drilled at the rear edge of the test area, as shown in 
Fig. 2(b). Except for the measuring points, the slit and 
holes were normally blocked with removable covers. The 
measurements were carried out under steady-state con
ditions. The steady state condition is indicated by steady 
air velocity and turbulent fluctuation readings (the 
difference between readings is within a 5% discrepancy) 
[ 15]. 

3.1.1. Constant source 
The model-eqns (27) and (28)-was first validated 

using the experimental results from the velocity con
trolled test chamber with a constant emission source, 
water. For constant sources, C,0 = C0• The air flow in the 
velocity controlled test chamber is a parallel flow and 
both the velocity and the turbulence level are very low. 
Therefore, the air flow is treated as laminar flow over a 
flat plate, and the wall shear stress, r0, is calculated using 
eqns ( 40) and ( 43). The physical properties of water used 
in the model validation are listed in Table I [ 16]. 

Table 2 shows the comparison of the model predictions 
with the experimental results. It can be seen that the 
predicted values are in good agreement with the exper
imental results. with the maximum error between the two 
within ±20%. 

3.1.2. Wet source 
The model was then validated by using the varnish test 

results from the small velocity controlled test chamber 
[ 15]. The air flow inside the chamber is treated as laminar 
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Table l 

Physical properties of water and chamber parameters 

Physical prop�(:ties 

Air density p 
Air viscosity 1· 
Diffusivity\\J.l<!'r \api.:iur-.m D 
Saturated vapour concentration C 
Sample surface area 

'" 

Chamber dimension 

1.185 kgm _, 
1 5.89 x 10"6 m's-1 

2 . 56 x I0-5 m's-• 
0.0224 kgm-' 
0.039 m' 
0.04 x 0.035 x 0.005 m3 

flow over a flat plate. The physical properties of the 
varnish [17] are listed in Table 3. 

Figures 3-6 show the comparison of the predicted var
nish emission rates with the experimental results at 
different surface air flow conditions. There are some dis
crepancies between predicted emission rates and exper
imental ones during the initial hours (due to initial 
experimental instability), and the predicted results tend 
to be higher than the experimental ones at the end of 
the test (due to the gas chromatograph's limitation in 
detecting low levels of VOC). ln spite of this, the predicted 
results and experimental results closely follow the same 
trend, especially for the low velocity cases. For the higher 
velocity cases, greater discrepancies between model pre
dicted results and experimental results are noticed. This 
was caused by the effects of the turbulent fluctuation, 
which became more significant as the velocity increased, 
even though theoretically the flow is still in the laminar 
range. The effects of the turbulent fluctuation were not 
fully reflected in the model since laminar flow over a flat 
plate was assumed. 

3.2. Further ralidatio11 of the proposed model 1rith exper
imental data in literature 

The model predictions were also compared with exper
imental data obtained at the EPA using an ASTM stan
dard small test chamber. A fan was installed to mix the 

Table 2 
Comparison of the predicted results with water emission test results 

Vel. R.M.S. Temp. clll 
(ms- ' ) (ms-1) ( C) (gm· !) 

0.053 0.0094 24.2 5.76 

0.058 0.0066 24.3  5.84 

0.053 0.0025 24.2 5.96 

0.095 0.0088 24.5 5.88 

0.087 0.0070 24.6 5.93 

0.09 1 0.0028 24.7 6.14 

0. 1 1 4 0.0114 24.6 6.03 

0. 1 1 4 0.0072 24.6 5.91 

0. 1 13 0.0034 24.4 6.06 

air inside the chamber and to create the different levels 
of surface air velocity and turbulent fluctuation. It is a 
mimic model of a real room situation. In such a case, the 
near wall flow in a room or a room-like chamber is a 
two dimensional flow parallel to the surface [ 18]. As the 
maximum Reynolds number is around 9000 ( « 5 x 1 0�. 
the critical Reynolds number for flow over a flat plate) in 
the tests, in the following model predictions, the wall 
shear stress, r0, is treated as laminar flow over a flat plate, 
as was done in the previous cases. 

3.2.l. Constant source 
The model-eqns (32), (33) and (34)-was validated 

by the EPA experimental results from p-dichlorobenzene 
crystals, a constant source [ 17]. The experiments were 
conducted in the ASTM standard chamber at different 
surface air velocity levels, but at a constant air exchanae e 
rate of 0.5. The physical properties of p-dichlorobenzene, 
chamber parameters and flow conditions used in the 
model prediction are listed in Table 4. The experimental 
conditions and results. as well as predicted results, are 
shown in Table 5. It can be seen that the predicted results 
and the experimental results are in good agreement, with 
the maximum error less than 2 0%. 

3.2.2. Wet source 
The physical model was further validated using the test 

results from polyurethane in the ASTM standard test 
chamber [7]. Two sets of experimental concentration ver
sus time data, obtained for two different initially applied 

Table 3 

Physical properties for varnish tests 

Physical properties 

Air density p 
Air viscosity 1• 
DiffusivityT\'OCm D 
Saturated vapoLtr concentration C., 

1.185 kg111 .\ 
1 5.89 x I 0 "111's - ' 

2 .56 x I 0 ; 111' s - I 
0.0224 kg111 

c:.in .�;/11..-...1 1\1"'' Error 
(gm-J) {gm �s ' ) (gm· 's ' ) ( 1�;11) 

6.88 0.00 I 06 0.00089 1 6  

6.96 0.00117 0.00093 21 

7.08 0.00 I 06 0.00088 1 7  

6.69 0.00 1 38 0.00 1 1 9  13 
6.69 0.00 1 20 0.00 1 1 4  4 
6.96 0.00134 0.00 1 1 5 1 4  

6.74 0.00147 O.OODO I I  
6.5 1  0.00 1 25 0.00 1 32 5 

6.7 1  0.00134 0.00130 3 
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amounts o f  polyurethane. were supplied by the EPA. 
The physical properties. chamber parameters and flow 
conditions used in the calcula tion are listed in Table 6. 

Figures 7 and 8 compare the model predicted cham
ber TVOC concen trations with the experimental ones. 

It can be seen that at the beginning of the curves, the 
model predicts higher TYOC concentrations than the 
measured values: and at the tail-end . the model under
estimates the TVOC concentrations in the chamber. 
This phenomena may be explained by two factors. The 

' ' ... • ... : . • • � J ...... . ........ , ... 
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first factor is the sink effects occurring in both the 
wood substrate and the steel chamber. In particular, 
the wood substrate, acting as a sponge. absorbs the 
polyurethane into its interior at the beginning of the 

test and releases it later. The other factor is the insta· 
bility  and par tial mixing in the chamber at the beginning 
of the tests. However, over all. the predicted curves 
follow the experimental ones closely. 
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Table 4 
Physical properties and chamber parameters for the p-dichlorobenzene 
tests 

Product na me-p-dichlorobenzene crystal 

Physical properties 

Air density p 
Air viscosity 1• 
Diffusivi tYTvoc ... ;, D 
Initial  Concentration C,0 

Chamber parameters and 
flow conditions 

Air exchange rate 
Surface air velocity 
Sample surface area 
Chamber volume 
S u bstrate 

3 .3. Inter-mode/ comparison 

1 . 1 8 5 kgm - )  
1 5 .89 x 1 0 - •  m's- ' 

5. 75 x 1 0 - '  m's- ' 
0.02 1 7  kgm - l  

0. 5268 h-1  
0.03 m s - '  
0.02 1 m2 
0.053 Ill) 

A plastic cylindrical contai ner 

The emission rates predicted by the proposed physical 
model we re a lso compared with results predicted by other 
existing models: first-order decay model [l 9] and the 
EPA's mass transfer model [7] .  As shown i n  Fig . 9, the 
predictions of the emission rate from polyurethane made 
by the proposed model fit the experimental data better 
than the predictions made by the empirical first-order 
decay model. As mentio ned earlier, the coefficients of the 
empirical first-o rde r model were obtained from experi
ments, and are on ly valid for the material and conditions 
under which the experiment was performed. 

Figure 9 also shows the predictio ns made by the EPA's 
mass transfer model. It appears that  the EPA 's model tits 
the experimental data s lightly bette r than the p ro posed 
physical model. The reason for this is that the EPA model 
requires the boundary layer thickness. c5 . as i ts input. 
This coefficient is obtained thro ugh data-fitting the same 
experimenta l  data. Therefore, this value m ay be the 
apparent  boundary layer thickness rathe r than the real 
bo undary layer thickness. On the contra ry, the proposed 
model does not require any input f rom experimental 
results; it is completely i ndependent of experimental data. 

Ta ble 5 

Table 6 
Physical properties. chamber parameters and flow conditions for the 
polyurethane tests 

Product name-Naso polyurethane wood finish 

Physical properties 

Air densi ty p 
Air viscosity 1· 
Di/fusi vi ty1 , 0c-. .. ; , D 
Ini tial concentration C,0 
Chamber parameters and 
flow conditions 

Air  exchange rate 
Su rface air velocity 
Sample s urface area 
Chambt:r volume 
Ini tial mass 
Net loss 
S ubstrate 

4. Conclusion 

1 . 1 8 5  kgm--' 
1 5 .89 x I0-6 m's - '  

5 . 7 5  x 1 0 - '  m's - '  
0.0'.! 1 7  kgm - )  

0.5168 h -- I 
0.03 ms- 1 
0.02 1 111' 
0.053 ml 
0.96 and 1 .81 g 

0.58 and 0. 76 g 
Smooth oak board 

A mathematical model . based on the fundamenta l  fluid 
flow and mass t ransfer theories, has been developed to 
predict voe em1ss1on rates from homogeneo us 
materials. One of the unique features of the proposed 
model is that it considers both mass diffusion and mass 
convection in the bo undary layer between the material  
surface and the air flow. This makes the relatio nship 
between the surface air flow and material  emission rates 
obvious and enables the model to predict material emis
sion rates under different environmental conditions. The 
other feature of the proposed physical mode l is that a l l  
the parameters have clear physical meaning and can  be 
either fo und in  l iterature, calculated using known theories 
and/or equations. 

At present, the existing models, both empirica l  and 
physical. req uire data from dynamic chamber experi
ments i n  order to obtain certain coefficients. and are 
limited to the experimental conditions under which the 
coefficients were obtained. Five to ten samples are needed 
to ensure a valid curve fit for such experiments .  Therefore, 

Comparison of experime n tal  and predictt:d results  l'rom p-dichlorobt:nzenc crystals 

Ve! . Temp. c c· ... 11 ;\,(,<•• ;\4..,--;JI Error 
tms - ' ) ( C) (gm " l  ( gm -') ( gill -s ' l (!!111 - 's ' ) ( % )  

0.03 23 .0 1.0J 1 1 . 74 0.0035 0.0042 1 7  

2 0.09 13.2 3 .67 1 2.74 0. ()06 1 0.0062 
3 0. 1 4  '.!3.4 4 .60 1 2.74 0.0077 0.0069 I I  

4 0.13 13.0 5.06 1 2 . 74 0.0087 0.0084 4 

5 0.46 23.0 5.5 1  1 2.74 0,0093 0. 0 1 1 1 6  
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Fig. 7 .  Predicted and experimental data for the voe concentration VS time for polyurethane at initial applied amount of 0.96 g. 
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Fig. 8. Predicted and experimental data for the voe concentration VS time for polyurethane at initial applied amount o r  1 .82 g. 

with the development of this proposed model, the emis
sion rate can be obt<\ined wi thout expensive and difficult 
dynamic c hamber testing, and may result in a simpler 
and less expensive way to determine the material emission 
strength. 

The p redictions made by this model were validated at 
three different levels; with experimental results  from the 
CBS specially designed test chamber, with experimental 
results f rom the EPA which were carried out in an ASTM 
chamber, and final ly w i th the predictions made by other 

models. The results indicate that there is, in general, 
good agreement between the model predictions and the 
experimental results. The main advantage of this model 
is that the model does not require any experimental data 
as input. 

Since the model is based on several assumptions, no 
che1nical reactions, no temperature difference, no sink 
effects. etc. Such assumptions may cause errors when the 
model is applied to the real indoor environment. Further 
research on these aspects is needed. 



F. Haghighar, Y. Zhang/ Building and £11ciro1111 1e111 34 ( 1999) 377-389 389 

1 00,000 
30,000 
1 0,000 

3,000 
1 ,000 

300 
1 00 

30 � 
1 00 5 1 0  1 5  20 25 30 

Fig. 9. Polyurethane (applied amoun t o f  1 . 82 g) emission rates predicted by the E PA mass t ransfer. first-order decay and the proposed physical 
models. 

Acknowledgements 

This study was supported by a grant from the Natural 
Sciences and Engineer ing Research Council. Canada . We 
wish to thank Dr B. A. Tichenor of the U.S. Environ
mental Protection Agency (EPA) for providing the exper
imental data. 

References 

[ I ]  Tichen o r  BA. G uo Z. Spark L E. F u ndame n t a l  mass transfrr model 

for indoor air emissions from s urface coating. I ndoor A i r  

1 993:3: 263-8. 

[2] Colombo A. Bo rtoli D M . Comparison of models used to esti m a te 

parameters of organic emissions from materials teskd in small  

ell\  i ro nmental  clrn m bers. I ndoor A i r  1 992:2( I ):49-57. 

(3) Andersen I. Lundquist  G R. i'vlolha,·e L. I ndoor air  pol lut ion d ue 

to chi pboard used as a construction ma teria l .  Atmospheric 

Environment 1 975;9:  1 1 2 1 -7. 

(4) Hoetjer JJ. I n troduction to a theoretical model for the spli t t i ng of 

fo rma ldehyde from composi tion board. Report Method Chemie 

Netherlands. Ddfzij i l  1 978. 

(5) Black MS. Bayer CW. Formaldehyde and other VOC exposures 

from consumer prod ucts. Proceedings o f  I AQ 1 986. A t la n ta.  G A :  

American Society o f  Heating Refrigera t ing. and Air-co ndit ioning 

Engineers. I nc. 1 986. p. 454-486. 

[6) Dunn J E .  Tichenor BA. Compensation for s i n k  effects in em ission 

test chambt!rs by m a t hemat ical modell ing.  Atmospheric E n vi ron

ment 1 988:22(5):885-94. 
[7] G uo ZS.  Tichenor B A. Fu nd�1 mental  mass t ransli:r models appl ied 

to eva l u a t i n g  t he emissions of vapour-phase organic from interior 

a rc h i tectural coati ngs. Preceedings of E P A  A WMA Symposium. 

Durham. NC. 1 992.  
(8)  Haghighat  F. De Bell is  L. M a terial emission rates: l i terature 

review. and the i m pact o f  i ndoor air  temperature and relative 

h u m idi ty. B u i l d i n g  and E nvironment 1 998:33( 5) :26 1 -277. 
[9) Sparks LE. Tichenor BA, Chang J. G uo Z. Gas-phase mass trans

fe r model for predicting volati le organic compounds (' oc) emission 

rates from indoor pol lutant  sources. I ndoor Air 1 996:6 :3 1 -40. 
( 1 0) N a razoff WW. Cass G R. Mass-transport aspects of polluta n t  

remo,·aJ a t  i ndoor s urfaces. Environment I n ternational 

1 989: 1 5 : 56 7-84. 
[ 1 1 )  Bejan A. Convection heat transfer. J o h n  Wile) and Sons. 1 984. 

[ 1 2] Tennek.os H. L u m ley J L. A first course in turbulence. Ca111bridge. 
M assach use tts .  E ngland. 1 970. 

[ 1 3) Sch lich t ing H . B o undary-layer theory. 7th edn. l'vkGraw-· H i l l .  
1 979 , 

[ 1 4] Z h a ng Y. H ag h iglutt F. A s111 a l l  air  velocity-controlled test d1am
bcr for emission s t udies. Proceedi ngs o f  Symposium of Methods 

fo r Characterizi ng I ndoor Sources and Sinks.  Washington. D.C . .  
2 5 - 2 8  S e p t  cm b e r  1 994, 

( 1 5] Zhang Y. Haghighat F. The impact or surface air JlllWement on 

materia l emissions.  B ui l d i ng and E m i ronrnent 1 997:32(6) :55 1 -6.  

( 1 6] A S H A R E  H a ndbook. Funda111enlals. Atlan ta. G A :  A111erica11 
Society of Heat i ng. Refrigerat ion and Air Cond i t ioning Engi neers. 
1 993.  

[ 1 7] G u o  Z. Tichenor B A .  K rebs K A .  Roache N F. Considera tion on 

revisions of e m issions test ing protocols. Proceed ings of the Sym

posium of M e t h ods for Characterizing I n door Sources and Sinks.  
Was h i ngton. D. C . .  �5-28 Septe111ber 1 994. 

[ 1 8) Haghighat F. J i ang Z. Zhang Y. The impact o f  venti lat ion rate 
and parti t ion layout on VOCs emission rate: Time-dependent con

taminant  re moval. I ndoor Air 1 994:4: 276--83. 

( 1 9] Tichenor BA. I n d oor air soL1rces: U sing small environmental test 
dtambcrs to cha racterize organic emissions from indoor materials 
and products. E PA-60018-89-074. U .S. En"ironmental  Protection 
Agency. Research Triangle Park. NC. A ugust. 1 989. 

... ... . . . ... . . \ . .... .  ,,. ·  


