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Abstract

The field and laboratory emission cell (FLEC) is becoming a standard method of characterizing pollutant emissions
from building materials. Based on this method, the material and the inner surface of the FLEC cap form a cone-shaped
cavity. The airflow is distributed radially inward over the test surface through a slit in a circular-shaped channel at the
perimeter of the chamber. After mass transfer, the air is exhausted through an outlet in the center. Usually, emission
rate profiles are obtained using such cells. However, the local convective mass transfer coefficients are now needed. In
this study, laminar fluid flow and mass transfer in a standard FLEC are investigated. The velocity field and moisture
profiles are obtained by solving Navier—Stokes equations numerically. The whole geometry, including the air inlet and
outlet, channel, air slit, and emission space, are included in the numerical modeling domain. The mean convective mass
transfer coefficients are calculated and compared with the experimental data. In the test, distilled water is used in the
FLEC lower chamber to substitute the emission surface. Mass transfer data are obtained by calculating humidity
differences between the inlet and outlet of a gas stream flowing through the FLEC. The study concentrates on assessing

the variations of velocity and humidity profiles, as well as convective mass transfer coefficients, in the cell.

© 2002 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Volatile organic compounds (VOCs) constitute an
important class of indoor-air contaminants. Evidence
from a variety of non-industrial building investigations
and systematic studies have found that 60% of indoor
VOCs come from building materials and furnishings [1].
Various VOCs have been associated with certain symp-
toms of sick building syndrome, multiple chemical sen-
sitivity, and other health effects. In addition, excessive
exposure to VOCs in the work environment can lower
people’s productivity and cause material and equipment
damage [2].

Increased awareness regarding the potential impact
of indoor air pollution on health and comfort has re-
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sulted in various technical guides for emissions testing of
building materials. The current state-of-the-art involves
two types of devices: the emission test chamber and the
emission cell. The emission test chamber is defined as an
enclosure with operational parameters for the determi-
nation of VOCs emitted from building products. Typical
chamber volumes cover a range from 20 1 to 1 m? [3]. In
case of the emission cell, the surface of the test specimen
itself becomes an integral part of the cell and has a high
sensitivity due to the large loading ratio (surface area/
volume). Today, the best described and most frequently
used tool is the so-called field and laboratory emission
cell (FLEC) [4]. The emission cell is portable and user-
friendly, thus it has become a standard for emission
testing in Europe [5,6].

Many tests have been conducted with FLEC, in-
volving various building materials. Clen and co-workers
[7] measured the ozone removal rates of selected build-
ing products. Wolkoff and Nielsen [8] obtained the dif-
fusion profiles of trans-2-nonenal with FLEC data from
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Nomenclature

A area (m?)

D, vapor diffusivity in air mixture (m?/s)
k convective mass transfer coefficient (m/s)
p pressure (pa)

r radial coordinate (m)

Re Reynolds number

Sc Schmidt number

Sh Sherwood number

u radial velocity (m/s)

Un mean air velocity at the slit (m/s)

v velocity in angle direction (m/s)

14 volumetric air flow rate (m?/s)

w axial velocity (m/s)

z axial coordinate (m)

Greek symbols

¢ angle (rad)

p density (kg/m?)

0 dimensionless humidity ratio

w humidity ratio (kg vapor/kg air)

v kinematic viscosity (m?/s)

1) spacing between the emission surface and

the cap at air slit (m)

Superscript

* dimensionless
Subscripts

b bulk

c cross-section
i inlet

L local

m mean

S surface

t transfer

carpet and hexane from sealing material, to name but a
few. In these studies, emission rate profiles are obtained
for a given air volumetric flow rate. These results are
case-specific and only relevant to the test conditions
employed. However, to use these emission test data to
model pollutant concentrations in real buildings, and
also to scale the effects of various control strategies,
these profiles are not enough and a more detailed mass
transfer model is required. A complete emission model
should include three mechanisms: convective mass
transfer on surfaces, diffusion in solids, and sorption—
desorption with building materials. As an essential part
of this process, it is imperative to know the convective
mass transfer coefficients in the cell.

The flow geometry of the FLEC is shown in Fig. 1. It
is composed of two parts: cap (Fig. 2a) and lower
chamber (Fig. 2b). When testing, the planar specimen of
the emission material is placed in the lower chamber and
becomes an integral part of the emission cell. The upper
surface of the specimen (the emission surface) and the
inner surface of the FLEC cap form a cone-shaped
cavity. The air is supplied through the air slits in the cap.
It is introduced through two diametrically positioned
inlets (symmetrically placed) into a circular-shaped
channel at the perimeter, from where the air is distrib-
uted over the emission surface through the circular air
slit. The air flows radially inward, until it exits the FLEC
outlet in the center.

inlet for purified and

humidified air
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Fig. 1. A schematic showing the flow geometry of the FLEC.
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Fig. 2. A view of the FLEC, showing the cap (a) and lower
cavity (b).

In addition to emission experiments, forced convec-
tion heat mass transfer and fluid flow in cavities of dif-
ferent shapes are of great interest in many other areas.
Aggarwal and Talbot [9] used the limiting current
electrochemical technique to obtain local mass transfer
coefficients in large semi-cylindrical cavities, with the
aim of developing a compact artificial lung of high
surface area and high mass transfer coefficient. Alkire
et al. [10] and Shin and Econmou [11] studied the effect
of fluid flow on the rate of mass transfer at the bottom of
small rectangular cavities in relation to the etching of
masked surfaces, which is used in printed circuit fabri-
cation. Zaki et al. [12] measured the rates of mass
transfer at hemispherical cavities machined in the wall of
a vertical rectangular duct. Several other workers in-
vestigated the heat mass transfer coefficients of radial
flow between two parallel disks [13,14] and the flow
phenomenon of impinging jets confined by a conical wall
[15]. All this research is very interesting. However,
studies of mass transfer in a flow geometry like FLEC
are still unavailable from open literature. In this study,

both numerical simulations and tests will be performed
to address this problem.

2. Mathematical models
2.1. Basic equations

For the present situation, the flow is assumed to be
laminar and steady. Considering the fluid properties to
be constant, the hydrodynamic and mass transfer
problem can be described by Navier—Stokes equations in
cylindrical coordinates as

Conservation of mass

ia(**)+av* 1%
e or* mu

o T ) M

where r, z and ¢ are radial, axial and angle coordinates,

respectively; u, v, and w are velocities in r, z and ¢ di-

rections (m/s), respectively; superscript “*’ in this and the

following equations represents dimensionless form.
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where p represents pressure (pa).
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where 0 is the dimensionless humidity ratio. The char-
acteristic distance is selected as two times the spacing
between the emission surface and the cap at the FLEC
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perimeter. The mean velocity at the air slit is selected as
the characteristic velocity. The dimensionless forms for
the variables are expressed as

r=a (6)
7 =5 (7)
w2 (3)
vt = Z‘Lyb 9)

o (10)

v

where o0 is the height of space between the emission
surface and the FLEC cap at air slit (m); v is the kine-
matic viscosity (m?/s).

The dimensionless pressure is defined as

. 4po*
p = pv?

(11)

where p is density (kg/m*). The dimensionless humidity
ratio is given as

w — Wy

0

12
Wi — Wy ( )

where o is the air humidity ratio (kg vapor/kg air); w;
represents humidity at the air slit, and w, represents
humidity at the emission surface.
The Schmidt number is
v

Sc = — 13
c= - (13)

where D, is vapor diffusivity in the air mixture (m?/s).

The Reynolds number used to characterize the air-
flow rate is given by

2um0
Re = 2m° (14)
v

where uy, is the mean air velocity at the slit, and it is
calculated by

Vv
tm _271}’0(5 (15)

where V is the volumetric air flow rate to the FLEC (m?/
S); rp is the maximum radius of the emission surface,
where air is distributed from the slit (m). The Reynolds
numbers for the flow in the FLEC chamber are very
small, say, Re = 21 when ¥ = 5 l/min. Since Re < 2300,
the flow is thought to be laminar.

The Sherwood number is
2ké

Sh
D,

(16)

where k is the convective mass transfer coefficient (m/s).
Now, considering a control volume in the radial di-
rection, the mass balance has

kA (w5 — wp) = —upAd. doy (17)
where wy, is the bulk humidity ratio on a cross-section at
radius r.

For reasons of symmetry, only half of the FLEC
geometry is taken into account, the mass transfer area is

A, = nrdr (18)
The cross-sectional area is

A, = 1roo (19)

Substituting Egs. (18) and (19) into (17), the local mass

transfer coefficient is

Um0 dwy

k=— o —on) dr (20)
The local Sherwood number is

o st

by considering

u’ = Re (22)
Similarly, the mean Sherwood number is

Shy = — éResfz In 0, (23)

gy =T
where the bulk dimensionless humidity ratio is
g, = 100U (24)

m

The inlet and boundary conditions for mass transfer
are

2 =0:0=0 (26)

where Eq. (26) indicates that the boundary condition on
the emission surface is a uniform concentration condi-
tion. Other boundaries are adiabatic surfaces, have no
mass transfer, and are expressed as
00

—=0 27
where n is the normal direction.

2.2. Discretisation and solution strategy

For reasons of symmetry, only half of the FLEC is
selected as the modeling domain. The Navier—Stokes
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Fig. 3. Discretized meshes of the calculating domain, half of
the FLEC, amplified vertically.

equations are solved in three-dimensional cylindrical
coordinates. The round channel, which has a rectan-
gular cross-section, the air slit, and the air inlet and
outlet vents are meshed as a whole simultaneously.
Totally, there are 61318 hexahedral cells in the geo-
metry. The meshes at the entrance region of the flow on
the emission surface are finer than those in other lo-
cations, to reflect the drastic variations of variables in
the boundary layer. The discretised meshes are shown
in Fig. 3. The graph is amplified vertically to view the
meshes above the emission surface clearly. The com-
putations are performed using the finite volume tech-
nique. The derivatives of the diffusive terms in the N-S
equations are approximated by second-order central
difference and the derivatives of the convective terms by
first-order upwind difference. The discretised equations
are solved by an iterative procedure and in each step
they are solved by the alternating direction implicit
(ADI) method. The coupling between velocity and
pressure is performed through the SIMPLE algorithm
[16]. A relaxation factor of 0.65 is always required in
iterations.

The convergence of the iterative procedure is studied
following the evolution of the normalized residues.
When the normalized residues for mass, velocity and
vapor concentration are less than 107> at every node, the
iterations are considered to be converged. The fact is
that after 500 iterations, the solution is usually con-
verged, regardless of Reynolds number.

The accuracy of the numerical method is deter-
mined from solutions on successively refined grids. The
rms error defined by Fletcher [17], and based on the
normalized velocity components, is used for that pur-
pose:

12
rms(u”) = [(Z Z ; (uulk - u”k)2> /m}
(28)

where u;}, and u;;, represent quantities calculated with
grids having m' and m number of nodes, respectively.
With the grids mentioned above, the solutions at
V' =509 ml/min have an rms error lower than 0.011.
This value increases with flow rate and is about 0.018 at
1000 ml/min.

3. Experimental studies

The FLEC cell is circular and made of stainless steel,
with a diameter of 150 mm and a maximum height of 18
mm. The deepness of the lower chamber is 10 mm. A
more detailed description of the structure and parame-
ters of the cell can be found in [5]. When testing, the
material is placed on the bottom surface of the lower
cavity and becomes an integral part of the emission cell.
In this test, to ease the measurement of convective mass
transfer coefficients, distilled water is used as the loading
material, instead of VOCs emission material. Rather
than directly measuring the emission rate profiles of
VOCs from building materials, convective surface mass
transfer coefficients are calculated by measuring the
humidity differences between the inlet and outlet of an
air stream, which flows through the FLEC and ex-
changes moisture with water on the lower surface.

To investigate the local mass transfer coefficients at
different FLEC radial locations, seven glass discs with
thicknesses of 10 mm and diameters ranging from 130 to
148 mm are prepared. In each test, a disc is placed in the
lower chamber and on its bottom surface. Distilled
water is injected in the space between the chamber wall
and the disc. When finished, the lower chamber, the
water, and the glass disk are on the same horizon.
Special care is given to ensure the water does not wet the
disc’s upper surface. With this method, the mass transfer
area between the water surface in the FLEC and the air
is controlled. A picture showing the placement of a glass
disk in the FLEC lower chamber is shown in Fig. 4.
When the air flows through the FLEC, it exchanges
moisture with the water and is humidified. Since the RH
of water on the water surface is 100%, by calculating the
humidity differences, the mean convective mass transfer
coefficients across the water surface can be calculated.
Different discs therefore provide the mean mass transfer
coefficients at various FLEC radial locations. To inves-
tigate the influences of different gases, both air and N,
are used in the experiment.

The cell is supplied with clean and humidified air
from an air supply unit. The complete test rig is shown
in Fig. 5. The supply air flows from a compressed air



96 L.Z. Zhang, J.L. Niu | International Journal of Heat and Mass Transfer 46 (2003) 91-100

Distilled water

Lower chamber

Glass disc

SR

Fig. 4. A picture of the placement of glass disk in the chamber.

bottle and is divided into two streams. One of them is
humidified through a bubbler immersed in a bottle of
water, and then re-mixed with the other dry air stream.
The humidity of the mixed air stream is controlled by
adjusting the proportions of air mixing. The airflow
rates are controlled by two air pumps/controllers at the
inlet and outlet of the FLEC. To prevent outside air
from infiltrating into the FLEC, a manometer is in-
stalled to monitor the pressure inside the FLEC and
ensure that it is positive. The humidities and tempera-
tures inside and outside the FLEC are measured by the
built-in RH and temperature sensors, which are installed
in the pumps/controllers. The measuring accuracies are
respectively 2% for relative humidity, 0.2 °C for tem-
perature, and 2.5% for airflow rate.

Once the humidity differences are measured, the
mean mass transfer coefficient is calculated by

VAw

Shy = =
AAw

(29)
where Aw is the humidity ratio differences between the
air inlet and outlet (kg/kg), 4, is the transfer area be-
tween the air and water surface (m?), Aw is the loga-
rithmic difference of the humidity ratio between the
water surface and the air in FLEC (kg/kg), and Sh,, is
the mean Sherwood number.

Pressure Meter
Valve

D

Compressed air

Bubbler

Flec

4. Results and discussion
4.1. Local and mean Sherwood numbers

The variations in the measured outlet relative hu-
midity from FLEC with disks of four diameters are
plotted in Fig. 6. The inlet humidity is set to a prefixed
value and the gas is air. As can be seen, the outlet hu-
midity decreases as the flow rate increases. However,
when the diameters are less than 135 mm, the outlet
humidity changes little.

The calculated local and mean Sherwood numbers at
different FLEC radius under various volumetric flow
rates for air are shown in Figs. 7 and 8, respectively. The
curves for nitrogen are similar to those for air. These
two figures reveal the fact that the Sherwood numbers
decrease as the flow progresses. They are very large in
the entrance region, and they decrease as the radius
decreases, asymptotically approaching the fully devel-
oped values. The higher the flow rates (Reynolds num-
bers), the larger the Sh numbers. For flow rates ranging
from 186 to 509 ml/min, the mean Sherwood numbers of
the whole FLEC emission surface change from 0.05 to
0.2.

The mean Sherwood numbers are also obtained from
the experiments. Comparisons of the mean Sherwood
numbers between those calculated and experimentally
obtained are plotted in Fig. 9. It is shown that the ex-
perimentally obtained values are in good agreement with
the numerical data. The largest deviation (24%) happens
when the Sh is very large, namely, at the position near
the air slit, where the air begins to flow on the emission
surface. This phenomenon may result from the influ-
ences of the inlet flow conditions. However, more than
90% of the numerical results are within +5% deviation
from the experimental data.

Fig. 10 represents the variation of the dimensionless
bulk humidity against the FLEC radius. The bulk hu-
midity decreases very quickly after the air begins to
make contact with the water surface. This means that

Pump/Flow Meter/Controller Tem/RH sensors

Bypass

Manometer

Fig. 5. The set-up of the test apparatus.
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Fig. 6. The outlet relative humidity of air from FLEC with four

disks and various flow rates.
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Fig. 7. Local Sherwood numbers along the FLEC radius for
air.
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Fig. 8. Mean Sherwood numbers at various FLEC radii for air.
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Fig. 10. Dimensionless bulk humidity ratios along the FLEC
radius for air.

the convective mass transfer coefficients are very large in
the first quarter of the FLEC radius along the flow.
Under current airflow rate conditions (<509 ml/min),
the air becomes nearly saturated in the remaining three
quarters of FLEC radius along the flow. This is due to
the very small spacing between the emission surface and
the FLEC cap (minimum 1 mm). When the air flow rate
is increased, the exhaust air becomes less saturated.

For ease of calculation, a multi-variable linear re-
gression technique is used to analyze the local and mean
Sh numbers, and the bulk humidity. Three correlations
have been obtained, as follows:

Shyy = 0.8171Re"85785:06790 ( ry—r ) ~0.6761

26
o — 1\ —0-834
%)

Shy = 0.3359ReSc(
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— 7\ 0630
0, = 0.2076Re"358 S0306 (%) (32)
where the validity is for gas with flow conditions of
0 < Re < 20.

The maximum deviations between these correlations
and the experimental and/or numerical values are 6.8%,
6.4% and 7.6% for mean Sh, local Sh and 0,, respec-
tively.

4.2. Flow patterns

Fig. 11 gives an overview of the flow velocity vectors
in the cell. The streamlines in a cross-section at ¢ = 90°
are shown in Fig. 12. The flow inside the FLEC cell can
be analyzed in three distinct regions: the impingement

Fig. 11. Three-dimensional velocity vectors in the cell for V' =
509 ml/min.

Fig. 12. Streamlines representation in a cross-section (¢p = 90 °)
for V = 509 ml/min.

region (A), where the flow extends from the inlet to the
bottom surface and changes from axial to radial due to
the presence of the bottom surface; the radial flow re-
gion (B), where the air flows inwardly on the emission
surface and exchanges moisture with it; and the exhaust
region (C), where the air changes direction from radial
to axial and is exhausted at the center of the cell.

4.2.1. Impingement region

The bottom surface imposes a shift in the air flow
direction. The fluid decelerates in the axial direction,
losing kinetic energy that is converted into pressure en-
ergy. The deceleration starts at the inlet exit and inten-
sifies on approaching the lower surface. The increased
pressure is then primarily transformed into the radial
momentum of the fluid, while some of it is transformed
into flows to other directions. Due to the confinement of
the cell walls and the small spacing between the cap and
the lower surface, two vortices on both sides of the axis
of the air inlet are generated. In other words, in the
impingement region and in the vicinity of the inlet, the
fluid is occupied by axisymmetric recirculating regions.
The rotation axes of the rolls are perpendicular to the
inlet flow direction. The recirculating zones diminish
with increased angles from the air inlet. Reflecting this
fact are the velocity vectors in the symmetry cross-
section (¢ = 90°/180°), as shown in Fig. 13. In this
symmetry plane, the distance to the inlet is so long that
no rolls are generated. As a consequence, no vortices can
be observed in this figure.

4.2.2. Radial flow region

The flow is distributed radially in the space between
the bottom surface and the cap. The FLEC is designed
so that the radial-flow cross-section area is invariant
with radial location in this region. Therefore, the bulk
velocity changes little along the radius. However, the
local velocity at the same altitude changes due to dif-
ferent duct heights. The streamlines and the local ve-

Fig. 13. Velocity vectors in the symmetry cross-section (¢ =
0°/180°) for ¥ = 509 ml/min, amplified in the z direction.
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1.92cm/s
1.89cm/s
0.91cm/s

Fig. 14. Streamlines and constant radial velocity profiles in a
horizontal cross-section at half the spacing. Lines with arrows
are streamlines.

locity contours in a horizontal cross-section at half the
spacing are plotted in Fig. 14. When the air low rate is
below 1000 ml/min, the mean radial velocity above the
emission surface is relatively uniform. It does not vary
much with regard to angle and radial locations. How-
ever, when the air flow rate is further increased, the flow
near the air inlet (in the area of ¢ = 60-120°) becomes
demonstrably higher than at other positions. This is
obviously the influence of the air inlet.

4.2.3. Exhaust region

The air flows from radial to axial locations and is
exhausted in the center. In this region, the radial air
velocity is very small, and the resulting mass transfer
between the air and the emission surface is negligible.

4.3. Humidity profiles

Due to the small spacing between the cap and the
bottom surface, the air will become saturated as it flows
along the FLEC radius if the air flow rates are below
1000 ml/min. To see the humidity profiles more clearly,
the humidity contours for a larger air flow rate, namely,
2500 ml/min, are discussed. The calculated humidity
distribution in a horizontal plate at half the spacing is
plotted in Fig. 15. The humidity contours in a vertical
cross-section at ¢ = 90° are plotted in Fig. 16. The lines
in the figures are constant humidity ratio lines. For this
case, the inlet temperature and humidity conditions are
23.4 °C and 0.0035 kg/kg, respectively. This figure shows
that steep humidity gradients exist in the entry region on

Fig. 15. Humidity profiles in a horizontal cross-section at
z=0.5 mm for ¥ =5 l/min.

- 0.0035
~—

0 \m;g////‘/é_///o “2}.5,/

0.0210=0,0210=00.0;

—

Fig. 16. Humidity profiles in a cross-section (¢ =90°) for
V' =5 l/min.

the emission surface. When the radius decreases, hu-
midity gradients decrease drastically. This proves that
the convective mass transfer coefficient has the largest
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value at the beginning of the flow and decreases with the
flow’s progress. Vertically, humidity gradients are very
steep near the emission surface. In addition, under such
a flow rate, the air inlet will seriously influence the
uniformities of the velocity and humidity fields. As can
be seen, unlike the contours under small flow rates, the
contours here are not shaped in concentric circles, but in
irregular curves.

5. Conclusions

In this study, the fluid flow and convective mass
transfer coefficients are experimentally and numerically
investigated. Three correlations are summarized to cal-
culate the mean Sh, local Sh and dimensionless bulk
humidity along the chamber radius. For air flow rates
below 1000 ml/min, the influences of the inlet on velocity
distribution on the emission surface is negligible. The
velocity and humidity distributions are uniform and the
local mass transfer coefficients are only functions of
radial locations. For larger air flow rates, the influences
of the inlet on the velocity and humidity fields becomes
substantial. Overall, the local mass transfer coefficients
are very large in the entrance region, and they decrease
as the radius decreases, asymptotically approaching zero
at the center of the FLEC. The flow inside the FLEC cell
can be analyzed in three distinct regions: the impinge-
ment region, the radial flow region, and the exhaust
region. The flow in the impingement region is rather
complex: around the axis of the inlet, the flow is occu-
pied by axisymmetric recirculating regions. The rotation
axes of the rolls are perpendicular to the axis of the inlet.
The flow in the other two regions is relatively simple.
Under current design airflow conditions, the air becomes
nearly saturated shortly after it begins to flow on the
emission surface, due to the small spacing between the
cap and the bottom surface.
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