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ABSTRACT

The study carried out laboratory measurements with a full-scale timber frame structure to determine penetration
of inert particles with size distribution from 0.6 to 4 um and spores of Penicillium and Cladosporium through the
structure. Pressure difference over and air leakage through the structure were varied. M easurements at moderate
pressure differences resulted in the penetration factors within the range of 0.05 to 0.2 for inert particles, and
indicated also the penetration of fungal spores through the structure. The measurements showed that the
penetration was highly dependent on pressure difference over the structure but not on holesin surface boards of
the structure. The results show that surface contacts between the frames and mineral wool may have a significant
effect on penetration. The penetration was approximately constant within particle size rage of 0.6-2.5 um, but
particles with diameter of 4.0 pm did not penetrate through the structure at all even at a higher-pressure
difference of 20 Pa, except in the case of direct flow-path through the structure. Results have important
consequences for practical design showing that penetration of fungal spores through the building envelopeis
difficult to prevent by sealing. The only effective way to prevent penetration seems to be balancing or
pressurizing the building. In cold climates, moisture condensation risk should be taken into account if pressure is
higher indoors than outdoors. Determined penetration factors were highly dependent on the pressure difference.
Mechanical exhaust ventilation needs a special consideration as de-pressurizing the building may cause health
risk if there is hazardous contamination in the building envelope exists.

PRACTICAL IMPLICATIONS

Measurements at moderate pressure differences allowed determining penetration factors within the range of 0.05
to 0.2 for inert particlesin a size range of 0.6-2.5 um and indicative results with fungal spores confirmed the
penetration through the wooden floor structure. Both measurements showed that the penetration was highly
dependent on pressure difference and not dependent on holes in surface boards of the structure. The results are
likely to show that surface contacts of mineral wool with other building elements may have an important role on
the penetration.
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INTRODUCTION

Moisture accumulation into building structures or material may lead to microbial growth on materials,
subsequent microbial emissions and other contamination of buildings. In epidemiological population studies,

moi sture damage and microbial growth in buildings have been associated with a number of health effects
including respiratory symptoms and diseases and other symptoms (Hyvérinen 2002, Nevalainen et al. 1998, Peat
et al. 1998, Verhoeff and Burge 1997). The health effects associated with moisture damage and microbial growth
seem to be consistent in different climates and geographical regions (Ellringer et al. 2000, Hunter et a.1988, Li
and Kuo 1994, Nevalainen et al. 1991).

This study focused on transport of inert particles and fungal spores through a building structure to indoor.
Microbiologically clean buildings probably do not exist as some contamination in the structures build up already
during the construction phase. In the case of moisture damages, even after repairs, significant amount of
contaminated materials can remain in structures (Nguyen Thi et a. 2000). Therefore, potentia transport of
pollutants from and through structures has a great importance in respect of design and construction of buildings.
It isimportant to know which factors affect release and penetration of pollutants and possible measures, such as
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sealing and pressurizing, to avoid it. This study used alaboratory setup with a common building structure having
high concentration of particlesin one side to study the penetration of particles. Particle type, air leakage and
pressure difference were varied.

A structure similar to wooden floor used in connection with crawl space foundation was sel ected to the study.
Thelevel of fungal sporesin the crawl space might be several orders of magnitude greater than indoors. In the
contaminated crawl spaces, the spore densities may be in arange of 10%10° colony-forming units per gram
(cfu/g) of material of wood-based boards and on timber. Under heavy fungal colonization, airborne spore
concentrations were up to 10°-10* cfu/m® (Kurnitski and Pasanen 2000, Pasanen et al. 2001).

Residential buildings often have mechanical exhaust ventilation where intake air comes through inlets and

cracks,[Figure 3. In cold climates, inlets may cause draft in winter and consequently are often closed resulting in
higher under-pressure indoors and increased infiltration through cracks.
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Figure 1 Possible flow paths in an apartment building with mechanical exhaust ventilation and crawl space

Typical indoor under-pressures with mechanical exhaust ventilation are within the range of 5—-20 Pa. A field
study (Kurnitski 2000) showed high air flow rates through leaks in the floor to the apartment at the pressure
difference of around 6 or 15 Pa depending on the speed of exhaust fan. Field measurements (Airaksinen et al.
2003, Mattson et al. 2002) have shown evidence of fungal spores transported from crawl space to indoors. In a
review (Hyvérinen 2002), concentrations of viable fungi varied in the indoor air of residental buildings between
10-100 000 cfu/m®, with typical range between 10010 000 cfu/m®. Lower levels were reported in winter in cold
climate (Reponen et al. 1991) but also in subtropical climate (Kuo and Li 1994).

Moisture and mold problems in buildings are associated with health effects of both adults and children
occupying these buildings (Peat et al. 1998, Verhoeff and Burge 1997). However, it is not only the moisture and
microbes which are causing problems, but also the exposure to fine particles. According to recent research,
particles causing health effects are of the size of PM 2.5 (Katsouyanni et al. 2001, Samet et al. 2000). It is till
unclear what is causing the health effects of particles, but it seems that the type of the particles has somerole.
According to studies (Laden et al. 2000, Tiittanen et al. 1999), the dust of sand is not as harmful asthe same size
of particles originating from fuels. About 70-90% of viable fungi in indoor air have been estimated to be in the
respirable size fraction (<4.7 pm) (DeKoster and Thorne 1995, Li and Kuo 1994). The median aerodynamic
diameter istypically 2-3 um for fungi in the indoor air (Macher et al. 1991, Reponen 1995), also the highest
concentrations of airborne viable fungi are usually in the size range of 1-3 pm.

Many studies have been done to estimate the penetration of particles through cracks. Vette et al. (2001) report
penetration factors 0.5-0.8 for particlesin a size range of 0.5-2.5 um. Mosley et al. (2001) have found that at a
pressure of 5 Pa40% of 2 um particles and <1% of 5 um particles penetrate through horizontal dlits of height
0.508 mm. In a study (Liu and Nazaroff 2001) particles of 0.1-1.0 um are predicted to have the highest
penetration efficiency, nearly unity for crack heights of 0.25 mm or larger at pressure difference of =4 Pa. These
results are important since the peak of the size distribution of fungal sporesis often between 1-3 um being very



suitable for penetration. However, there is only alimited number of studies about structures typically used in
buildings. Liu and Nazaroff (2001) predict by a simulation model that penetration through mineral wool
insulation is negligible. In reality, the mineral wool insulation is seldom perfectly installed, and timber frame
structures are in respect of particle transport a combination of cracks, surface contacts and mineral wool.

METHODS

Ventilation rate of a building affects indoor particle concentrations, and as the fluxes from indoor to outdoor and
outdoor to indoor are typically different, indoor air might become contaminated from other sources than
outdoors, such as sources from crawl space or from contaminated building materials. Indoor concentrations are
reduced by deposition and increased by re-emission of deposited material. The amount of deposited material
depends e.g. on deposition rate, re-emission rate and the cleaning frequency. The experiments in laboratory were
designed to ssmulate the entry of particles through building envelopes when all the windows and doors are
closed. To measure the particle penetration a full-scale floor structure was built in the laboratory. The floor was
|ocated between two chambers corresponding to indoors crawl space. Inert particles and in the second part of the
measurements fungal spores were generated to the crawl space chamber. Concentrations of particles/fungal
spores were measured and as the air flow through the structure was measured the penetration could be defined.

Penetration factor
In this study the penetration factors for inert particles were calculated from the mathematical model given by
Kulmala et al. (1999)
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where V isthe volume of the room (m°), C, the particle concentration in CH1 (m®), t time (s), s penetration

factor from CH2 to CH1 (-), V2 air flow from CH2 to CH1 (m°s?), Vl air flow from CH1 to outdoors (m’s™),

C, the particle concentration in the CH2 (m™®), a deposition rate (s*), re re-emission rate (m's™), B particle
surface accumulation on indoor surfaces (m@), Q sink or source of particles indoors (s*). The deposition rate was
calculated from

a=yvy ﬁ 2
\Y
where v isthe deposition velocity (ms?), and A the total indoor surface areaincluding furniture etc. (m?).

Particle surface accumulation on indoor surfaces was calculated from

dB

—=(ald —reEB)E)\L (3)
dt A

Since the measurements were done in the test chambers, the re-emission rate was assumed to be zero.

In recent studies of buildings or room-sized chambers, the reported deposition velocities had a wide range (Lai
2002). Thus, there is considerable uncertainty in the typical values of deposition velocities for buildings. In this
study the deposition velocity used was adapted from results reported in Xu et al. (1994), Thatcher et al. (2002),
and is extrapolated with theoretical predictions of Lai and Nazaroff (2000), the same deposition velocity is used
alsoin Fisk et a. (2002). Deposition velocity, Equation (4), used here is based on a combination of measured
data from full size rooms and extrapolations consistent with theoretical predictions, and it isvalid for particle
diameters between 0.3 — 8 um,

v, =300 ffd,, 10°f** -1010°° (4
where d, is the diameter of the particle (um).
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Figure 2 Average deposition velocities measured in several studies, and the deposition velocity used in this
study. The deposition velocity of the theoretical model of Benes and Holub (1996) is a function of surface-volume-ratio,
Brownian diffusion coefficient, thickness of boundary layer and parameters k. to characterize the magnitude of turbulent flow
and parameter n to capture the effect of transverse distance from a surface. Originally the model did not include the
gravitational sedimentation factor, thus, it is accurate only for small particles. However, a simple sedimentation term is added
to their model by Nomura et al. (1997), which extended the size range of particlesin micrometer size range. The used
parameter values, derived by Nomuraet al. (1997) were: k= 1.66 s*, n=2.6. The other theoretical model by Lai and Nazaroff
(2000), aso takes into account Brownian diffusivity, surface and volume areas, particle diameter and kinematic viscosity, but
the describing parameter in the equation of deposition velocity isfriction velocity u*. The used friction velocity hereis

1 cm/s. According to Lai and Nazaroff (2000) their model agrees with Crump And Seinfield (1981) model with parameters
n=2.94 and k.= 0.0305 cm®*s™X, when friction velocity 1 cm/s s used.

Since the penetration factor is strongly dependent on deposition velocities the factors were a so calculated for the
highest and |owest measured val ues presented in recent studies, Since most of the referred studies
reported deposition loss time, only Fogh et al. (1997) reported deposition velocity, the resultsi and
were transformed to average deposition velocity. |f the measured particle sizein other studies was
different from the size used in this study, the deposition velocities were extrapolated to the particle size used in
this study. The results from Nomura et al. (1997), Cheng (1997) and Vette et al. (2001) are clearly higher than
those from the others. In studies by Cheng (1997) and Nomura et al. (1997) the chambers were smaller than
room size, and thus, they were excluded. In Vette et a. (2001) a single detached residence was measured and the
measured results were clearly higher at particle sizes >0.6 um than the calculated with model suggesting an
additional sink. Also this study was excluded as it most probably overestimates the deposition velocity in
|aboratory conditions.

Table 1l The highest and lowest average deposition velocities used in calculations.

Particle size (um) L owest deposition velocity (m/s) | Highest deposition velocity (m/s)
0.6 5.6 E-6 " 32E-5C
1.3 1.1E5C 55E-5"
2.5 41E5% 17E-4¢
4.0 48E-5¢ 34E-4©
! Mosley et al. 2001 ZLai et al. 2002 % Cheng 1997
“ Fogh et al. 1997 ® Thatcher et al. 2002



The air flow to chamber 2 (CH2) and from chamber 1 (CH1) were defined by measuring air flow velocities. The
penetration factor for inert particles was cal culated from the values when both chambers had reached steady
state.

For Penicillium and Cladosporium it was not possible to achieve steady state concentrations with equipment
used and, therefore, the penetration factor was estimated as a percentage of the particles penetrated through the
structure.

St g = gl 100 (5)

2

Chamber description

To measure the particle penetration, a full-scale floor structure with dimensions of 2.2 by 2.2 m was built in the
laboratory. The floor was located between two chambers; CH1 corresponds to indoors and CH2 to crawl space
as shown in[Figure 3. Asthe gravitational force has minor importance for small particles, the floor was turned
90° for practical reasons. The air was exhausted only from CH1 forcing the flow through the floor. To control
the pressure difference between chambers a supply airflow rate to CH1 was controlled. The supply air to CH2
was filtered by using HEPA filter (high efficiency particulate air), and it flowed through a diffuser to ensure that
the supply air is fully mixed in CH2. To ensure that the particles were fully mixed in the air of CH2 the
concentration of particles was measured at three different heights (70 cm, 110 cm and 190 cm from the bottom
of CH2). Air flow to CH2 was measured by using air velocity measurements and the exhaust from CH1 was
measured with air duct measuring ring. The supply to CH1, which was mainly zero, was measured with the
measuring ring. The pressure difference was measured by differential pressure transmitters, Furness Controls
FCO 44 + 50 Pa, continuously in 60 seconds interval between chamber 1 and laboratory hall, and between
chamber 2 and laboratory hall, and the pressure difference between chambers were cal culated from measured
results.
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Figure 3 Chamber 1 and 2, and the placements of sampling probes.

Four different variations of a wooden floor structure were studied. The floor had 20 cm mineral wool insulation
(rock wool with volume weight of 30 kg m®), 22 mm chipboard in the indoor chamber side and 13 mm porous
fibreboard in CH2 side.Thejoi nts between boards were installed as tight as possible, and the joints



between wooden base floor and chamber walls were well sealed with Sikaflex-221 polyurethane-based adhesive-
sealant (Sika AG, Bar, Switzerland). Air leakage of the wooden floor was measured according to EN 13829
(2000) at 50 Pa under pressure. The measured air leakage values varied with different penetrations as shown in
[Table J The shown air leakage in[Table J illustrates a leakage of atypical apartment (10x10x2.5 m’), i.e. the
whole envel ope of the apartment is assumed to be as air tight as the floor structure measured in laboratory. For
residential and apartment buildings, often an air leakage value of 1-2 ach is considered as a air tight building
(Persily 1998).
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Figure 4 The construction of the floor (dimensions in mm)
Table 2 Studied floor structures
Floor Description Air leakage
mh,m? ach?
No penetrations No penetrations nor holesin the floor 0.88 1.0
Capped @15 mm 15 mm copper pipe penetrating the floor, to simulate 0.83 1.0
pipe that the sealing of the construction was not madein
accordance with the best practice. Copper pipe itself
capped, thus no particle could flow through pipe.
@10 mm holesin the | four 10 mm holes both in the fibreboard and 1.16 14
surfaces? chipboard at opposite locations to each other. The
holes only in the boards, mineral wool insulation
stayed untouched
@13 mm holesin the | three 13 mm holes both in the fibreboard and 2.03 2.4
surfaces” chipboard at opposite locations to each other. The
holes only in the boards, mineral wool insulation
stayed untouched
Open @15 mm pipe | 15 mm copper pipe was open, i.e. the air in CH2 1.19 14
could flow through the pipe to CH1

D air leakage value air change per hour isan illustrive air leakage value of the whole apartment which is
calculated by considering an apartment with dimensions 10x10x2.5 m® and the same leakage area as in the floor
for all surfaces.

2 The structure is used only in the case of inert particles

% The structure is used only in the case of Penicillium and Cladosporium

Inert particles

In the laboratory measurements six different sizes (0.6 um, 1.3 um, 2.5 um, 4 um, 7 um and 15 pum) of inert
monodisperse latex (polystyrene) particles produced by Duke Scientific Corporation were generated to the CH2.
The particles were mixed to ionised water solution (0.6 um 1:1000, 1.3 um 1:50, 2.5 um 1:50, 4 um 1:20, 7 um
1:7, and 15 pm 1:7) and they were atomised in TSI model 3076 atomiser (TSI Gmbh, Aachen, Germany), after
which the solution was dried by silica crystals and the electrical charge was neutralized by el ectrostatic charge
neutralizer (TSI model 3012), . The pressured air from the net was cleaned and dried before the
atomiser. The particle supply flow to the supply air channel of the CH2 was 3 L/min.
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Figure 5 The particle generator system

The pressure difference between the chambers was either around 6 Pa or 20 Pa. The concentration of particles
was measured continuoudly by using optical particle counter (Climet L1 500, Climet Instrument Company,
Redlands, CA, USA) in both chambers. The size ranges of the optical particle counter were 0.3-0.5, 0.5-1.0, 1-5,
5-10, 10-25, and =25 pm. The pressure differences between CH1, CH2 and laboratory hall were measured, and
the air flow to CH2 and air flow from CH1 were logged in intervals of one minute.

Background particle concentration and size distributions before the tests were measured inside the test chambers
and the surrounding laboratory hall to ensure that the initial levels were low enough to start the tests, [Figure 6
(left). The monodispersion of the supplied particlesis shown i (right).
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Figure 6 Initia size distribution of particles before particle supply (left) and monodispersion of the particle
supply (right)



In the measurements, the uniform particle supply was continued until the concentrations of particlesin both
chambers reached the steady state. Then the penetration factor was calculated from the steady state values using
Equation 1. The steady state size distributions in both test chambers are shown in[Figure 7] thus, the particles
supplied may be easily identified. Since the preliminary tests showed good repeatability, the tests were repeated
only when the structure was changed.
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Figure 7 The size distribution of particles before particle supply and in the steady state

Penicillium and Cladosporium

Spores of Penicillium crustosum and Cladosporium spaerospermum were supplied to CH2 by using circulating
air, thus, the supply of fungal spores did not affect the air change rate of CH2. The fungi grew on a malt extract
agar moulded on the half circle inside a glass tube. The fungal spores were released from the glass tube with an
air speed of 7 m/s. A thin plastic string was used to ease the release of fungal spores from the glass tube. Fungal
spores were released through all the measuring time, but as fromcan be seen the rel ease was strongest
during the first 30 minutes. A new cultivated tube was used as a source fungal spores for each measurement. The
pressure differences between the chambers were 6 Paand 18 Pa.

The concentrations of airborne fungal spores were measured in both chambers by using six-stage cascade
Andersen impactors (Andersen Samplers, Inc. 1979); and three samples were taken from both chambers. In CH2,
the first sample was taken 15 min after the supply of particles was started, the second sample was taken 30 min
after the first sample and at that time also the first sample from CH1 was taken. The following samples were
taken in 30 min intervals. The fungal spores were collected on 2% malt extract agar (MEA). The sampling times
are shown in[Table 3. The incubation time of the samples was five to seven days at 25°C. The number of the
counted colonies on the were corrected according to Andersen (1958). The concentration of particles was also
measured continuously by using optical particle counter in both chambers. The sampling time for optical particle
counter was one minute.

Table 3 Sampling times of different measuring cases

Microbe Floor Pressure, Chamber 2 Chamber 1
(Pa) samples samples
Penicillium @13 mm holes in the surfaces 18 3x5min 3x 10 min
No penetrations 18 3x1min 3x5min
No penetrations 6 3x1min 3x5min
@13 mm holesin the surfaces 6 3x1min 3x5min
Cladosporium | @13 mm holesin the surfaces 6 3x1min 3x5min
@13 mm holesin the surfaces 18 3x1min 3x5min
No penetrations 18 2x30s,1x1min 3x1min
No penetrations 6 2x30s,1x1min 3x1min




It was not possible to achieve steady state concentrations with the equipment used. Unstable supply caused at
first high concentration peak, then supply rate decreased and concentration curves look decaying, although the
supply was all the time on. The first samples from CH1 and CH2 were both taken near the maximum
concentration. The behaviour was similar with alower pressure difference of 6 Pa. Both with Penicillium and
Cladosporium the highest numbers of fungal spores were found within the size range of 1 — 5 um by optical
particle counti ng. Spores of Penicillium seem to agglomerate as the number of sizes between 5 —

10 um was a so elevated after supply of fungal spores. The measurements with fungal spores were not repeated.

Penicillium, No penetrations, 18 Pa, 1-5 pm
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Figure 8 Particle concentrations and the timing of samples for the structure with no penetrations at pressure
difference of 18 Pa
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Figure 9 Size distributionsin Penicillium (left) and Cladosporium (right) tests before and after the supply of
fungal spores by optical particle counting for the structure with no penetrations at pressure difference of 18 Pa

RESULTS

Penetration through a structure to indoor was first measured with inert particles whose supply, monodispersion
and concentrations were relatively easy to control. Constant supply rate led to steady state concentrations on both
sides of the studied structure and, thus, penetration factors were possible to derive at different air leakage rates



and pressure differences. In the case of fungal spores, steady state conditions were not achieved and results only
indicate the fact that there occurred penetration.

Inert particles

The penetration factor 5 was calculated from Equation (1); penetration from the laboratory hall was assumed to
be zero, since the chambers were well sealed. The results in[Figure 10| show that there are very small differences
in respect of the air flow paths of the first three cases for particles of 0.6, 1.3 and 2.5 pm. Smaller particles show
only dlightly higher penetration factor. Thisindicates that holesin the surface boards of the structure (which
increase air leakage only from 1 to 1.4 ach) do not affect penetration of these particles. The material layer
unchanged in these cases, mineral wool and probably especialy its surface contacts, is likely to dominate the
penetration of these particles. The penetration factor O for 4 um seems to conform the importance of mineral
wool layer (and itsinstallation) for particles. For 4 um particles mineral wool aready acts as a perfect filter. The
last case with an open pipe through the structure shows completely different performance with much higher
penetration factors for all particles. All the results i stress the effect of pressure difference over the
structure. Higher pressure difference leads to significantly higher penetration factors for al the structures and
particles studied.

As aready mentioned, the deposition velocity has a significant effect on the estimation of the penetration factor.
In[Figure 10]the error bars for the penetration factors were cal culated from the lowest and highest deposition
velocities from recent studies, shown in . The difference between the minimum or maximum value and
the value used in this study depending on deposition velocity might be as high as 48% (2.5 um). However, the
difference in the value of penetration factor was only 0.01-0.08 depending on the case, except in the case of open
pipe at particles 1.3 pm.
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Figure 10 Penetration factors calculated with different deposition velocities

Penicillium and Cladosporium

Penetration of fungal spores was also estimated from the results of the optical particle counter. Since the
chambers did not reach a steady state and only the range of the particle diameter was known, the penetration rate
was estimated as a percentage of the particles penetrated through the structure, Eq. (5). These percentages are
compared to the results of inert particlesin[Table 4. The results show the same tendency as in the case of inert
particles: the penetration rate is strongly dependent on pressure difference, but holes in the surface boards have
only minor effect on penetration.
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Table 4 Percentage of the spores penetrated through the structure measured with the optical particle counter
compared to the results of inert particles

Floor Pressure Inert Inert Penicillium Cladosporium
1.3 mm 2.5 mm 1.0-5.0 mm 1.0-5.0mm
No penetrations high* 3.20 1.60 0.79 1.16
low** 1.00 0.70 0.17 0.42
@13 mm holesin the surfaces high* 0.70 0.63
low** 0.21 0.31

* high pressure 20 Pafor inert particles and 18 Pafor fungal spores
** |ow pressure 6 Pafor both inert particles and fungal spores

Most of the spores of Penicillium were impacted at stage 4 of the Andersen impactor corresponding mean
geometric diameter of 2.6 um. Spores of Cladosporium were mainly impacted at stages 4 and 5 corresponding
mean geometric diameters of 2.6 um and 1.4 um.

During the test of Cladosporium, which was carried out 21 hours after the test of Penicillium, the spores of
Penicillium were still detected. According to optical particle counter, the levels of particles were low, but spores
of Penicilliumwere still detected with Andersen impactor in all measurements with Cladosporium. Supplying
the spores was problematic causing too high concentrations in CH2, resulting with all samples from CH2
overcrowded after cultivation of impactor plates. Thus, the results shown in are only indicative estimates
and the real values may be lower due to higher concentrations in CH2 than was possible to measure with the
impactor. The penetration rates calculated in percentages show again a strong dependency of pressure difference.
In chamber 1 (indoor) the results between optical particle counter and Andersen impactor correlated well,
correlation factor 0.93. However, for the chamber 2 the correlation factor was only 0.60, which was due to
overcrowded results with Andersen impactor in chamber 2.

Table 5 Penetration of spores (%) of Penicillium and Cladosporium from CH1 to CH2 detected with Andersen
impactors

Floor Pressure Supply of Penicillium Supply of Cladosporium
Detected Detected Detected
(Pa) Penicillium Cladosporium Penicillium

No penetrations 18 5.64 24.08 1.10

6 1.44 5.32 0.20
@13 mm holesin the surfaces 18 - 49.81 1.17

6 2.99 2.04 2.80

DISCUSSION

The eguation of penetration factor (1) appliesfor inert particles. A possible source of uncertainty in inert particle
calculation is the assumption that the penetration through all other parts of CH1, except the studied structure, is
zero. Thiswas avoided by careful tightening of CH1. The estimation of penetration of fungal sporesis more
complicated since they can agglomerate and some of them may stick on the surfaces. Furthermore, the shape of
microbesis not always spherical. As the measured results were indicative for fungal spores (steady state was not
achieved), more detailed analyses should be carried out in further studies.

Another potential source of error relates to the assumption that the air in the chambersis well mixed. The
concentrations in CH2 were measured in three different heights to check the mixing. The concentration of CH1
(indoor) was measured near the exhaust point. The error due to the possible lack of complete mixing was most
probably minor since the measurements were well repeatable.

Estimation of the penetration factor with the described method is strongly dependent on deposition velocity. In
this study, the used deposition velocity was a combination of measurements and theoretical assumption from
studies (Xu et al. 1994, Thatcher et al. 2002, Lai and Nazaroff 2000). The penetration factor was also cal culated
with other deposition velocities measured in similar chambers. Recent studies on particle deposition to indoor
surfaces make it clear that the deposition rate varies broadly across conditions. Particle size is undoubtedly
important. However, other factors can also influence the deposition rate significantly including interior
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furnishing (quantity and type of the surface) and the indoor air movement. According to Thatcher et al. (2002)
the air movement from zero to 0.142 m/s (which isatypical air velocity indoors) increased the deposition rate by
15% for 1 um particles and by 24% for 1.9 um particles. Furnishing had a great impact deposition rate;
deposition rate increased over 100% for 1 um particles at air velocity 0.054 m/s and 78% for 2.5 um if the empty
room was furnished (Thatcher et al. 2002). The highest deposition rates had been reported mainly from field
settings (Abt et a. 2000, Long et a. 2001, Vette et al. 2001), where the control of experimental settingsis
limited. Even in the best conditions it is difficult to isolate deposition from the many competing factors that can
influence airborne particle concentrations. Although the penetration factor estimated in this study varied alot
depending on the deposition velocity it still clearly stated the fact that the penetration occurred even at lower
pressure difference and that the penetration was highly dependent on the pressure difference.

In recent studies (Liu and Nazaroff 2001, Mosley et al. 2001, Vette et al. 2001), penetration factors of particles
within range of 0.5-2.5 pum have been between 0.5 and 1 depending on the dimensions of studied cracks. These
results cover the size distribution of fungal spores; and the peak of spores of 1-2 um seemsto be very capable for
penetration if the crack height is higher than 0.1 mm (Liu and Nazaroff 2003). Liu and Nazaroff (2001) have
estimated that the penetration through mineral wool insulation is negligible. In our study mineral wool was
inside the structure, and as the results showed penetration occurred, since the installation of mineral wool is
seldom perfect allowing some routes for particles. Current study shows that penetration through the tested real
structure took place. The penetration factors determined are significantly different than in former studies
indicating that surface contacts of mineral wool and other building elements are likely to have important effect
on the penetration. The importance of surface contacts seems to be confirmed by tests; e.g. for 1.3 um particles
the penetration factor at 20 Pawas 0.19 when the boards didn’'t have any penetration and 0.15 when the four

10 mm holes on the surfaces were open, when the pressure was decreased to 6 Pa the penetration factors were
0.08 and 0.03 respectively. Thus, the holes on the surface boards did not have any effect on the measured
penetration of particles but probably the small leakage routes between surface contacts of mineral wool and other
building elements.

The results of the study address an important question for design and construction of buildings because
determined penetration factors of 0.05 to 0.2 will cause high concentrations already at moderate pressure
difference. It seems that penetration of fungal sporesis difficult to control by sealing and by controlling the air
tightness of the building envelope. The only effective way to avoid penetration is pressurizing the building. This
study showed significant difference between 6 and 20 Pa under-pressure, and it is obvious that pressurization
will prevent the penetration. In hot climates, in buildings equipped with air conditioning pressurization is often
used for avoiding moisture convection and condensation in structures. These buildings are probably
microbiologically safe as air flow through structures is possible only for very short time during wind pressure
peaks. In cold climates, the situation is completely different due to reverse direction of moisture flow — here
pressurization may cause condensation in structures. Thus, balanced ventilation is recommendable in cold
climates for decreasing the risk of penetration, and if buildings are pressurized it should be taken into account in
designing structures.

CONCLUSION

This study carried out particle transport measurements for full-scale timber frame structure similar to a wooden
floor. Measurements at moderate pressure differences allowed determining penetration factors within the range
of 0.05 to 0.2 for inert particles and indicative results with fungal spores confirmed the penetration through the
structure. Both measurements showed that the penetration was highly dependent on pressure difference and not
dependent on holes in surface boards of the structure. The results are likely to show that surface contacts of
mineral wool with other building elements may have an important role on the penetration.

The penetration was roughly the same within particle size range of 0.6-2.5 um, but particles = 4.0 um did not
penetrate at all even at higher-pressure difference of 20 Pa. Direct flow-path through 15 mm pipe caused the
penetration of 4.0 um particles and increased penetration factor of smaller particles up to 1.0.

Results have important consequences for practical design showing that penetration of fungal sporesisdifficult to
control by sealing the building envelope. Because the holes in the surface boards didn’t effect on the measured
penetration factors, the only effective way to avoid penetration seems to be balancing or even pressurizing the
building. However, in cold climates moisture condensation risk should be taken into account. Determined
penetration factors were highly dependent on pressure difference. This indicate mechanical exhaust ventilation
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causing under pressure in the building may cause health risk if there exists some contamination in the building
envelope.
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