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Abstract 
This thesis describes hygrothermal microclimate on interior surfaces of the building 
envelope. Moisture plays a significant role in the development of many processes that 
are harmful to both the indoor air quality and the building envelope. So the thesis 
topic was to obtain fundamental understanding of the moisture transfer between 
indoor air and building materials with special focus on the rate of moisture transfer. 
The purpose of the project was to establish a model that can predict the hygrothermal 
microclimate on the interior surfaces of the building envelope and to perform mea-
surements that reveal the influence of airflows in rooms. Both modelling and expe-
rimental work have been based on a selected case study of a piece of furniture placed 
near a poorly insulated external wall, which represents a hygrothermal microclimate.  
 
The report includes: a numerical model with a method to embrace moisture transport 
in rooms, both in air and constructions, by a Computational Fluid Dynamics (CFD) 
approach, literature survey on humidity impacts on indoor air quality and moisture 
buffering, and investigations of moisture surface resistances and the influence of 
furniture on airflows near wall surfaces. 
 
The numerical model is an extension of an existing CFD model. Normally, solids in 
CFD models are impervious to moisture transport and hence an approach of using 
immobile fluids as walls has been developed. The advantage of this approach is that 
vapour diffusion is already included so merely a transport across the boundary 
between the wall and the room air must be programmed. A macro-modelling 
approach that neglects surface resistance was used. The results seem reasonable but 
need further validation. 
To gain further knowledge about the moisture surface resistances, these were 
investigated by sorption experiments based on an inverted dry cup method. The study 
was extended with numerical CFD simulations to reveal the surface heat transfer 
coefficients and airflow patterns. Furthermore the experiments lead to development of 
a Petri dish cup method for field measurements of surface resistances. The results 
showed that it is possible to determine the moisture surface resistance by the inverted 
dry cup method, but the measured resistances were smaller than theoretically 
estimated, but higher than values estimated from the CFD simulation. The measured 
and simulated results show the same pattern. The Petri dish experiments are 
promising but need further development and testing.  
The experimental work was further extended to include 2D Particle Image 
Velocimetry (PIV) measurements on the case study. The purpose of the measurements 
was to investigate the influence of different furniture positions. It was anticipated that 
the furniture would limit the airflow in the air gap between the furniture and the 
external wall. Even the lowest measured maximum velocity is high enough to cause 
draught, if it is experienced by people, so the airflow is not negligible. The results 
showed that elevation of the furniture by legs will increase the airflow behind the 
furniture and the flow rate will be even higher if the distance between the wall and the 
furniture is increased. Numerical simulation of the measured cases replicated the 
results for a 50 mm gap but lower velocities were predicted for a 25 mm air gap. 
 
Keywords: Boundary conditions, PIV measurements, CFD simulation, surface 
resistances, moisture modelling, natural convection, airflow velocity. 
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Resumé 
Denne afhandling beskriver hygrotermisk mikroklima på indvendige overflader af 
klimaskærmen. Fugt er en af de hyppigste årsager til skader på bygninger, og fugt i 
luften påvirker luftkvaliteten i bygninger. Hovedemnet i projektet har derfor været at 
skaffe ny viden om mekanismerne bag fugttransporten i mikroklimaer på indvendige 
overflader i rum med særlig fokus på den transporterede fugtmængde. Formålet med 
projektet er at opstille en model, der kan forudbestemme de hygrotermiske mikro-
klimaer på den indvendige side af klimaskærmen. Dette arbejde skal kombineres med 
eksperimentelle undersøgelser af luftstrømninger i rum og deres indflydelse på fugt-
transporten. Både det eksperimentelle arbejde og den numeriske modellering tager 
udgangspunkt i udvalgt case study, som repræsenterer et hygrotermisk mikroklima. 
Det valgte case study udgøres af et skab placeret foran en dårlig isoleret ydervæg. 
 
Afhandlingen indeholder; en numerisk model som kan regne detaljeret på 
fugtforholdene i såvel rumluften som i de omgivende konstruktioner ved brug af en 
CFD (Computational Fluid Dynamics) model, en litteratur gennemgang af fugts 
betydning for luftkvaliteten, fugtbuffervirkning af materialer, og undersøgelse af 
fugtovergangsmodstande og indvirkning af møblers placering på luftstrømninger. 
 
CFD modeller bruges normalt kun til forudsigelse af fugtfordelingen i fluider (ofte 
luft) og medregner derfor ikke fugt i materialer. CFD modellen, som er benyttet i 
dette projekt, er derfor udvidet med en metode, hvor man implementer fugtfordeling i 
materialer/konstruktioner ved at opbygge dem som ubevægelige fluider. Fordelen ved 
denne metode er, at fluider som standart indeholder en fugtdiffusionsmodel. Der skal 
dog programmeres en fugttransport henover overfladen af de to fluider (luft og 
vægge). Ved transporten blev der set bort fra overflademodstande. Resultaterne er 
lovende, men yderligere undersøgelser er nødvendige. 
For at skaffe viden om fugtovergangsmodstande blev der udført en række 
sorptionsforsøg baseret på tør-kop’s metoden. Undersøgelsen blev udvidet med 
numerisk CFD simulering af luftstrømningsforholdene over kopperne. Modellen 
beregner varmeoverførselskoefficienterne, og disse kan omregnes til 
fugtovergangsmodstande. Resultaterne viste at metoden kan benyttes, men 
undersøgelsen viste også at de teoretisk beregnede modstande var større end de målte. 
Omvendt blev det fundet at de numeriske simuleringer estimerede for lave 
fugtovergangsmodstande. Forsøgene førte til udvikling af en Petriskåls metode som 
kan benyttes til eksperimentelle feltundersøgelser af fugtovergangsmodstande. 
Metoden er ligeledes baseret på tør-kop’s forsøgsmetoden. Resultaterne af de første 
Petriskåls forsøg er lovende men yderligere undersøgelser er nødvendige. 
2D (to-dimensionale) Particle Image Velocimetry (PIV) forsøg af det valgte case 
study er også blevet udført. Formålet med PIV forsøgene var at undersøge 
luftstrømningerne i spalten mellem møblet og væggen som en funktion af 
møbelplaceringen. Det var forventet, at møblet ville begrænse luftstrømningen i 
spalten, men selv den lavest målte max hastighed er stor nok til at give problemer med 
træk for mennesker, så hastigheden er betydelig. Resultaterne viste, at luftstrømmen i 
spalten bag møblet bliver større, hvis møblet hæves fra gulvet ved hjælp af møbelben, 
og volumenstrømmen forøges yderligere, hvis spaltebredden øges. 
 
Nøgleord: Græselag, PIV målinger, CFD simuleringer, fugtovergangsmodstande, 
fugtmodellering, naturlig konvektion, luftstrømningshastigheder. 
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Chapter 1 

Introduction 
 
In buildings and dwellings humidity is present in the indoor air as well as in all 
hygroscopic materials in the indoor environment. The humidity in the air will interact 
with the moisture in the surface materials by sorption processes. This process is called 
moisture buffering. The humidity in the room air is important for the occupants’ 
perception of the indoor air quality, which is closely related to the moisture level in 
the material surfaces. The main purpose of building design is to assure comfort for the 
occupants with high indoor air quality. In the past, thermal comfort was the main 
consideration for building designers, but today hygrothermal impact on the indoor 
environment also needs to be taken into account.  However, there are still moisture 
problems in dwellings. These are mainly related to critical areas where the 
microclimatic conditions can lead to condensation and maybe even mould growth. 
Therefore, it is important to investigate the hygrothermal conditions in microclimates. 
 
The objective of this thesis is to study the hygrothermal microclimate on interior 
surfaces, which is important for both the building envelope and the indoor air. The 
aim is to comprehend some of the risk factors in critical microclimatic areas. 
 

1.1 Background 
A topic of general interest, for both researchers and public, is the indoor environment. 
People spend up to 90 % of their lives indoors at day-care institutions, schools, work 
or at home, so it is essential for humans to have a good indoor environment. The 
indoor humidity levels have been found to affect the indoor air quality (Toftum & 
Fanger, 1999).  Unfortunately, the resent years have also shown an increase in the 
number of illnesses, and there are indications that moist buildings may play a role 
(Bornehag et al. 2001). 
 
It is a well known fact that moisture is the most important reason for damage in 
buildings. In the yearly reports from The Building Damage Fund in Denmark, it is 
clear that most reported damages are moisture related e.g. rot decay in outdoor 
wooden constructions, wetting from thermal bridges and lack of ventilation. Generally, 
the list of damages clearly points out that moisture plays an important role.  
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It is acknowledged that there might be many circumstances where moisture is 
damaging like leakage e.g. in attics due to leaking from roof valleys, built-in moisture 
in newly completed buildings etc. These effects have not been studied in this project, 
where the main focus is on internal surfaces that interact with the indoor environment. 
 
Mould growth is an indicator of moisture problems and it is often seen in critical 
microclimatic areas. A microclimate can be defined as; a local area within a room 
where the climate varies from that of surrounding areas due to a variety of influencing 
factors. The critical microclimates are often found near thermal bridges, like corners 
or behind furniture placed close to poorly insulated walls. Critical areas in buildings 
typically have high humidity levels or condensation and it is often combined with 
lower surface temperature. 
 
The effect of humidity in dwellings can be observed in the moisture content of 
building materials. As an example, the changes in moisture contents can be seen in 
especially older buildings with wooden floors, where tiny cracks or small gaps may 
appear in winter and go unnoticed during summer. The effect is connected to moisture 
buffering of the open hygroscopic wood, which for wood also has an effect on the 
dimensions. Building materials, constructions and furnishing surfaces exposed to 
indoor air, will reduce daily peak variation of the indoor humidity by moisture 
buffering. This effect has been studied experimentally by numerous people (Künzel 
1960, Harderup 1998, Padfield 1998, Mitamura et al. 2001, Simonson 2001, 
Svennberg 2003, Peuhkuri 2003, Ojanen et al. 2003, Mortensen et al. 2005, Rode et al. 
2005, and Holm and Künzel 2006).  
 
These investigations show that the moisture buffering effect of internal surfaces 
should not be neglected. Platner and Woloszyn (2002) showed that a much better 
prediction of the indoor relative humidity was obtained, when the sorption of internal 
surfaces was included. This points out that moisture modelling is very important. 
 
In past decades, considerable progress has been made in the application of numerical 
simulation models to assess the heat, air and moisture behaviour of building compo-
nents, building zones and whole buildings. The hygrothermal modelling of building 
components addresses Heat, Air and Moisture in single building parts and the models 
are known as HAM modelling tools. The HAM tools are used to investigate durability 
in terms of moisture safety of e.g. roof constructions. The model tool for building 
zones includes computational fluid dynamics (CFD), which focus on air and heat (and 
moisture) transport. The CFD tools are often applied in studies of human comfort, 
which is largely affected by local airflow velocities. Finally, whole building tools aim 
at predicting heat and air (and moisture) transport in entire buildings. These whole 
building tools can be based on development of building energy simulations tools that 
can predict the energy use for a building, which is mostly governed by conduction, 
ventilation and radiation. 
 
Whole building simulation models that include moisture interactions have been 
developed and presented by e.g. Rode & Grau (2003) and Holm et al. (2003).  
Even though building physicists are very interested in the hygrothermal effects on 
building envelopes and indoor environment, it is still not common practice to use the 
developed building simulation models in the design phase.  
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These whole building simulations tools can calculate temperatures and vapour content 
in walls whereas the room air is represented by just one node. For overall energy 
performance this simplification is reasonable but for microclimatic investigations 
more details are needed. The local airflow patterns will influence the microclimate 
due to changes in the surface heat transfer coefficient and temperature differences. 
Hence, at present it is impossible to use whole building simulation tools for 
hygrothermal predictions in microclimates like corners because sophisticated analysis 
is required in order to resolve the special airflow conditions and surface heat transfer 
coefficients.  
 
An available tool that can predict the local airflows in rooms are CFD models. These 
models can predict the room airflows accurately but usually the boundary conditions, 
in form of surrounding walls, are described as constant or by very simple conditions.  
 
The critical microclimates occur in a small part of room and their complexity requires 
more accurate modelling tools to include both moisture in the building envelope and 
the room air. This means that hygrothermal investigations of microclimates could be 
an integration of CFD and whole building simulation models. 
 
Some researchers have already tried to use the advantages of CFD for building 
simulation. Negrão, 1998; Bartak et al., 2002; Zhia et al., 2002; Zhia and Chen, 2003 
have all attempted to couple CFD and energy simulations of building envelopes but 
they did not include moisture transport. However, in relation to moisture interactions 
Clarke et al. (1999) developed a model that could predict conditions leading to mould, 
and recently Hohota (2003) has shown that CFD models can be used to predict 
condensation on surfaces. Their works present the potential for combined tools to 
investigate hygrothermal microclimates.  
 
Integration of different tools like CFD and HAM is fairly new and therefore 
modelling of hygrothermal microclimates needs to be validated to experimental data. 
It is a difficult task to measure airflow velocities especially if it is near a surface. 
Luckily, the experimental techniques have also progressed, so today sophisticated 
equipment for airflow measurements is available like Particle Image Velocimetry 
(PIV). The PIV technique is based on digital images where tracer particles follow the 
fluid flow. The tracer particles are recorded by a camera, which uses a laser light 
sheet as a flash. When two images are recorded with minute intervals the particles in 
the first image can be rediscovered in the second. This can basically provide vector 
images of the airflow.  
 
This thesis work is therefore a combination of experimental and modelling work. 
 

1.2 Hypothesis and scope 
The hypothesis of the current work is that comprehensive moisture modelling can 
make it possible to predict the hygrothermal microclimatic conditions of surfaces in 
specific microclimates in buildings like heat, air and moisture conditions behind 
furniture in bedrooms.  
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There are two scopes of this thesis; one is to establish a model that can predict the 
hygrothermal microclimate on the interior surfaces of the building envelope and 
another is to perform measurements that reveal airflow velocities near surfaces.  
 

1.3 Scientific method 
The extensive interactions in a building are shown in Figure 1.1. The figure visualizes 
the factors that influence the moisture transport in a building. The focus of this 
investigation will be on the multi-dimensional moisture interactions between 
constructions and the room air. A minimal airflow velocity is found in the vicinity of 
surfaces, where a thin air layer (boundary layer) occurs. The airflow conditions in the 
room influence the thickness of the boundary layer. Thus, it will be important to 
investigate the airflows carefully and to estimate their influence on the moisture 
transport 
 
The scopes will be examined by use of two allied case studies that will represent 
critical microclimates. Both modelling and experimental work will be based on the 
selected case studies, where a piece of furniture is placed near a poorly insulated 
external wall, which represents a hygrothermal microclimate.  
The model work will try to incorporate airflow modelling in the form of CFD and 
moisture distributions in constructions. The experimental investigation will involve 
Particle Image Velocimetry (PIV) in a full-scale set-up.  
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Figure 1.1 Factors that influence moisture interactions in a building 
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1.4 Thesis outline 
The structure of the current thesis is briefly summarized here. 
 
The thesis begins by describing the background (Chapter 1, Introduction), and 
includes literary reviews on humidity impacts within indoor environments, as they 
relate to the performance of building materials, construction and furnishing as 
moisture buffers (Chapter 2, Humidity impacts).The findings of Paper I and part of 
Paper III are also presented here, followed by the influence of boundary layers 
(Chapter 3, Boundary layers). The content of Paper II is an experimental 
investigation of the moisture surface resistance, which is also introduced here. 
   
This is followed by a description of the investigated case studies (Chapter 4, Case 
studies), where Papers III, IV and V are included. Paper III contains a method to 
include a detailed investigation of heat and moisture distribution in walls in a CFD 
code, which is illustrated by a numerical simulation of a room with a piece of 
furniture placed near a cold external wall. The local airflow in the gap between 
furniture and a cold external wall is investigated experimentally by Particle Image 
Velocimetry in Paper IV. Paper V describes a numerical simulation that examines 
the same case as the experimental investigation. This can help further the 
understanding of the measurements.   
 
At the end of the thesis the major findings of the different investigations are discussed 
and recommendations for future work are given (Chapter 5, Discussion), which is 
rounded up by a presentation of the final conclusion of the thesis work (Chapter 6, 
Conclusion). 
 
 
 
Paper I: Moisture buffer performance of a fully furnished room 
Paper II: Determination of moisture surface resistance using cup experiments. 
Paper III: Investigation of microclimate by CFD modelling of moisture 

interactions between air and constructions. 
Paper IV: Microclimate investigation of airflow patterns by  

Particle Image Velocimetry (PIV). 
Paper V: Numerical simulation of natural convection behind furniture     

compared to PIV measurements. 
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Chapter 2 

Humidity in indoor environments 
 
It is important to investigate moisture transport mechanisms in microclimates in order 
to gain knowledge about hygrothermal transfers in full size rooms or on a building 
scale. The importance lies within the microclimatic conditions that influence the 
indoor environment.  
It is essential for humans to have a good indoor environment, since humans spend 
most of the time indoors at work, day-care institutions, schools or in homes. The 
primary purpose of building design is thus to ensure a good indoor environment for 
the occupants. This is obtained by interactions between the outdoor conditions, the 
building envelope and the occupants. The thermal conditions are already recognized 
as being important as opposed to moisture, which is not as integrated in building 
design.  
 
This chapter presents a literary review of the influence of humidity in the indoor 
environment. Humidity is important for both the direct influence on the perception of 
indoor air quality (IAQ) and the indirect impact due to biological growth like mould 
and house dust mites or emission from materials. The emission from materials is 
closely related to the moisture levels in building materials, constructions and 
furnishing. Moisture permeable surfaces in the indoor environment can act as 
moisture buffers that try to even out daily variations in humidity levels. The 
significance of moisture buffering of materials and constructions is therefore also 
reviewed in the current chapter. The literary reviews point out that humidity has a 
huge impact on the indoor environment, but to gain more knowledge, it is important 
to investigate moisture transport mechanisms in microclimates. The reason is that the 
microclimatic conditions will influence the indoor environment and that the 
understanding of hygrothermal transfers in microclimates can help to comprehend the 
interactions in full size room or at a building scale. 
 

2.1 Humidity impact on indoor air 
There seems to be clear evidence that air humidity has an impact on the perception of 
indoor air quality, and experimental studies have found indications that the perception 
is connected with cooling of the mucous membrane. Air humidity also effects the 
pollutant emissions and biological growth in the indoor environment and therefore it
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is related to the productivity, which is very important in schools and offices and it 
may even pose health risks. A minor literary review on the topic has been conducted. 
Visible mould and condensation are common characteristic signs of high relative 
humidity combined with cold interior surfaces of the building envelope especially 
near thermal bridges. Several studies have discovered that relative humidity (RH) has 
an impact of the growth of dust mites. Periods of low relative humidity (<35 %) are 
an efficient way of reducing the number of dust mites in the indoor environment 
(Korsgaard, 1979; Fanger, 1983; Clausen et al., 1999). Mould spores and dust mites 
are unwanted in the indoor environment, because they can lead to Sick Building 
Syndrome, which cover symptoms like irritation of the mucous membranes, skin 
rashes, headaches etc. A review study by Bornehag et al. (2001) on dampness and 
health confirms that moist buildings are to be avoided.  
 
A set of summer and winter comfort zones are provided by ASHRAE (2005) with 
restrains on both temperature and humidity. Originally, this was based purely on 
studies of thermal comfort, and the thermal comfort zones specify conditions that will 
be thermally acceptable for 80 % of sedentary persons. The humidity levels are given 
as a lower limit at dew-point temperature of 2°C and two upper limits of 18 and 20°C 
wet bulb temperature for winter and summer, respectively. The lower limit should 
avoid uneasiness due to dry eyes, nose, throat and skin while the upper limits should 
prevent warm discomfort due to insufficient cooling of the mucous membrane. 
 
The limits of the comfort zones have been widely investigated. An investigation by 
Fang et al. (1998b) found that the air quality perception decreases with lowered 
respiratory cooling effect whether the air is clean or polluted. This indicates that an 
upper limit for humidity can be established for comfort. Furthermore, it was found 
that the perception of air quality is very sensitive to temperature and humidity, but 
they do not influence the perception of odour intensity of materials. The study was 
based on facial exposure only. These results are not coherent with the study by 
Reinikainen and Jaakola (2003), where the humidity was found to influence the odour 
intensity in a real office wing. Another study by Fang et al. (1998a) with whole body 
exposure gave different results and supported Reinikainen and Jaakola’s (2003) 
findings. In the study the temperature and humidity levels had a strong impact on the 
perceived air quality and little impact on the odour sensitivity. It was assumed that the 
changed result for the odour sensitivity was due to the changed procedure from facial 
exposure, where the occupants were allowed to compare the air to a reference sample. 
The main results were that sufficient cooling of the mucous membrane by the inhaled 
air is essential for an acceptable perception of air quality. In the study it was also 
found that human acclimatization is insignificant to air polluted by building materials. 
Moreover, prior exposure was found to have limited influence on immediate percep-
tion. Therefore, it was concluded that first impressions of air quality can be used as an 
indication of the perceived air quality. Another interesting result of the study was that 
perception of air quality is better for cold and dry polluted air, than more humid and 
warmer clean air, which suggests that the ventilation rate can be lowered if the air is 
dried and cooled. Work by Toftum and Fanger (1999) also found that at lower relative 
humidity, the air is perceived as being fresher, which increases the IAQ. They suggest 
that this effect is obtained from increased cooling of the mucous membrane. 
 
The skin humidity is also influenced by relative humidity in the air. The skin humidity 
is found to have an impact on the perception of comfort, since high levels of skin 
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humidity will make the clothing cling more to the skin and this will feel 
uncomfortable while moving (Toftum et al, 1998; Berglund, 1998). However, the 
results indicate that there is no need for upper humidity comfort limit due to skin 
humidity, which is only vaguely dependant on the relative humidity of the air. 
 
An investigation by Fang et al. (1999) showed an impact of temperature and humidity 
on chemical and sensory emissions from building materials. It was found that after an 
initial ventilation period, the emission rate was only slightly dependent on the 
temperature but, the humidity still influences both chemical and sensory emission rate 
of waterborne floor varnish and acrylic wall paint. 
 
The perception of low air humidity has also been investigated. In a study by Wyon et 
al. (2002) 5 hours of exposure to low humidity (5, 15, 25 and 35 % RH) levels 
resulted in only little discomfort. But medical examinations showed that exposure to 
humidities of 5 or 15 % RH gave measurable more dry mucous layers and eye films 
than if exposed to 25 % RH. The dryness symptoms increased if the air was polluted. 
The blink rate was also found to increase at low humidities. An earlier long (78 hours) 
study of exposure to 9 % RH at 23°C by Andersen et al. (1974) showed no effect on 
the nasal mucous flow, which indicates that the humidifying capacity of the nose is 
sufficient to compensate for dry air. Hence, they concluded that there is no 
physiological need for humidifying clean air. However, in Fanger (1983) it is 
suggested that the dryness of the mucous membrane is caused by irritation from 
pollutants in the air. 
 
Fanger (2006) suggests that one way to improve the IAQ so also the most sensitive 
15-30 % of the population will be satisfied, is by providing cool and dry air. He 
suggests drying the air but only to 20 % RH, since below this level the dry air may 
have a negative effect on blink rate and productivity. 
 
Based on this review, it is clear that an upper limit of humidity should be defined, 
since this will also improve the IAQ sensation because high humidity creates an effect 
of stuffy air. Low humidity is found to provide a better air quality than a higher one, 
and it is anticipated that this is due to decreased cooling of the mucous membrane. 
Furthermore, humidity impacts the emissions from building materials, so to reduce 
the pollutant levels the humidity should be kept low. This will also decrease the 
number of dust mites, and the number of allergens in the air. However, it is also found 
that too dry air will increase the blink rate, which could reduce productivity. Some 
find that even at a low humidity occupants do not perceive the air as being dry, and 
their mucous membrane in the nose do not seem to be damaged by low humidity. It is 
therefore considered unnecessary to humidify the indoor air artificially. However, it 
has been reported that occupants feel dryness even at times when the air is not dry, 
but this may be related to the pollutant level. 
 

2.2 Building materials and furnishing as moisture buffers 
Humidity and moisture also affects the building constructions and furnishing. 
Moisture is the most frequent cause of damages to buildings. This fact alone makes 
moisture unwanted in buildings but it should be avoided for several reasons, of which 
the most important are deterioration and mould growth. Moist buildings are often 
referred to as damp buildings in indoor environment investigations. Here a brief 
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introduction to moisture buffering is provided, followed by a short literature review of 
the topic. 
 
Moisture buffer capacity of building materials and furnishing can be used to minimise 
daily variations of relative humidity in indoor air. Materials capable of functioning as 
moisture buffers have open permeable surfaces where sorption interactions occur with 
the indoor air. The peak reductions can be useful in e.g. an office where the humidity 
will rise during the day when the office is occupied, whereas the humidity will 
decrease during night due to ventilation. A moisture buffer in the office will be able to 
reduce these variations. Figure 2.1 shows an example of how the main humidity in an 
office can be reduced by use of wall surfaces as moisture buffers. The Figure 
demonstrates that the daily humidity variation can be reduced significantly by 
moisture buffers.  
 
Moisture buffer capacity can also be beneficial in bedrooms, kitchens and other 
indoor spaces that are exposed to peaks in humidity production. It must be kept in 
mind that a high ventilation rate will lower the effect of the moisture buffering. On the 
other hand, there might not be the same demand for ventilation if the humidity can be 
kept lower by using interior materials as moisture buffers. There are great advantages 
of avoiding periods with both very high and very low relative humidity. The benefit 
of avoiding high relative humidity is to prevent biological growth on cold surfaces 
where there will be a risk of condensation. To reduce the number of dust mites, it is 
often recommended to keep the RH below a certain level (species dependant), but to 
be effective the peak humidities must be avoided (Cunningham, 1996). There will 
also be a reduction in the number of spores from mould growth because of the 
reduction of possible condensation. Because of this, a lower maximum relative 
humidity will benefit people who are allergic to these allergens.  
 
Ventilation rate will direct the mean RH, but peak variation, due to building 
occupancy, may be reduced by moisture buffering. A vast amount of the total heat 
loss from a building is due to ventilation. The ventilation serves to ensure the 
physiological necessary supply of fresh air and removal of moisture, produced by the 
indoor activities and pollutant emission from occupants and materials (Clausen et al., 
1999). Therefore, it is important to know the exactly minimum necessary ventilation 
rate in order to save energy but, without compromising a good IAQ.  
 
The interest in moisture buffering has lead to a number of studies. In past studies the 
moisture buffer capacities of several materials have been investigated in small scale 
(Padfield 1998, Mitamura et al. 2001; Svennberg & Harderup 2002; Peuhkuri 2003, 
and Ojanen et al. 2003).  
 
Full scale measurements of moisture buffering have also been performed. In Finland a 
full scale investigation concerning the moisture buffer capacity of a bedroom in an 
ecological building without vapour retarder was conducted (Simonson 2000). It was 
found that daily variations of high peak humidity in the bedroom, could be reduced by 
up to 20% RH. A similar investigation concerned simulation of the same room when 
exposed to weather data from four different cities. There, buffer materials was found 
to have most impact in a moderate climate like in Scandinavia, and the buffer effect of 
hygroscopic thermal insulation was strongly reduced when it was not directly exposed 
(Simonson et al., 2001). Mortensen et al. (2005) reported a study of full scale 
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Figure 2.1 The curves show the main daily humidity variation in a single office 

where two of the wall surfaces acts as buffers. The moisture load is 
equivalent to occupancy of a single person (Mortensen et al. 2005) 

 
moisture buffer capacity of internal wall materials, where it was found that surface 
treatments strongly reduce buffering effects. Holm and Künzel (2006) investigated the 
buffer performance of wood based panels and found that wooden fibreboard panels 
can reduce peak humidity by as much as 80 % RH but they also point out that in 
dwellings fibreboards are surface treated which will reduce the effect.  
 
Building constructions are not the only buffers in dwellings. Furnishing, textiles and 
paper are hygroscopic materials that are often found in dwelling in form of e.g. drapes, 
carpets, upholstery and books. Therefore, the moisture buffer performance of a fully 
furnished room was investigated in Paper I, Moisture buffer performance of a fully 
furnished room.  
 
The paper describes a series of experiments that show the moisture buffer 
performance of various furnishing elements. The experiments were carried out in a 
climatic test cell, which imitates an ordinary office. The objects were exposed to 
cyclic humidity variations like in an inhabited indoor environment, and the response 
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Figure 2.2 Main variations in RH for the nine different cases for the furnished 

room experiments. In the first 6 sequences objects are added in the 
room and in the last 3 the furnishing elements are removed again 

 
of the indoor humidity was followed over time. It was a step-by-step investigation 
starting with an empty room and going towards a fully furnished room. The moisture 
variation was studied in detail inside a single chair seat at different depths.  
The buffer performance result is shown in Figure 2.2 for the room.   
 
By full-scale measurements it was shown that the imposed daily humidity variation in 
a fully furnished room could be reduced by ~25% RH compared to an empty room. 
The chair seat reacts almost instantly to changes of the humidity level in the room. 
The numerical whole building simulation model (Rode & Grau, 2003) estimates 
bigger changes in relative humidity and this may be explained by some hygroscopic 
absorption of moisture in the paint.  
 
The main conclusions of Paper I were that the fully furnished room has shown that 
moisture buffering needs to be more carefully studied since it has a notable impact on 
the moisture conditions in rooms. Calculation tools need to be modified to be able to 
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handle all kinds of materials and there is a lack of moisture property data for many 
materials. There is also a lack of; moisture property data and description of different 
surface materials present in normal indoor environments. Alongside the task to find 
better descriptions of the materials, a better understanding and greater knowledge of 
the microclimate indoors is necessary. 
 
A review study by Svennberg et al. (2007) retrieve studies of indoor surface materials 
from 1960-2000 in Sweden and Germany, which include both building materials and 
textiles.  
 
The great interest in moisture buffering led to a NORDTEST Workshop on Moisture 
Buffer Capacity initiated by Rode (2003). The outcome of the workshop was that 
there was a need for definition of a stringent term for moisture buffer capacity. This 
workshop was followed up by a NORDTEST project by Rode et al. (2005), which 
developed a NORDTEST method for experimental measuring of the moisture buffer 
capacity and defined a common unit, the moisture buffer value (MBV). 
 
Similar to the NORDTEST method a recent Japanese industrial standard describes an 
experimental test method of ad/desorption performance of building materials to 
regulate indoor humidity (JIS A 1470-1, 2002). 
 
The two experimental approaches to determine the MBV were compared by 
numerical simulation by Roels & Janssen (2006). The two methods are very similar 
but they use different definition of the specimen thickness, which Roels and Janssen 
found to be very important. The humidity cycle times were also found to have a major 
impact on the MBV, since dynamic response to short-term variations had less 
correlation to MBV, whereas long-term dynamic response similar to the NORDTEST 
protocol showed MBV to be a good indicator of the buffer capacity.   
 
Moisture buffer performance is also part of an international research project of Whole 
Building Heat, Air and Moisture Response, which is Annex 41 of the International 
Energy Agency's (IEA) Energy Conservation in Buildings and Community Systems 
Programme (Hens 2003). As an IEA activity it is also the scope to illustrate how a 
better understanding of the overall hygrothermal behaviour of buildings can lead to 
better energy performance, e.g. by inventing optimized strategies for ventilating, 
heating and cooling that take the overall hygrothermal reality of buildings into 
account. 
 
To summarize, it is clear that moisture buffer performance of whole buildings is 
influenced by the moisture buffer capacities of both constructions and furnishing 
elements. But there is still a need for both more experimental investigations of 
moisture properties for all kinds of materials. Such material data will be very useful 
for the development of hygrothermal models for whole building response. 

2.3 Hygrothermal modelling 
The whole issue of humidity in indoor environments has also been investigated 
numerically by use of hygrothermal models. It is common to distinguish between 3 
key types of models: 
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hygrothermal building component models, addressing moisture/heat/air transport in 
single building parts (HAM).  An application example is building component du-
rability, which is primarily governed by the hygrothermal state 
 
computational fluid dynamics models, focusing on air/heat(/moisture) transport in 
single building zones (CFD).  An application example is thermal comfort of oc-
cupants in the indoor environment, which is largely affected by local air velocities and 
temperatures 
 
whole building simulation models, aiming at heat/air(/moisture) transport in single 
buildings (whole building).  An application example is energy use for building 
conditioning, which is mainly governed by conduction, ventilation and radiation flows 
 
The specific focus area of each modelling tool is represented in adequate detail, while 
significantly simplifying the side areas. The development of the 3 model types is 
related to their use and application and therefore they remain poorly integrated.  
Recent developments in the field of building heat, air and moisture engineering do 
however, defy the borders between modelling approaches and call for an integrated 
modelling. The increased demand to reduce building energy consumption leads the 
evolution towards highly insulated buildings, which increases the relative contribution 
of ventilation in buildings’ energy consumption. This points towards new strategies 
for ventilation since constant rate ventilation may be unnecessary. Another method is 
ventilation control based on indoor relative humidity levels since one of the main 
purposes of ventilation is to remove excess indoor humidity. However, ventilation 
must be ensured since it serves to ensure the physiologically necessary supply of fresh 
air and removal of indoor moisture production (mainly from human activities) and 
pollutant emission from occupants and materials. 
The interior air humidity is affected by hygroscopic buffering of finishing materials 
and furniture elements, a process which in turn heavily depends on local surface 
moisture transfer coefficients.  Reliable evaluation of relative humidity controlled 
ventilation with respect to energy consumption and occupant comfort thus calls for an 
integrated modelling of the heat, air and moisture behaviour of whole buildings, 
building zones, and building components.  
 
Some first steps towards integration of CFD and HAM models are currently being 
taken, but the publications are limited. Steeman et al. (2006) implemented a 
simplified wall model for vapour transfer in a commercial CFD package for an 
analysis of surface moisture transfer coefficients in a ventilated room. The 
implementation also included both heat and moisture buffering of the walls, which is 
based on the moisture penetration depth. The wall based moisture buffering model 
was applied to a simplified test case that contains neither windows nor doors. The 
geometry was a rectangular box of 6 x 8 m² floor area and 2.7 m’s height (external 
measures), which also contains a ventilation system and a moisture source. The data 
was partially validated by comparison of the simulated results from another program. 
An example of their results is given in Figure 2.3. The Figure shows the distribution 
of the relative humidity in the modelled wall layer defined by the penetration depth at 
the end of the day. For further details see Steeman et al. (2006). Their findings point 
out that the strength of CFD tools is their ability to simulate local effects and that 
proper application will provide accurate details.
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Figure 2.3 Distribution of relative humidity (%) in the wall layer defined by 

penetration depth at t =24 hours, which is a representation of the 
moisture buffer effect of the walls. Printed with permission from the 
author (Steemans et al. 2006) 

 
Steeman et al. (2007) have also used CFD modelling to investigate the used analogy 
between heat and moisture transfer in building simulation. They found that similarity 
between boundary conditions is very important to avoid errors of local coefficients 
when heat and moisture analogy is applied.  
 
In relation to simulation of moisture interactions by CFD Clarke et al. (1999) 
developed a model that could predict conditions leading to mould. Theodosiu et al. 
(2003) presented CFD modelling of heat air and moisture in a full scale room, with 
special focus on human comfort. Hohota (2003) expanded this work and showed, that 
CFD models can be used to predict condensation on surfaces. However, Hohota did 
not include sorption of walls. These works shows the potential of CFD tools in 
hygrothermal modelling but extension are necessary in order to model hygrothermal 
microclimates.   
 
Paper III presents and partly validates an approach of using ‘immobile fluids’ as 
walls that demonstrates how heat and moisture transport in solids can be directly 
implemented in a CFD environment. 
 
The model used in the paper is implemented in a commercial CFD tool (Fluent 2003). 
The moisture in the air is represented as a perfect mixture of two perfect gases, dry air 
and water vapour, so that the water vapour properties as density or heat capacity are 
represented. As a first approach only heat conduction and vapour diffusion will be 
implemented.  
Basically, there are two ways to represent moisture transfer in the envelope: 
 
To use Fluent’s existing model for heat transfer in a solid material and enhance it for 
moisture transfer. In this case vapour diffusion needs to be programmed by the user. 
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To use Fluent’s existing diffusion equation. As diffusion is computed only in fluid 
domains, the walls need to be defined as fluids.  
 
User programmed code will decrease the numerical performance of the numerical 
solver. This is the main reason for choosing a fluid wall approach. The wall 
construction can be given “fluid properties” that corresponds to normal building 
materials characteristics, so the thermal behaviour of the wall should be unaffected by 
the use of fluid walls. But the fluid walls enable modelling of moisture diffusion. A 
first test showed that in order to use the fluid walls, it is necessary to declare them as 
laminar zones with no velocities, because otherwise the fluid walls contain a 
turbulence equation that will give numerical errors. The CFD software is capable of 
treating thermal interactions between fluids but some first tests showed that there is 
no moisture transfer between fluids.  
 
The explanation is that in the program, the two fluids, the room air and the wall, is 
regarded as being separated by a barrier so they are unable to interact unless specific 
functions are defined for the interaction. One could regard the boundary as being split 
in two halves: One that is in contact with the room air, and a shadow copy of this, 
which is in contact with the wall. The two faces, the real and the shadow, are placed at 
the same geometrical position but have no functional contact regarding moisture 
transfer. This is illustrated in Figure 2.4. That the two surface meshes have the same 
geometry does not mean that the cell volumes are identical.  

 
A simple approach is used for the moisture transfer where the moisture content of cell 
c0 in the air is transported to the cell c0* in the wall. For a first approach it was 
decided to use a macro-modelling approach and neglect surface resistance. This 
allows that part of the moisture content in c0 can be transported to c0* in the wall or 
from wall to the air. To explain the principle it is assumed that the moisture flux will 
be from the air to the wall. The transport is based on the flux between c1 and c0 in the 
air. The distances between the cells is a measure that is related to the volume size and 
this is used to assure that a big amount of water is not transported immediately to a 
very small cell since this can cause divergence in the solver.  
 

c1

c0*c0

Room air Wall

d1

d2

 
Figure 2.4 A close-up of the face separating the two fluid zones, room air and 

wall. On each side of the face there are two meshes with same face 
geometry 
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The transport is not based on any physical transport since in this first approach the 
simulation will only include steady-state simulation. In steady-state both vapour and 
heat distribution will be a linear based on the two surface contents, so the idea is just 
to make the fluids interact. An example of results obtained by use of the described 
immobile fluids is given in Figure 2.5. The Figure depicts a small room of 2 x 2 x 2 m³ 
with 2 immobile fluid walls.  The room includes a piece of furniture placed 2 cm from 
the wall and 5 cm from the floor. Due to both a moisture source and ventilation of the 
room different levels of humidity are observed in the middle of the room and in the air 
gaps near the furniture. The furniture is modelled as a solid and therefore it has no 
moisture content. The wall actually contains water, which is seen in the upper part of 
the left wall. The moisture content in the other part of the wall is out of the range and 
the moisture level is represented in form of relative humidity which is a little strange. 
The result clearly shows that the moisture distribution in the room is not evenly 
distributed so an assumption of fully mixed conditions can not be applied in the 
current case. For more results see Paper III. 
 
The idea of using immobile fluid walls has proved that it is possible to implement 
HAM in a CFD environment. This is a fairly easy implementation method but there 
are of course ideas for improvement. At the moment 8 user-defined functions need to 
be programmed and applied in order to have two immobile fluid walls. The 
application is based on the id number the CFD software assign each surface, which is 
inconvenient because the code must be modified to call the right surface. The 
immobile fluid wall has a problem with air infiltration if it is not assured that the wall  
 

Furniture

Immobile fluid wall

 
Figure 2.5 Relative humidity distributions in a small room that contains 

moisture sources and is ventilated. Only relative humidities in the 
range 75-80% are shown 
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section only contains immobile wall fluid and vapour. In the current application this is 
assured also by user-defined functions. An idea for improvement could be to declare 
the surface between the fluid and the wall as an interior boundary since across interior 
surfaces both heat and moisture interaction can take place.  
Earlier investigations without use of CFD models have shown the potentials of 
inclusion of moisture buffering in hygrothermal modelling. A hygrothermal multi-
zone model used by Plathner and Woloszyn (2002) showed that including sorption of 
internal surfaces in simulation gave much more realistic results for the indoor 
humidity compared to measurements.  
 
Holm et al. (2003) developed a model based on hygrothermal simulations tools for 
building envelope components  and expanded it with models for indoor air volumes 
and by making provision for simultaneous calculation of several building components. 
Alternatively, Rode & Grau (2003) presented a building energy simulation model, 
which already contained capabilities for making thermal analysis of whole buildings, 
but expanded it with models for transient moisture transport in the building 
components. Joint work of Chalmers University of Technology in Sweden and the 
Technical University of Denmark has lead to development of the International 
building Physics Toolbox (HAM-tools) that takes into account interactions between 
building structure, building services, climate and user behaviour (Kalagasidis, 2004 
and Rode et al. 2002). Also the IEA Annex 41 has led to further focus of 
hygrothermal modelling by common exercises on moisture performance, where 13 
sets of results were collected coming from 11 institutions from 9 countries using as 
much as 10 different programs (Woloszyn et al. 2005). 
 
The development of hygrothermal models is an on-going process. It is clear that there 
is a need for integrated models in order to investigate local effects. This can lead to a 
better understanding of the problematic microclimates. The summation of previous 
work indicate that the step toward better understanding of hygrothermal 
microclimates may be seen with integrated modelling tools. Hopefully, this can lead 
the way to building design with more appropriate moisture conditions for the 
occupants. 
 

2.4 Microclimates 
Earlier in this chapter evidence was shown for that moisture has an impact on the 
indoor environment as well as on the constructions and furnishing. One of the most 
important concerns is, however, the critical areas where the problems may take place. 
The most severe conditions typically occur in the coldest parts of the indoor 
environment. Hence, these are most often the areas where mould growth or similar 
symptoms are seen. Therefore it is necessary to take a closer look at what happens in 
thee critical areas, for example in corners, near other thermal bridges or in places with 
limited airflow. Figure 2.6 shows an example of an office room that includes a 
microclimate behind the bookcase, but it is unknown if it is critical. In critical 
microclimates the airflow patterns may be very important since the air will transport 
both heat and moisture to and away from the area. The humidity is very temperature 
dependant so even small temperature changes can change the RH drastically. Figure 
2.7 illustrate a critical microclimate in a corner with mould growth.
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Figure 2.6 A picture of an office with a large bookcase which may be a potential 
critical microclimate  

 
Therefore, the microclimatic conditions are the main issue in the present work and 
will be investigated in form of some boundary layer conditions and by numerical and 
experimental investigation of a case study, Papers III, IV and V.  
 

 
 
Figure 2.7 A picture of a critical microclimate in a corner, Foto Kristian Fog 

Nielsen, BioCentrum-DTU 
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Chapter 3 

Boundary layers 
 
Generally a boundary layer is the part of a fluid that is adjacent to a solid surface in 
which, e.g. air will create a boundary layer close to a wall surface. The presence of 
shear stresses indicates that it is a boundary layer region. Both viscous and inertial 
forces are important in the boundary layer. The boundary layer is affected by heat, 
moisture or momentum transfer to or from the surface. The viscous forces of the 
boundary layer distort the nearby flow where the effect of viscosity is negligible. The 
viscous forces are related to the Reynolds number, which is used to distinguish 
between laminar and turbulent flows. The Reynolds number expresses the relation 
between the inertial forces and the viscous forces. The concept of boundary layers 
was first introduced by Ludwig Prandtl in 1904. 
 
A normal approximation states that for sufficiently high Reynolds numbers, the flow 
over a surface can be divided into an outer region of inviscid flow unaffected by 
viscosity (the majority of the flow), and a region close to the surface where viscosity 
is important (the boundary layer). Thereby, the effect of viscosity is only important in 
the boundary layer, whereas outside the viscosity effect is negligible and the flow can 
be treated as inviscid. The size of the boundary layer is dependant on the viscosity of 
the fluid. The boundary layer disturbance thickness is usually defined as the distance 
from the surface to the point where the velocity is within 1 % of the free stream 
velocity (Fox and MacDonald, 1994).  
 
The moisture interaction between furniture or construction and room air is influenced 
by the boundary layer. There is a lack of knowledge about the actual moisture 
interactions occurring in the boundary layers between construction and room air. 
Therefore, one of the purposes with the current project was to investigate further not 
only how the boundary layer affects the moisture exchange but also how the boundary 
layer is affected by full scale airflows. The natural convection in dwellings may be 
superimposed by forced convection from ventilation but in the microclimates natural 
convection may be dominant. 
 

3.1 Moisture surface resistance 
The moisture surface resistance expresses the vapour diffusion resistance of the 
external boundary layer between the material surface and the room air. 
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The water vapour permeability expresses a materials resistance to water vapour 
diffusion. The standard EN ISO 12572:2001 describes the experimental procedure for 
determination of water vapour transmission properties. The principle is to add a 
material sample to a test cup containing a desiccant or salt solution. The test cup is 
then placed in a temperature and humidity controlled test chamber. Due to differences 
in partial vapour pressure over the sample specimen a flow through the sample will 
occur. By regular weighing of the test cups the rate of water vapour transmission in 
steady state can be determined. The measured water vapour permeability of materials 
contains surface resistances, resistance of the air layer inside the cup and the 
resistance of the measured material. For most building materials the water vapour 
resistance of the material is much higher than the surface and air layer resistance, and 
therefore these are negligible. This may however not be the case for open lightweight 
materials such as insulation and some types of membranes. The air layer resistance 
and the internal surface resistance can be removed by use of inverted dry cups. The 
inverted dry cups hang upside down so the desiccant is in direct contact with the 
sample specimen and the lower surface is in contact with the air in the test chamber.  
 
It is possible to assess the surface resistances experimentally by measurements on 
samples with different thicknesses as shown by Fanney et al. (1991) and Worch 
(2004). This method is also proposed in the Japanese standard JIS A 1470-1:2002. In 
the standard it is stated that the surface resistance can be found by using 2 cups with 
desiccant covered by 1 and 2 pieces of paper, respectively. The EN ISO 12572:2001 
standard for determination of water vapour permeability prescribes mixed air to 
assure uniform conditions and the airflow velocity should be within the range 0.02-0.3 
m/s above the sample. However, this relatively large span of airflow velocities could 
influence the surface transport coefficients.  
 
The objective of Paper II has been to use the Japanese standard to reveal the surface 
resistances for a wide range of airflow velocities above the sample surfaces. The 
investigated airflow velocities were in the range 0.06 – 1.4 m/s.  
 
The water vapour surface resistance, Zsurf can also be estimated by analytical 
investigation. The theoretical analysis is based on a relationship between the 
convective surface heat transfer coefficient, αc and the surface coefficient of water 
vapour transfer, β . For fully turbulent flows Lewis has described the relationship as 
shown in Equation 1. 
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where ρ  is the density and cp is the heat capacity of air. 
 
Nusselt (1930) derived a more general form of the relationship, which is shown in 
Equation 2. 
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 where D is the diffusivity and n is a number between 0 or 1. 
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The coefficient n is 0 for laminar flows and 1 for fully turbulent flows. The vapour 
surface resistance Zsurf is found as the reciprocal value of the surface coefficient of 
water vapour transfer, β. 
 
3.1.1 Dry cup experiments 
A theoretical, experimental and modelling approach to determine moisture surface 
resistance is presented in paper II. The sample material used in the investigation is 
paper (190g/m²). The cup tests were performed in a specially designed cup test 
facility that consists of a closed duct system where air is circulated. The flow can be 
regulated and the temperature and humidity controlled. Figure 3.1 shows the principle 
of the placement of a cup and a picture of the cups in the test chamber, where the cups 
were installed and measured.  
 
The flow in the duct was also measured above each sample surface by anemometers 
and it was found that the velocity differs for each cup position. The experiment tested 
4 different levels of airflow velocity and in each test 10 cups where measured. For 
each of the 4 tests the 10 measuring positions were measured twice, with one layer of 
paper and with two layers of paper. The positions of the 10 cups are seen in Figure 
3.1b. The cups were placed in the test facility with isothermal conditions of 22.6°C 
and a relative humidity of 54 %. The resulting diffusion rate of each cup was post-
processed to give the surface resistance (see Paper II). The results can be seen in 
Figure 3.2. 
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Figure 3.1 (a) Principle of cup placement, (b) Picture of cups installed in the 

measuring chamber. The cups are weighed on the balance 
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Figure 3.2 Water vapour surface resistances, estimated, measured and 

simulated. The calculated theoretical values are separated in 3 parts, 
laminar, transition and turbulent. The transition part is hatched and 
between the laminar and turbulent boundary 

 
It was possible to determine the surface resistances of moisture transfer by 
measurements on samples with different thicknesses by use of dry cup experiments. 
The results showed that the surface resistances decrease for increasing airflow 
velocity above the boundary layer of the material surface. This was expected since the 
theoretically estimated surface resistances also show that the resistance increases with 
decreased airflow velocity. As seen in Figure 3.2 the surface resistances were also 
calculated based on numerical simulation of the surface heat transfer coefficients. The 
3D model had the same geometry as the test cup facility. An example of the results is 
shown in Figure 3.3. The simulation showed that the velocities on the sample surfaces 
were dependant on the sample position because holes in the lower Perspex plate for 
wet cup positioning and a metal bar that separates the two Perspex plates disturbs the 
flow. The results in Figure 3.2 show that the measured resistances are somewhat 
smaller than the ones theoretical estimated but higher than the results of the CFD 
simulation. The measured and simulated results showed the same pattern. Paper II 
gives further details of the experiments and CFD simulation. 
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m/s

 
 
Figure 3.3 Simulated airflow velocities in the duct when the inlet velocity is  

0.17 m/s. The velocity is uniform until the cup area is reached 
 
3.1.2 Petri dish cups 
The experiments were extended with the development of a Petri dish cup method for 
field measurements of surface resistances. The Petri dish cup tests are also described 
in Paper II and again the applied method was the one proposed in the Japanese 
standard JIS A 1470-1:2002. The Petri dish cup test concept should represent a 
method that can easily be performed in the field and can give reliable information of 
the water vapour surface resistances in microclimates. The idea is to have a simple 
applicable method that only requires a few basic materials, like a balance, Petri dishes, 
desiccant, desiccator for storage of the assembled Petri dish cup in until they are used. 
To test the concept some initial tests was performed in a controlled environment. The 
Petri dishes were filled with desiccant and closed with 1, 2 or 3 layers of paper that 
were taped firmly to the rim of the cup. The cups were then placed in a desiccator 
until they were installed in their measuring position. The Petri dish cups were set up 
in an experimental climate chamber as it is seen in Figure 3.4. 
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Figure 3.4 Pictures of Petri dish cups placed vertically on the chilled wall with 

the paper facing the furniture (plexiglass box). The principle of the 
Petri dish cups can be seen at the right. The cup positions in terms of 
height from the floor is also provided 

 
The climate chamber was also used for the PIV measurements and thus more details 
of the room can be found in Paper IV. Inside the room there was a chilled wall that 
should imitate a poorly insulated exterior wall in a winter period and at a 5 cm 
distance to this wall an imitation of a cupboard is placed. The cupboard imitation was 
made from plexiglass sheets since the PIV measurements needed optical access. The 
narrow air gap behind the furniture represents a hygrothermal microclimate where the 
Petri dish cups were tested (see Figure 3.4). The cups were placed vertically on the 
chilled wall surface with the paper facing the furniture. Paper is relatively open to 
vapour diffusion and therefore the cups needed to be dismantled and weighed at 
minimum every hour to register the rate of diffusion. The high diffusion rate means 
that the measurements can be performed in a couple of hours, which is beneficial for 
field tests. The results of the initial test are given in Figure 3.5 where the diffusion 
resistance is plotted as a function of layers of paper. The surface resistances, Zs are 
found as the intercept with no layers. It was found that the concept is promising but it 
needs to be developed and tested further. 
 
3.1.3 Importance of moisture surface resistance 
An investigation by Roels and Janssen (2006) illustrated a significant influence of the 
surface moisture transfer coefficient on the moisture buffering by materials. Their 
findings support the importance of knowing the actual surface resistances, which 
justifies the need for a field test method like the Petri dish cup method. 
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Figure 3.5 Results of Petri dish cup tests. Diffusion resistances plotted as a 

function of the number of material layers. Data from 3 measurements 
are presented. The difference between the measurements is the 
relative humidity at the sample surface 

 

3.2 Natural convection 
Buoyancy forces drive the flow when heated air rises. This is caused by density 
differences and gravitation. Flows driven by buoyancy forces are called natural 
convection, free convection or buoyant convection. The phenomenon of natural 
convection is experienced ubiquitously in daily life like rising cigarette clouds or 
campfire smoke. Density differences can also be caused by composition gradients and 
therefore moist air will rise due to lower density of the water vapour present in the air. 
The velocities associated with natural convection are relatively small and usually less 
than 2 m/s (Mills, 1995). 
 
Natural convection is often found in dwellings. However, forced convection effects 
can be superimposed from ventilation by opening windows or fresh-air intakes. But 
this will not prevent the occurrence of natural convection in microclimates. This 
makes the determination of airflow patterns in room a difficult task. Another 
difficulty is imposed by turbulence characteristics, which evolve from the presence of 
surfaces. This poses a link between the airflow patterns in rooms and the surfaces that 
will affect the boundary layer conditions. Navier-Stokes equations must be solved to 
determine airflow patterns.
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Computational Fluid Dynamics (CFD) models are characterised by solving the 
Navier-Stokes equations, which predict the airflow conditions in rooms. These are 
combined with conservation of mass, momentum and energy that give temperature, 
velocity and pressure fields. The benefit of using CFD models is that they can provide 
detailed information about the airflow patterns in the entire room. This also means 
that e.g. the surface heat transfer coefficients at walls will differ with the actual 
position. This is very important since microclimates are defined as local areas where 
the climate varies from that of surrounding areas due to a variety of influencing 
factors like surface heat transfer coefficients, temperature and humidity. In CFD 
models the internal surface conditions are usually given as boundary conditions. The 
CFD models are usually not used to predict heat and moisture conditions in the 
building envelope that surround the rooms. Therefore, part of this project is an 
attempt to model moisture transport in both room air and in adjacent constructions 
with a CFD approach. Where other models have focused on either air and moisture 
flows in rooms or on heat and moisture transfers in walls, the model described in 
Paper III is intended to combine the detailed modelling of both, i.e. to include the 
moisture transfers in both air and the surrounding building envelope. 
 

3.3 Measurements 
It is very difficult to measure boundary layer flow. The reason is that most techniques 
for measuring velocity have problems when applied in the vicinity of a wall. The 
proposed method is to use hot wire anemometers but special care is required for the 
use and calibration. The problem of using anemometers is that they intrude the flow 
and their response is influenced by cooling effects from the wall. 
 
Another option is to use optical methods such as Laser-Doppler-Anemometry (LDA) 
or Particle Image Velocimetry (PIV).  
 
LDA is a technique for measuring the direction and speed of fluids by crossing of two 
monochromatic laser light beams in the fluid flow. This method has not been used 
because it is not a scope of the project to measure the boundary layer flow but rather 
to investigate the general flow in a microclimate.   
 
The principle of the PIV technique is to compare digital images of a fluid flow. Tracer 
particles are added to the fluid (air) and they will reflect light from an imposed laser 
light sheet.  
 
These methods do not intrude on the flow, but their disadvantages are that they are 
non-continuous (so if there are fluctuations, the peak values may not be registered); 
they need an even distribution of seeding particles in the shear layer close to the wall; 
and the wall may reflect the laser light, which will corrupt the signal.  
 
The PIV technique has been used in the current work but the purpose was not to 
measure the boundary layer but more generally to measure the airflow in a 
microclimate composed of a narrow air gap. The measurements are described in 
Paper IV, and the principle of the measurements will be described in Chapter 4, Case 
studies.  
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Chapter 4 

Case studies 
 
The numerical and experimental investigation in this work is based on case studies. 
Thus, it was important to choose a case study that characterise one of the many 
microclimates seen in ordinary dwellings. The case study must also represent a 
critical area in the indoor environment. Since mould growth is an easily recognizable 
indicator for critical microclimates this was used to select the considered options. It 
was found that mould growth is often caused by moisture from the foundation, in 
corners and near other thermal bridges and behind furniture filled with clothing and 
placed against an external wall. In the last mentioned case the occupant has a couple 
of possibilities to affect the microclimate merely by changing the furniture position, 
which made this case particularly interesting. Hence, it was chosen as a case study. 
 
The chosen case study, with furniture placed close to a poorly insulated wall, is often 
observed in bedrooms in dwellings, where the moisture production during the night is 
relatively high due to respiration of occupants. The temperature of the internal wall 
surface can be 5-8 °C colder than the room temperature. The temperature difference 
has a huge impact on the RH level. If as an example a temperature difference of 6°C 
is assumed and the average room air humidity is 55 % RH at 22°C, then the RH in the 
microclimate will be 80 % RH at 16°C. This RH level could easily cause problems. 
 
It is expected that the furniture limits the airflow near the wall, and the lack of warm 
room air near the surface will decrease the surface temperature even more, which can 
cause problems. This is combined with a high moisture production rate from sleeping 
persons during night and the concern is that it may lead to critical conditions. The 
lower temperature in the microclimate causes increased relative humidity and the 
outcome can be biological growth.  
 

4.1 Initial CFD-studies 
During the project the case study was first investigated by CFD. In the investigation 
the focus was on the airflow pattern near a cold wall caused by the placement of the 
furniture and the moisture distribution. In the study the size of the furniture was 0.45 
x 1.0 x 1.6 m³ in a room of 2 x 2 x 2 m³, see Figure 4.1. The furniture was placed in 
the corner so 3D simulations were performed. First the impact of different boundary 
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Figure 4.1 The investigated geometries in the initial studies. The furniture is 50 

mm above the floor The difference between the shown geometries is 
that in the right case a person is added as an extra moisture source.  

 
conditions was investigated and then the effect of having or not having a distance 
between the furniture and wall or floor. 
 
The main purpose of the investigation was to see a combined effect of moisture and 
airflow changes in the microclimate behind the furniture. Figure 4.2 illustrates these 
results for one case in the set-up that includes a person as a heat and moisture source. 
In the shown case the furniture is placed directly on the floor. 
 
The results in Figure 4.2 show that the moisture levels differ in the room. From the 
depiction of the velocity vectors it is seen that turbulence occurs near the surfaces. It 
also shows that even though the furniture is placed directly on the floor there will be a 
downwards flow caused by buoyancy. The downward flow is only possible if air 
flows out trough the sides of the air gap. Generally, it was found that different  
 

% RH m/s

 
 
Figure 4.2 Results planes for a case where the distance between the furniture 

and the wall is 2 cm and the furniture is placed directly on the floor. 
The left part show the relative humidities and the right show vector 
velocities 
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placement of furniture near cold external walls may affect the relative humidities in 
the microclimate mainly due to temperature differences. Another finding was that the 
ventilation inlet conditions are important due to its controlling effect on the general 
airflow patterns in the room (Paper III). 
 

4.2 Experimental investigation: Room with a chilled wall 
The next step was to extend the examination of the case study with an experimental 
investigation. The main purpose of the experiment was to investigate the airflow 
pattern in the air gap behind the furniture. Particle Image Velocimetry (PIV) is an 
easy way to measure and visualize flows. Therefore, the PIV technique was used to 
capture instantaneous 2D vectors of the flow field by use of a laser and a special 
camera. As in the initial simulations several cases were studied with different air gap 
sizes between the furniture and wall or floor was investigated. The distance between 
the furniture and the floor was an imitation of furniture elevation from the floor by 
use of legs as support (Paper IV). 
 
4.2.1 Principle of Particle Image Velocimetry 
PIV can be used to obtain an instantaneous visualization of the measured flow field. 
The principle is to use a digital camera to take two images within a very short time 
period and compare them. The flow that needs to be measured must contain tracer 
particles that can reflect light. The reflections are caused by a laser light sheet that 
acts as a flash. The particle reflections will be seen as small spots that are brighter 
than the fluid they follow. The result is an image as shown in Figure 4.3. 
 

wallfurniture

air flow

reflections

 
 
Figure 4.3 Instantaneous image taken by PIV. All the spots are the reflections of 

the tracer particles. The white lines in the right are unintentional 
reflections from the wall surface 
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Figure 4.4 Images after post-processing the instantaneous velocity vectors, 

vector statistics of 30 image pairs is used. The left part represent a 
scalar image where the velocities are shown by colours – the dark 
blue is the fastest. The right part depict average velocity vectors in 
the gap, only every 10th is shown 

 
The time interval between two images must be short enough to ensure that most of the 
particles recorded in the first image can be recovered in the second. A computer 
triggers both the camera and the laser so the camera is recording at the exact moment 
the laser sheet is illuminated and the time between two images is well defined. The 
information of the distance each particle travels between two images in combination 
with the time interval between the images provides velocity vectors.  
 
The post-processing procedure includes masking of the images so velocity vectors are 
calculated only in the air gap where the flow evolves. Masking is also used to remove 
reflections since these will cause significant errors. The results are then cross-
correlated in smaller sub-sections of the image to find the average value for the 
displacement that leads to a vector map of velocities. At last vector statistics is made 
from 30 image pairs. Figure 4.4 is given as an example of the vector presentation after 
post-processing of the images. 
 
The PIV measurement technique is described in detail in Paper IV. 
 
4.2.2 Experimental set-up 
Inside a test chamber of 3.6 x 6.0 x 3.6 m³, a room was created with internal 
dimensions of 3.6 x 4.5 x 2.5 m³. A chilled internal wall was built in the chamber, and 
a plexiglass box was positioned against the chilled wall to imitate a piece of furniture 
standing at an external wall in a real building. An air gap behind the plexiglass 
furniture allowed room air to pass the chilled surface and this was meant to replicate a 
microclimate found in ordinary dwellings.  
 
The imitation of the exterior wall was made of a wooden structure covered by plain 
gypsum board. The dimensions of the chilled wall were 2.3 x 0.5 x 2.5 m³. In the set-
up the laser light sheet needs to pass the furniture, which therefore had to be 
transparent. Hence, it was made of plexiglass mounted on a wooden frame structure. 
The dimensions of the furniture were 1.5 x 0.46 x 2.0 m³ and it is shown in Figure 4.5. 
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Figure 4.5 The experimental set-up, where the camera points into the air gap 

between the chilled wall and the furniture and the laser sheet is 
pointed in through the plexiglass furniture. a) A picture of the 
experimental set-up. b) A diagram of the PIV set-up 

 
The measured cases have 2 different distances between the furniture and the wall in 
combination with 3 different distances between the furniture and the floor. The 
surface temperature of the chilled wall behind the furniture was constantly 16°C and 
the average room temperature was 22°C for all measurements. This presents a 
temperature difference of 6°C. In Table 4.1 the different distances between the 
furniture and floor or chilled wall are given. With a view from the laser the distance 
between the furniture and the wall was kept constant at 400 mm.  
 
The two dimensional flow fields were measured from 7 different positions by the 
camera and the laser (A-G). The physical image height was on average 130 mm with 
a width of maximum 50 mm, which is the maximum gap size the flow was measured 
in. The positions of the camera and laser are absolute and described in Table 2 and 
illustrated in Figure 4.6. 
 
Table 4.1 The different tested positions of the furniture. 
 

Furniture 
position 

Gap (mm) 
furniture - floor 

Gap (mm) 
furniture - chilled wall 

1 0 25 
2 0 50 
3 50 25 
4 50 50 
5 100 25 
6 100 50 
7 200 25 
8 200 50 
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Figure 4.6 Part (a) shows a plan of the measured PIV set-up and (b) shows a 

front view of the room. The letters A-F show the measuring positions 
given in Table 2. The distance between the camera and the laser 
sheet is shown for measuring position D 

 
Table 4.2 Description of different measuring positions with the PIV equipment. 
The physical image size changes with distance between camera and laser.  The image 
widths are reduced to 25 or 50 mm depending on gap size. 
   

Measurement  
position 

Distance 
(mm) 
camera - 
laser 

Image 
height 
(mm) 

Camera 
height 
(mm) 

Laser 
height 
(mm) 

Distance 
(mm) laser 
– wall 

Furniture 
positions 
investigated 

A 1050 124 1183 1192 1570 1-8 
B 1420 187 1183 1192 1000 3-4 
C 1200 136 1183 1192 1440 3-6 
D 920 106 1183 1192 1670 1-8 
E 930 113 770 760 1670 3-4 
F 1080 130 770 760 1500 1-8 
 
4.2.3 Results of PIV experiments 
The 2D PIV results showed that the flow rate is increased when the gap is expanded 
from 25 mm to 50 mm. Figure 4.7 shows an example of the results at measuring 
position A. 
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Figure 4.7 Measured velocities at position A for the 8 furniture positions. The 

left part shows the odd furniture positions and the right the even 
positions. The velocities were measured 4 times for a distance of 50 
mm to both chilled wall and floor. For both parts of the Figure the 
furniture is placed at x = 0 mm gap width 

 
The results show that the narrow gap of 25 mm has higher velocities than the 50 mm 
gap. But calculation of the flow rates (see Paper IV) showed that these were higher 
for the 50 mm air gap. The shape of the velocity profiles are not the same for the two 
gap widths. The 25 mm gap has a parabolic shape, which is similar to what Aung et al. 
(1972) have predicted analytically. In the 50 mm air gap the shape indicates that the 
density changes near the chilled wall is dominating the flow. Furthermore, there is an 
indication of higher flow rates if the furniture leg height is less than 200 mm but 
elevated from the floor (Paper IV). 
 

4.3 Comparison of measured and simulated cases 
The last investigation of the case study is performed by CFD simulations. A 3D 
model of the same setup as used for the PIV measurements is used for the simulations 
(Paper V). The simulations are made with a commercial CFD tool (Fluent, 2003). 
Obstacles as furniture in the indoor environment are known to cause turbulence and 
therefore the simulation includes a viscous turbulence model. The turbulence model 
was combined with an enhanced wall treatment because this two-layer model will 
assure that when the grid is fine enough, the laminar sub-layer will be solved and for 
walls with coarser mesh a blending between the viscosity affected region (boundary 
layer) and the outer region (free flow) is performed. The main interest was to 
investigate the flow behind the furniture, and by use of an unstructured mesh it is 
possible to create a denser grid in specific regions without adding extra cells in other 
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areas, and thus an unstructured grid was used for the discretization. A coarser mesh 
was used in the main part of the room (~400,000 cells) and this was refined behind 
the furniture (with extra ~700,000 cells), and especially at the measuring positions 
behind the furniture (an extra ~400,000 cells). Figure 4.8 gives an example of the 
comparison between the measured and simulated results. 
 
When the results of the PIV measurements are compared to the CFD simulation, a 
good correlation has been found for a 50 mm air gap. The results from the narrower 
25 mm gap are less convincing. The shape of the velocity profiles is fairly well 
predicted by the model but for the narrow air gap the velocity levels are significantly 
lower. When furniture is placed directly on the floor the airflow is also estimated as 
lower than the results of the PIV measurements showed. It is expected that the 
underestimated values for the narrow gap is due to influence from radiation between 
the surfaces. The simulations did not use a radiation model since initial tests showed 
that the influence was very little but the initial test were made for a 50 mm air gap. 
Therefore, it will be interesting to include radiation in the simulation. This will 
require that the discretization strategy is changed since the radiation models cannot be 
included when adaptation of the grid is used. The results are described in detail in 
Paper V. 
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Figure 4.8 Comparison of measured and simulated velocities in the 25 mm (left) 
and 50 mm (right) in measuring position F. The furniture surface is 
at   x = 0 mm. The full lines are measured velocities and the dotted 
simulations. In the legend the calculated average velocity is given 
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Chapter 5 

Discussion 
This thesis work has investigated microclimates based on two methods; experiments 
and numerical modelling. This chapter gathers and discusses the major findings and 
gives an outlook to the future on this research topic. 
 
The purpose of the current work has been to investigate the hypothesis, that 
comprehensive moisture modelling can make it possible to predict the hygrothermal 
microclimatic conditions of surfaces in specific microclimates.  
 
In the current project, microclimates are defined as local areas on internal surfaces of 
the building envelope. There is a lack of knowledge about, how these areas are 
affected by the overall airflows in rooms. The importance lies in how the coefficients 
for surface heat transfer and moisture exchange depend on the local airflow velocity 
at the surface. In this project the moisture surface resistances were examined 
experimentally, and the results showed that they increase for lower velocities, which 
was expected based on analytical investigations. However, it was found that the 
measured surface resistances were lower than those calculated theoretically. The 
measured values were also compared to results from numerical CFD simulations, 
where the surface heat transfer coefficients were converted to surface resistances, but 
these surface resistances were found to be even lower than the measured values. This 
indicates that the surface resistances may by overestimated theoretically, but it also 
shows that numerical CFD simulation may underestimate the effect.  
 
The moisture surface resistance will influence the apparent moisture buffer capacity 
of materials, and thereby influence the hygrothermal conditions in microclimatic loci. 
As mentioned in Chapter 3, Roels & Janssen (2006) conducted a numerical sensitivity 
study of which factors influence the apparent moisture buffering capacity. They found 
that moisture buffering abilities will be affected by even small changes in moisture 
surface resistances, and that the proportions between the moisture buffer capacities of 
different materials may change. The surface resistances found in this project were in 
the range 1.5 – 6.0 ·107 Pa·m2·s/kg. Roels and Janssen found that by varying the 
moisture surface resistance from 1.0 to 5.0·107 Pa·m2·s/kg, the apparent moisture 
buffer capacity for a material like wood fibre board changed from 2.20 to 1.86 
g/m²·%RH, and thus should be considered to be significant. It must be mentioned that 
the error of the cup measurements may be higher than the measured surface 
resistances, but due to the number of measurements that all show the same 
characteristic, the measured values seem significant. However, the findings still stress 
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that the moisture surface resistance may be an important factor that will be interesting 
to investigate in microclimates.  
 
To investigate vapour surface resistances in microclimates in the field a Petri dish cup 
method was developed. Some first tests were performed but more results are needed 
to evaluate the performance of the design. 
 
Another investigation in this work was the airflows in a microclimate that are also 
influenced by the overall room airflow. Particle Image Velocimetry (PIV) 
measurements were used to investigate the influence of different furniture positions 
on the airflow rates and velocities. The measurements were performed in an air gap 
behind a piece of furniture placed near a poorly insulated wall. In all 8 different 
furniture positions were measured and all results showed very streamlined downwards 
flow, which was expected due to buoyancy. The PIV measurements gave 2D velocity 
vectors of the airflow in the gap, and the horizontal velocities could also be found and 
they were merely 2 % of the vertical values. Evidence of amplified airflow rates was 
found when the furniture was elevated from the floor by legs and the flow increased 
even more if the width of the air gap was enhanced. Some measuring positions 
showed that too high furniture leg heights may decrease the flow rate. This result is 
interesting but further investigation is needed. Another aspect is the increased focus 
on modelling investigations where the airflow measurements will be very useful, 
since they provide data that can be used to validate models. 
  
The modelling aspect was also a very important part of this project, so numerical 
modelling of the same geometrical set-up as used for the PIV measurements was 
performed. The results showed excellent conformity for a 50 mm air gap. For a 25 
mm air gap width the shape of the estimated velocity profiles were similar to the 
measured, but the level of the velocities was about half. Currently, this difference 
cannot be explained, so further investigations are needed. One of the factors that may 
influence the results is the fact that no radiation model was used in the numerical 
simulation model.  
 
As stated in the hypothesis the purpose of the project has been to investigate, if 
comprehensive moisture modelling can make it possible to predict the hygrothermal 
microclimatic conditions of surfaces in specific microclimates. These microclimates 
will be influenced by airflow conditions in room as already presented, this called for 
Computational Fluid Dynamics (CFD) modelling. Therefore, a commercial CFD code 
(Fluent, 2003) was used to implement vapour transport in walls, which is usually not 
included in CFD models. This was done by an immobile fluid wall approach.  
Initial case study investigations were used to show, that CFD modelling can reveal 
detailed heat and moisture distributions in room. The differences between global and 
local values showed that there is a potential for using CFD models for microclimatic 
investigations in indoor environments and especially near internal surfaces. However, 
the results of the immobile fluid wall implementation, still needs to be validated by 
comparison of measured data.  
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5.1 Future work 
The purpose of this thesis work was to provide new knowledge about hygrothermal 
interactions in microclimates. But to give final answers more questions need to be 
addressed. 
 
Further investigations are recommended for use of CFD modelling of rooms with 
complex geometries as furnished dwellings, which may help to predict the 
hygrothermal conditions in microclimates. In the current work an approach to 
implement vapour diffusion in walls within the CFD domain is proposed. However, 
there is still a great need for further investigations and validation.  
 
If the inclusion of vapour diffusion in walls can be validated, this can be expanded to 
include e.g. condensation and suction. It will also be interesting to include a radiation 
model because this should give more accurate modelling of temperatures in rooms in 
general. Humidity is very temperature dependant, so it may impact the moisture 
conditions in the microclimate. Investigation of other microclimates in rooms will 
also be interesting. This may include other cases in form of geometry, moisture 
sources and airflow conditions like different ventilation schemes. An import extension 
could be to perform transient simulations, which will give the opportunity to include 
moisture buffering. 
 
The immobile fluid wall approach is integrated directly in a CFD environment, which 
may be very important for further development. The reason is that analysis on rough 
grids may be more efficient than coupling to external HAM models. This stresses that 
further development of the method is both promising and interesting for obtaining an 
efficient modelling tool that can predict hygrothermal conditions in microclimates. 
 
In order to rely on model results, thorough validation is needed and the simulated 
results will never be better than the data supplied as boundary conditions. Therefore, 
there is still a great demand for further experimental investigation in a wide range of 
areas like material properties, advanced measurements of heat, air and moisture 
parameters in both small and full scale.  
 
The developed Petri dish cup design will also need to be tested further to have a 
proper evaluation. The method should help to reveal vapour surface resistances in 
microclimates in field investigations. 
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Chapter 6 

Conclusion 
One of the main scopes of this thesis was to establish a model that can predict the 
hygrothermal microclimate on the interior surfaces of the building envelope. The 
complexity of indoor environments made this a difficult task. This was illustrated by 
humidity in buildings, which affects both the indoor air quality, mainly in form of 
relative humidity in the air, and the moisture content in surfaces of building materials, 
constructions and furnishing elements. These moisture interactions also affect the 
hygrothermal conditions in microclimates, so the presented model needed to predict 
different conditions in the room. While conventional HAM-models usually represent 
e.g. indoor air as one node, the strength of a CFD models is their ability to simulate 
local effects. Therefore, such a model was used. The numerical simulation studies 
were performed on two related case studies that represented critical microclimates. 
 
A relationship between the airflow velocities at material surfaces and their effect on 
the moisture surface resistance were also investigated, both by experiments and 
numerical simulations. These results showed that the vapour surface resistance 
increases for low airflow velocities and that theoretical calculation overestimate the 
surface resistances. Opposed, numerical CFD simulation underestimates the surface 
resistance. 
 
It was shown that a method of using immobile fluid walls can be implemented 
directly in the CFD environment. Numerical simulation confirmed that the method 
can be used to investigate microclimates on internal surfaces of the building envelope. 
However, validation of the approach is still needed but the results are promising. To 
gain better results, more development is also needed like implementation of a 
radiation model.  
 
Another main scope of the thesis was to perform measurements that reveal airflow 
velocities near surfaces. Particle Image Velocimetry (PIV) was used to obtain 2D 
velocity vectors of the flow in an air gap between a poorly insulated external wall and 
furniture placed near it. It was found that the velocities were developing down 
through the air gap. The measured data constitute a basis for validation of airflows in 
microclimates estimated by numerical simulation. 
The measured PIV data was used in comparison to numerical simulated results. This 
showed that numerical simulations can predict the airflow velocities in air gaps. The 
best estimation was found for a gap width of 50 mm whereas a more narrow 25 mm 
gap showed too low simulated velocities. The deviation is not accounted for, but may 
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be partly related to the fact that radiation was not included in the used model. This 
however, needs further investigation.  
 
The general purpose of the PIV measurements was to study effects on the airflow 
from different furniture positions in a case study investigation. As expected, it was 
found that the velocities in the air gap were reduced when the furniture was placed 
directly on the floor. A wider 50 mm gap showed an increased airflow rate behind the 
furniture compared to a 25 mm gap. This result was replicated both in the 
measurements and the numerical simulation. In addition, it was found that the airflow 
velocity was higher for a narrow 25 mm gap in the measurements, while the 
numerical simulation did not show the same tendency. An interesting result of the 
measurements was that the flow velocity seemed to decrease when the furniture had 
legs of 200 mm height for two of the measuring positions. This could be due to 
increased turbulence but, this also needs further investigation. 
 
The overall conclusion of the thesis is that it is possible to determine local airflow 
velocities and heat and moisture distributions in microclimates by numerical CFD 
modelling. However, further work is needed in form of validation to measured data 
and development of the model for it to account for other transport mechanisms. 
Development is also needed to have an easier implementation with less user-
programming since this decrease the numerical performance of the numerical solver.
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Determination of Moisture Surface Resistance Using Cup Experiments 
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Abstract 
Moisture transfer between indoor air and constructions or furniture is affected by condi-

tions at the boundary layer near the surfaces. The relation between surface resistance and 

airflow velocity near a material sample is investigated using dry cup experiments on paper 

samples. The experimental results are compared with CFD simulations in order to evaluate 

the influence of cup design. The results show that the surface resistances decrease with 

increasing airflow velocity above the material surface, but the measured resistances are 

somewhat smaller than those estimated theoretically. It is found that the cup design influ-

ences the local turbulence on sample surfaces.  

Keywords  
Boundary conditions, surface resistances, permeability measurements, CFD simulation, 

local turbulence. 
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Nomenclature 
A exposed surface area (m²) Greek 

Ac cross-sectional area  (m²) αc convective surface heat transfer      
coefficient (W/m²·K) cp 

heat capacity of air at constant pressure 
(J/kg·K) 

D diffusivity (m²/s) βp 
surface coefficient of vapour transfer at 
constant pressure (kg/ Pa·m²·s) 

Dh hydraulic diameter, 4Ac/P (m) λ thermal conductivity of air (W/m·K) 
G stationary weight change per time (kg/s) µ dynamic viscosity (kg/m·s) 
g water vapour  flux density (kg/s·m²) ρ density of air (kg/m³) 
k constant (-) Subscripts 
L length (m) a air layer 

Le Lewis number, λ/ρcpD (-) a cross-section 
Nu Nusselt number, αcDh/λ (-) D hydraulic diameter 

P wetted perimeter (m) h hydraulic 
∆pv water vapour pressure difference (Pa) m sample material 

Pr Prandtl number (-) p pressure 
Rv gas constant for water vapour (J/kg·K) s1 surface, exterior 
Re Reynolds number, ρuDh/µ (-) s2 surface, interior 
T temperature (K) t total 
u air velocity (m/s) v water vapour 
x entrance length (m) Superscript 

n number between 0 and 1 Z1-layer 
total water vapour resistance of 1 layer 
of paper (Pa·m²·s/kg)   

Z2-layers 
total water vapour resistance of 2 layers 
of paper (Pa·m²·s/kg) 

  

Za 
water vapour resistance of airlayer 
(Pa·m²·s/kg) 

  

Zm water vapour resistance of sample    
material (Pa·m²·s/kg) 

  

Zs1 
water vapour surface resistance, exterior 
side of sample  (Pa·m²·s/kg) 

  

Zs2 
water vapour surface resistance, interior 
side of sample  (Pa·m²·s/kg) 

  

Zt 
total water vapour resistance 
(Pa·m²·s/kg) 

  

Z1-layer 
total water vapour resistance of 1 layer 
of paper (Pa·m²·s/kg) 

  

1 Introduction 
The purpose of the investigation shown in this paper is to find the so-called surface resis-

tances by use of cup measurements for determination of water vapour transmission. More-

over, we investigate how the surface resistance is affected by airflow velocity and cup de-

sign.  

1.1 Background 
Moisture interactions between room air, the surrounding constructions and furniture have a 

great influence on the indoor environment. The moisture transfer between air and con-

struction are strongly dependant upon the boundary layer conditions close to the surface, 

which is influenced by the airflow patterns in the room. Thus, it is important to investigate 

the airflows carefully and to estimate their effect on the moisture transport. For instance, 
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small velocities will lead to an increased air layer resistance. Bednar & Dreyer [1] showed 

that it is possible to measure the surface transfer coefficients by use of small specimens 

with high liquid moisture conductivity. The surface resistance is a key parameter in under-

standing moisture interactions between room air and constructions, since the actual airflow 

velocities found in dwellings are relatively small.  

 

The modelling development in hygrothermal building performance urges measurements of 

moisture parameters of building materials. A widely used method is the cup test but other 

methods have also been developed. Svennberg & Wadsö [2] invented a modified cup 

method that is best applicable for very permeable materials such as textiles and the method 

only requires very small sample sizes. Yet, another method was developed by Galbraith et 

al. [3] of low pressure permeability tests where the results can be obtained much faster. In 

addition Scheffler & Plagge [4] have designed a new type of equipment especially for dry-

ing measurements, which has the advantage that it can also produce data for the surface 

boundary of the material sample including surface resistances. 

 

The effect of airflow velocities on material surfaces and how boundary layers relates to the 

moisture transfer rate is highly important in order to have better understanding of the mois-

ture interactions between room air and constructions. Problems of mould growth are 

known to occur due to high relative humidities in microclimates e.g. between “cold” exter-

nal walls and furniture. Therefore, the experiments in this study focus on determination of 

the surface transfer coefficients for moisture as a function of the airflow velocity above the 

boundary layer.  

 

The surface resistances can be determined by measurements on samples with different 

thicknesses as shown by Fanney et al. [5] and Worch [6]. This corresponds well with the 

Japanese standard JIS A 1470-1:2002 [7]. In the standard it is proposed that the surface 

resistance can be found by using 2 cups with desiccant covered by 1 and 2 pieces of paper, 

respectively. The found resistances will be compared to the specifications of the EN ISO 

12572:2001 standard [8] for determination of water vapour permeability. The standard pre-

scribes mixed air to assure uniform conditions and the airflow velocity should be within the 
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range 0.02-0.3 m/s above the sample. However, this relatively large span of airflow veloci-

ties could influence the surface transport coefficients.  

 

1.2 Outline of current paper 
The purpose of these measurements is to gain information about the water vapour transport 

through a sample as a function of airflow velocity above the boundary layer of the exposed 

sample surface. Therefore, this paper presents permeability experiments with layers of pa-

per as sample material extended with measurements of airflow velocity during the perme-

ability experiments. Post processing the permeance results give the surface resistances. The 

permeability experiments use the inverted cup method and try to reveal differences in sur-

face resistances due to changes in airflow velocities. The investigated airflow velocities are 

within the range stipulated in the EN ISO 12572:2001 standard [8], namely 0.02 – 0.3 m/s 

as well as higher velocities.  

 

Additional experiments are performed in the laboratory to test the feasibility of using Petri 

dish cups as probes for field determination of the moisture surface resistance.  

 

Furthermore, the surface resistances found by measurements are compared with numerical 

simulation. The numerical simulations are expanded to investigate local turbulence due to 

different cup designs, e.g. with and without rims. The numerical analysis of the laboratory 

experiments is based on the theory of flow in ducts. 

2 Theory 
The cup method principle for determining water vapour permeability is to have a cup with 

desiccant or a salt solution, to ensure a well known relative humidity (RH) that is covered 

by a sample and placed in a controlled environment. Then the cup is weighed regularly and 

the steady rate of weight gain or loss expresses the water vapour transfer transmission rate. 

 

When the water vapour resistance, Zt (total), for an entire sample of a building material is 

found by the cup test method the primary resistance is usually within the material itself, Zm. 

However, there are also somewhat smaller resistances caused by surface resistances on 
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each side of the material, Zs1 and Zs2. In addition, there can be an air layer resistance, Za, 

between the surfaces of the desiccant or the salt solution and the sample. In case of using 

the inverted dry cup method only Zs1, the resistance on the exterior side of the sample of 

the cup exists. With these resistances and use of Fick’s law the water vapour flux density, g 

can be described as in Equation 1.   
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Equation 1 can be simplified to show the transport in case of inverted cup measurements 

and this is shown in Equation 2. 
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Alternatively the surface resistances Zs1 and Zs2 can be found by use of the surface coeffi-

cient of water vapour transfer, β . In Equation 3 a general formula derived by Nusselt [9] is 

given. 

 

( ) c
n

c

n

p

D
Dc

D α
λ

α
ρ

λ
λ

β ⋅⋅=⋅










⋅⋅
⋅= Le   (3) 

 

In Equation 3 the exponent, n of the Lewis number is 0 for laminar flows and 1 for fully 

turbulent flows. For natural air movements in rooms the value, n should be 1/4 (Illig [10]).  

The surface resistance, Zs1, is then found by the relation between the heat and moisture 

transfer coefficients. 
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The convective surface heat transfer coefficient, αc depends on the airflow velocity, u, 

above the boundary layer but first some related properties have to be derived. These are 

Reynolds number, ReD, hydraulic diameter, Dh, entrance length, x, and Nusselt number, 

Nu.  

 

For forced flow in ducts and pipes the flow is laminar up till Reynolds numbers, ReD ≅ 

2300 then there is a transition until turbulence is fully established when ReD > 10,000. The 

Reynolds number is calculated by use of the hydraulic diameter as shown in Equation 5. 

 

µ
ρ h

D
DuRe ⋅⋅

=   (5),  

where 
P
AD c

h
⋅

=
4

 

 

To estimate the mean Nusselt number the hydrodynamic entrance length, x must be found. 

For the laminar region the hydrodynamic entrance length, x is given by: 
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05.0  (6) 

 

In the turbulent region the hydrodynamic entrance length, x is given by: 

 

6010 ≤







≤

hD
x   (7), 

here it will be assumed fully developed when x/Dh > 10. 

 

The mean Nusselt number, Nu is constant when the flow is laminar and fully developed, 

this constant will be called, k. The constant, k is a correction factor for flows in ducts of 

differing cross-sections. For constant wall temperature the number is between 3 and 7.5.  In 

the laminar developing region and for flow in ducts of various cross sections Mills [11] 

suggests calculation of the mean Nusselt number by use of an empirically derived equation:  
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In the turbulent region Nu is estimated as: 

 
4.08.0023.0 PrReNu D ⋅⋅= (9) 

 

By use of Nu the convective surface heat transfer coefficient, αc is found by: 

 

h
c D

Nu λα ⋅
=  (10) 

 

More about forced convection in ducts can be found in e.g. Mills [11]. 

3 Experiments 

3.1 The equipment for cup tests 
To perform the permeability measurements a specially designed cup test facility has been 

used. It consists of a closed ventilation system where both temperature and relative humid-

ity can be controlled and it passes through a test chamber. An outline of the facility is seen 

in Figure 1. The cup facility is combined with a data acquisition system where information 

about temperature, relative humidity, airflow velocity and pressure is recorded automati-

cally, and the weight of the cups is entered at each weighing. Within the facility it is possi-

ble to test 12 ordinary cups and 12 inverted cups at the same time. In the test chamber the 

circulating air flows in a flat duct with 60 cm width and 5 cm height. Here, the samples are 

placed in contact with streaming air. This is seen in Figure 2 (a) where a picture of the test 

chamber is shown in and in part (b) a principle drawing is seen. The air circulation system 

ensures that both the humidity and the airflow velocity in the climate chamber duct can be 

controlled. Within the cup test facility it is possible to set different airflow rates. The air is 

circulated by a fan within the air circulation duct. 
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In the picture, Fig 2 (a) two openings are seen in the front plate and from these the samples 

are weighed on the balance seen in the bottom. Hansen [12] give a more detailed descrip-

tion of the used facility and equipment  

 

3.1.1 Measuring methods 

Airflow measurements 

In theory the airflow velocity will influence the surface resistances. Hence, the airflow ve-

locity is measured along with the permeability measurements. 

 

The airflow measurements were performed with thermal anemometers. One of the advan-

tages of thermal anemometers is their ability to sense very low velocities. Opposite, the 

limitations of hand-held and analogue electronic anemometers are that they must be care-

fully aligned with the airflow, they should be clean, and the readings can fluctuate in turbu-

lent flows. In the current measurements, the fluctuating readings where smoothed by using 

time-integrated measurements. The airflow velocity measurements were performed in the 

middle of the 5 cm flat duct with around 2.5 cm distance to the sample surface. This means 

that the airflow velocities are assumed to have been measured in the free velocity field. 

 

To have as low airflow velocity as possible the circulation fan inside the duct was set as 

low as possible. However, measurements showed that this gave results in the range 1.1 – 

1.4 m/s. Since we wanted to test even lower velocities the air in the duct was slowed down 

by adding perforated rubber foam in the duct prior to the measuring area. With this foam it 

was possible to achieve velocities in a range of 0.06 to 0.78 m/s for 3 different settings of 

the ventilation fan. However, this span makes it important to measure each cup position as 

the velocities for the same ventilation fan setting have a large velocity span. It was found 

that the velocity measured at a specific cup position could be replicated, so the 3 fan set-

tings each provide a group of 10 individually measured velocities. 

 

For velocities in the range 1 - 2 m/s the measurements were taken twice for a 60 s time-

averaged period and a 400 s time-averaged period with a Low Velocity Transducer, type 

54R10 anemometer from Dantec (range 1-5 m/s). All 3 measurements were then averaged. 
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For velocities in the range 0 – 1 m/s the measurements were continued until the standard 

deviation was as low as possible with an Indoor Climate Analyser, type 1213 anemometer 

from Brüel & Kjær (range 0 - 1 m/s). In the actual measurements that gave standard devia-

tions in a range of 0.04 – 0.15 m/s. The measurements were repeated another day and the 

results for both days were averaged.  

 

Description of cup tests 

Circular cups resistant to corrosion were used for the inverted cup measurements. Each cup 

consists of two parts that are screwed together with a rubber sealing ring on both sides of 

the sample. On top of the upper rubber sealing a Teflon ring was added to ensure smoother 

closing of the cup. The exposed sample area was circular with a diameter of 79.8 mm 

(5000 mm²). A picture of a cup is shown in Figure 3.  

Due to the small sample size, a total of 5 samples were required according to the EN ISO 

12572:2001 standard [8]. Hence, in each test 10 samples were tested but the airflow veloc-

ity above the boundary layer was not quite identical. The sample material was plain draw-

ing paper with a weight of 190 g/m². Half of the cups had 1 layer of paper and the rest had 

2 layers of paper.  

Therefore, the results shown in this paper will consist of 4 groups of measurements with 

different airflow velocities each based on the measuring results from each cup. The meas-

urements were performed in the described facility for cup tests. As dry cup desiccant, 

(Mg(ClO4)2, 0 %RH) was used. Four cases with different range of airflow velocities above 

the boundary layer were tested; Test 1 with range 0.06 – 0.54 m/s, Test 2 with range 0.06 – 

0.78 m/s, Test 3 with range 0.09 – 0.69 m/s, Test 4 with range 1.04 – 1.40 m/s. The tested 

cases were actually measured twice, on day one they were performed with one layer of pa-

per and the next day with two layers of paper. The tests 1-3 covered similar ranges of ve-

locities but this is useful in order to assure repeatability of the measurements. During the 

tests the climate above the cups provided by the climate chamber was kept constant with 

temperature of 22.6°C ± 0.1°C and 54 %RH ± 1.5 %RH, according to the standard. 

 

The results of the permeability experiments were post processed. The total water vapour 

resistance, Zt, can give the surface resistance Zs1 by simple calculations:  
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Unfortunately, the inaccuracy of determining the surface resistance as proposed in Equation 

11 will exceed the uncertainty of measuring the diffusion resistance of the individual cups. 

 

3.2 Petri dish tests 
Additional tests using Petri dishes as cups had two purposes; to see if the cup method 

would be applicable as a method to measure the moisture surface resistance under practical 

circumstances such as on interior building surfaces and to use the results to get an idea 

about the airflow velocity in the microclimate.  

 

The concept could then be used as simple “field cup tests” to determine surface resistances 

in real microclimates. The idea was that only a precision balance and glass Petri dishes as 

cups were required. The method was tested under controlled conditions in a climatic cham-

ber in the laboratory. In the chamber was built a chilled internal wall, and a Perspex box 

was positioned against that wall to imitate a cupboard standing at an external wall in a real 

building. An air gap behind the Perspex furniture allows room air to pass over the chilled 

surface. The room air temperature and relative humidity were kept constant at set values.  

 

The Petri dish cups were placed vertically on the chilled wall with the paper-covered tops 

facing the room, see Figure 4. The glass cups were filled with desiccant and they were 

sealed with 1, 2 or 3 layers of paper (190 g/m²) of the same type as used in the experiments 

in the cup test facility. The used Petri dish cups had an exposed surface area of 7280 mm² 

(96 mm diameter). All tests were performed at a room temperature of 22.0°C ± 0.5°C but 

with 3 different relative humidities: 40, 50 and 60 %RH. 

 

The temperature at the chilled wall surface, where the Petri dishes were located, was on 

average 18.2ºC giving 49, 60 and 70 %RH in the microclimate behind the cupboard. The 
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relative humidities and temperatures were measured both in the middle of the room and 

behind the cupboard.  

 

During the measurements, the Petri dishes were dismantled from their positions and the 

weight was determined by use of a balance. The rate of weight increase together with 

knowledge of the difference of water vapour pressure over the cardboard specimens made 

it possible to determine the total water vapour resistance of the system of cardboard layers. 

The airflow above the Petri dish cups was not measured during these experiments. 

4 Analytical investigation 
The presented theory will be used to estimate the surface resistance in the cup tests based 

on the airflow velocities found in the measurements. Furthermore, numerical simulations 

of the airflows for the cup tests were performed. These were expanded with an investiga-

tion of changes due to cup design, e.g. with and without a rim. 

 

4.1 Theoretical calculations for the cup tests 
In Figure xx a calculation example is presented. The calculation represents an example of 

how theoretically estimated surface resistance can be estimated by use of Equations 4-10.  

 

This example uses a velocity of 0.33 m/s, which is in the lower end of the measured veloc-

ity span for the experiments. 

First the Reynolds number is found, which determines if the flow is laminar (ReD ≤ 2300) 

or turbulent (ReD > 10,000).  
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The found ReD is in the laminar region. The laminar region will continue up till velocities 

of 0.37 m/s, then there is transition and when the air flow velocity exceeds 1.63 m/s it be-

comes turbulent.  

To know if the flow is developing the hydrodynamic entrance length is calculated.   

 

mx
m

x 35.9202605.0
0923.0

≈⇒⋅≈





  

 

The length of the flat duct is 1.45 m so this is in the entrance region and the flow is laminar 

and developing. Calculations show that the laminar flow (u < 0.37 m/s) is only fully devel-

oped when the velocity is less than 0.05 m/s, whereas the flow is fully developed turbulent 

after an entrance length of 0.9 m. So when the flow is turbulent (u > 1.63 m/s) it is always 

fully developed after 0.9 m, which is when it reaches the sample area.  

With the current information the mean Nusselt number can be calculated. The constant, k 

in Equation 8 is found by linear interpolation between correction factors with the current 

geometry, which gives k = 6.3. 
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Then the convective surface heat transfer coefficient, αc is then calculated. 
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Finally, the water vapour surface resistance, Zs1 is found for the example by use of Equa-

tion 4.  
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In Table 1 an estimate of surface resistances based on the Equations 4-10 are shown. Ve-

locities between 0.02 and 2.0 m/s give Nusselt numbers between 6.3 and 37.5, which is 

transformed to surface resistances between 1.08·108 and 1.56·107 Pa·m²·s/kg.  

 

4.2 Airflow simulations with CFD 
When investigating surface resistances it is important to know the precise surface condi-

tions. The cups used in the permeability measurements are not exactly in plane with the flat 

duct surface. Therefore, a numerical simulation of the airflow development in the flat duct 

with the cups has been carried out. For the purpose a computational fluid dynamics (CFD) 

program [12] was used. The simulated geometry is shown in Figures 5 and 6.  

An addition to the simulation of the current experiments presented in this paper is simula-

tions of another variation of cup design with a 2 cm rim, see Figure 6. The idea is to study 

the effect of local turbulence due to cup design, which is of general importance for per-

forming permeability tests using the cup method. 

In the CFD simulation x m of the flat duct before the measuring area and x m after was 

simulated. These values correspond to the actual cup facility design. In the simulation a 

inlet velocity of x m/s and an isothermal temperature of x was used. The simulated fluid 

media was dry air. 

 The CFD calculations can provide the surface heat transfer coefficient for each sample 

surface and these will be compared both with measurements and with each other. The CFD 

software retrieves the surface heat transfer coefficient by use of xxx (formula) 

5 Results 
First the results of the permeability experiments are presented. Then the results of the air-

flow velocity measurements will be described. These results will be compared to the results 
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of the numerical simulations and the simulation results of other cup designs are presented. 

Finally, the Petri cup measurements are presented. 

 

5.1 Results of dry cup experiments  
For all the tested cases the measurements were continued until stationary weight loss or 

gain of the samples was achieved. The measuring period was typically around 7 hours with 

1 weighing every hour. The results shown in this paper are based on at least 5 weighings 

where the weight change rate is constant within ± 5% of the mean value, which is required 

by the EN ISO 12572:2001 standard. However in most cases the weight change rate was 

constant within ± 2% of the mean value. 

As an example of the results, the weight uptakes of the cups in test 1 are given in Figure 7. 

In the figure the numbers in the legend refer to the airflow velocity above the boundary 

layer of the material surface of the given cup. The slopes of the lines in combination with 

the exposed surface area and the water vapour pressure difference over the samples are 

used to calculate the total resistance of the samples. The slopes of the lines in Figure 7 are 

for 2-layers of paper. The calculated total resistances in this case are between 8.91·107 and 

1.23·108 Pa·m²·s/kg. The lowest surface resistance is for the case with a velocity of 0.34 

m/s and the highest value was measured at an airflow velocity of 0.06 m/s. These airflow 

velocities also have the steepest and the flattest slopes respectively in Figure 7. 

By use of Equation 10 the surface resistances for each cup at every test have been found. 

The corresponding surface resistances as a function of the airflow velocity above the 

boundary layer of the four tests are shown in Figure 8. In the figure a trend-line is added 

which has been calculated by a least squares fit of all measurements according to a power 

function. The equation for the trend line is Zs1= 2.17·107·u-0.273 

Along with these measurements, the surface resistances estimated by Equations 3 - 9 are 

given together with the simulation results (described later). 

 

5.2 Airflow measurements 
In Table 2 the results are given of the performed airflow velocity measurements in the mid-

dle of the flat duct with 2.5 cm distance to the sample surface. The fan settings are 1 - 3 (1 

is slowest) and the abbreviation PRF refers to perforated rubber foam, this gives average 
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velocities in the range 0.33 – 1.30 m/s. All results are time averaged as described in part 

3.1.1. 

  

5.3 Comparison of airflow measurements and simulation 
The results of the simulation and the measurements are compared in Figure 8, where both 

the surface resistances of the actual cup used and a design with a 2 cm rim are given. The 

surface resistance of the sample surfaces are also compared at the actual position of each 

cup for both the simulation and the post processed permeability tests for an airflow velocity 

of 1.3 m/s in Figure 9.  

 

5.4 Local turbulence due to cup design 
In Figure 10 local airflow patterns due to cup design are shown. In part (a) the results of the 

simulation with the geometry of the cups actually used in the permeability tests are shown 

and in (b) results of the airflow pattern of a similar cup with a rim of 2 cm are shown. In 

Table 3 the calculated surface heat transfer coefficients for the two simulated cases are 

given. 

 

5.5 Results of Petri cup test 
The Petri cups were measured every hour for at least 8 hours and the results are based upon 

a minimum of 5 weighings. The results of the three tests with different relative humidities 

are given in Figure 11, where the resistance is plotted as a function of numbers of paper 

layers. The surface resistances are then found as the interception with no layers (intercept 

with y-axis). The found surface resistances where in the range 4.3 – 5.4·107 Pa·m²·s/kg.  

6 Discussion 
The measured results show a tendency of higher surface resistances for lower airflow ve-

locities. This was expected since the theoretical values from Equations 4-10 also show that 

the surface resistance declines with increasing airflow velocity. However, if the surface 

resistances from the measurements are compared with the estimated theoretical surface 

resistances in Figure 8, it is found that the measured values are smaller than predicted. 

Apart from the general uncertainty of measuring the surface resistance, this could be a sign 
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that the true surface convection is stronger than assumed by the theoretical estimates of the 

air flow. In addition, the shape of the curves for measured and CFD simulated results are 

similar, but the simulated surface resistances are smaller, see Figure 8. For low velocities 

the simulated results are only about half the value of experiments but the distance between 

the two curves decreases with increasing airflow velocity. 

For comparison, results from a drying experiment of a wet sample carried out by Bednar & 

Dreyer [1] have shown a moisture transfer coefficient, pβ of around 18·10-5 kg/Pa·m²·h for a 

room with “still” air. This number corresponds to a surface resistance of 2.0·107 

Pa·m²·s/kg. This resistance seems quite small compared to Figure 8 where both the esti-

mated and the measured surface resistances for velocities less than 0.2 m/s are higher. 

However, as a drying experiment the conditions may not be quite comparable with those 

exerted in the cup experiments described in the present paper. 

 

The results can also be compared to the cup tests by Fanney et al. [5] who found a surface 

resistance for a dry cup experiment in an environmental chamber at 23.6°C (44.7 %RH) of 

13.3·107 Pa·m²·s/kg. This value was obtained by open cup (without an attached sample) 

experiments in “still air” inside desiccators and does not account for changes in tempera-

ture due to wetting of the desiccant.  

 

The results of the Petri cup tests can also be compared to work by Janssens et al. [13]. They 

worked with prediction of water vapour transfer of spunbonded plastic films, which are 

highly permeable materials. They found that accurate measuring of the surface resistance 

was only obtained by permeance test on multiple material layers. In this work a surface 

resistance of 27.5·107 Pa·m²·s/kg for dry cup experiments was found, but for open cup 

measurements surface resistances of 4.6·107 and 4.9·107 Pa·m²·s/kg were found. In the cur-

rent study of Petri cup test the resistances for multiple layers was also plotted. This resulted 

in surface resistances in the range 4.3 – 5.5·107 Pa·m²·s/kg, which corresponds well with 

the open cup results of Janssens et al. [13].  

 

The measured and simulated airflow velocities below each cup can only be compared di-

rectly for the tests with an average airflow velocity of 1.3 m/s, due to the insertion of perfo-
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rated foam plastic in the duct in the other 3 experiments. From Figure 9 it is found that the 

results are comparable but however simulation results alone show noticeable changes for 

the different airflow velocities so a comparison for lower airflow velocities could have 

been more interesting. The investigation of the airflow with CFD shows that there is great 

impact on the distribution of airflow velocities due both a metal bar separating the Perspex 

plates in the sample area and as seen in Figure 10 due to holes in the lower part of the Per-

spex plate/duct.  

 

The simulations were extended to include an investigation of influence of cup design to 

study the influence of a rim. It was found that the airflow velocity at the sample surface is 

considerately lower when there is a rim resulting in bigger surface resistances. Even for 

turbulent airflow velocities the difference in surface heat transfer coefficients are > 65 %. 

However, the influence of the rim will still be negligible for most building materials, ex-

cept for lightweight materials relatively open for water vapour. 

 

The CFD simulated surface resistances were found to be slightly smaller than the meas-

ured. This may be due to the calculation of the surface heat transfer coefficient in the CFD 

program. We do not know exactly what is done e.g. at which distance from the surface is 

the velocity is evaluated. However the results are predicted quite well, so it is found that 

CFD simulation can be used to estimate expected surface resistances before any experi-

ments are performed for airflow velocities in the range 0.1 – 1.4 m/s. 

 

In the Petri cup tests the total resistance is plotted versus numbers of paper layers. Linear 

intercept with the y-axis (no layers) give the surface resistance as seen in Table 4. Here, the 

results show that the no layer intercept give almost the same value as if the surface resis-

tance is found by Equation 11 modified to 1 and 3 layers of paper. This was expected since 

the intercept for plotting of 1 and 2 layers only gives the same results as subtracting 1 and 2 

layers. It seems fairly simple to apply the Petri cup tests in practice however the idea needs 

some refining. From Figure 8 the airflow velocity corresponding to a surface resistance of 

4.3·107 Pa·m²·s/kg (53% RH) is about 0.08 m/s for the cup test measurements. This number 

is very low and needs to be verified by other studies. 
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7 Conclusion 
It has been found possible to determine the surface resistances of moisture transfer by 

measurements on samples with different thicknesses by using dry cup experiments as de-

scribed in the Japanese standard JIS A 1470-1:2002 test method. The results show that the 

surface resistances decrease for increasing airflow velocity above the boundary layer of the 

material surface. This was expected since the theoretical estimated surface resistances also 

show that the resistance increases with decreased airflow velocity. The measured resis-

tances are somewhat smaller than the ones theoretical estimated but higher than the CFD 

simulation results. The measured and simulated results show the same pattern.  

 

The CFD simulations also compared cup designs. Two designs were tested one as used in 

the permeability experiments and a cup with a 2 cm rim. As expected, the rim has a signifi-

cant influence on the airflow velocity above the exposed sample surface. The lower airflow 

velocities also give much lower heat transfer coefficients, which for open lightweight mate-

rials can play an important role. Thus CFD simulation can be used to give an idea about the 

expected surface resistances for velocities in the range 0.1 -1.4 m/s and it can provide use-

ful information about the flow patterns so inconvenient design cup test facilities can be 

avoided. 

 

The concept of using the Petri cup test for investigation of the microclimate in the field is 

promising but needs to be developed and tested further. 
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Figure captions 
Figure 1. Drawing of the equipment for cup measurements. The air is circulated and condi-
tioned within the equipment. 
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Figure 2. (a) Picture showing the actual test chamber. The inverted cup samples are posi-
tioned face down in holes in a Perspex plate. The air flows below the cups in the 5 cm high 
duct. (b) Principle drawing of a cup in the sample area. Note that part of the cup is actually 
in plane with the Perspex plate.  
 

 
 

 



 22 

Figure 3. Picture of cup with half a piece of 1-layer sample paper (190 g/m2) and without 
desiccant. The white ring above the sample is Teflon and the black ones above and below 
are rubber sealing rings. 
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Figure 4. Picture of Petri dish cups placed vertically on the cold wall with the paper facing 
the room. The cupboard is made from Perspex plates so it is transparent. The principle of 
the Petri dish cups can also be seen as well as the heights the cups were placed in. 
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Figure 5. The figure shows the geometry of the simulated cases. Here the vector results for 
an airflow velocity of 0.17 m/s at the inlet are given in a plane, y = 0.25 m, which is 5 cm 
from the centreline. The inlet is at the end of the flat duct furthest away from the sample 
area, this ensures a uniform flow when the sample area is reached. The velocity vectors are 
coloured by the scale on the left in the range 0 - 0.2 m/s. 
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Figure 6. Geometry for CFD simulation of cup and cup with rim 
 

 
 



 27 

Figure 7. Dry cup weight changes in test 1 with 2-layers of paper. In test 1 the airflow ve-
locity above the boundary layer of each of the cups is in the range 0.06 – 0.54 m/s. 
 

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

0 5000 10000 15000 20000 25000

Time (s)

W
ei

gh
t (

g)

0.06 m/s
0.07 m/s
0.29 m/s
0.32 m/s
0.34 m/s
0.41 m/s
0.43 m/s
0.43 m/s
0.49 m/s
0.54 m/s

 
 



 28 

Figure 8. Water vapour surface resistances, estimated, measured and simulated. The calcu-
lated theoretical values are separated in 3 parts, laminar, transient and turbulent. The tran-
sient part is hatched and between the laminar and turbulent boundary.  
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Figure 9. Examples of surface moisture resistances for each cup for an air velocity of 1.3 
m/s (regime of transition). Results of cup experiment and numerical simulation are shown.  
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Figure 10. Airflow velocity distribution for inlet velocities of 0.17 m/s. The results are 
zoomed images of the result plane y = 0.25 and it is given for (a) the actual cup and (b) a 
cup with a 2 cm rim. The velocity vectors are given in the range 0 – 0.2 m/s.  
 

 
 

(a) 

(b) 
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Figure 11. Results of Petri dish cup tests. Diffusion resistances plotted as a function of the 

number of material layers. Data from 3 measurements are presented. The difference be-

tween the measurements is the relative humidity at the sample surface.  
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 Tables 
Table 1.  Estimated surface resistances based on Equations 3-9. In the transition area values for both laminar 
(n = 0) and turbulent (n = 1) behaviour is calculated. 
 

Airflow 
velocity 0.02 m/s 0.17 m/s 0.33 m/s 0.39 m/s 0.45 m/s 0.70 m/s 1.3 m/s 1.7 m/s 2.00 m/s 

Nu (-) 6.3 7.5 8.4 8.7- 
10.1 

9.0 - 
11.3 

10.1-
16.2 

12.3-
26.5 32.9 37.5 

αc (W/m²K) 1.77 2.09 2.35 2.43- 
2.83 

2.52-
3.18 

2.83-
4.53 

3.44-
7.44 9.22 10.5 

Z ( )kg
smPa ⋅⋅ 2

 1.1·108 9.3·107 8.3·107 8.0·107- 
5.8·107 

7.7·107-
5.2·107 

6.9·107-
3.6·107 

5.6·107-
2.2·107 1.8·107 1.6·107 
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Table 2. Measured airflow velocities, in the middle of the air circulation duct below each sample surface. The 
cup sample position can be seen in Figure 9. The abbreviation PRF is perforated rubber foam, which is used 
slow down the air. The number 1-3 are settings for the ventilation fan inside the cup test facility. The last 
column results are with the lowest fan setting and without the rubber foam to reduce the flow.  
 

Measuring 
position 

PRF1 
(m/s) 

PRF2 
(m/s) 

PRF3 
(m/s) 

1 
(m/s) 

Sample 1 0.22 0.31 0.35 1.33 
Sample 2 0.41 0.45 0.54 1.30 
Sample 3 0.06 0.10 0.10 1.43 
Sample 4 0.07 0.06 0.09 1.18 
Sample 5 0.32 0.47 0.67 1.40 
Sample 6 0.43 0.49 0.57 1.05 
Sample 7 0.49 0.46 0.62 1.31 
Sample 8 0.54 0.58 0.69 1.31 
Sample 9 0.29 0.24 0.38 1.32 

Sample 10 0.43 0.78 0.54 1.40 
Average 0.33 0.39 0.45 1.30 
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Table 3. Surface heat transfer coefficients for the two simulated cases, with and without rim.  
 

Inlet 
velocities 

(m/s) 
0.03 0.17 0.3 0.4 1.3 1.7 

Cup, αc 
(W/m²·K) 7.55 9.79 10.89 10.66 10.42 11.14 

Rim, αc 
(W/m²·K) 2.13 2.62 2.53 2.64 3.65 3.64 

Difference 
% 71.8 73.2 76.7 75.3 65.0 67.3 
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Abstract

Problems with mould growth in dwellings usually occur in bedrooms in the microclimate behind closets placed next to exterior walls

with poor insulation. It is anticipated that the problems are caused by lack of airflow behind the furniture in combination with a colder

surface temperature and a high moisture production. The lack of air circulation decreases the surface temperature, which can cause

problems. A particle image velocimetry (PIV) investigation was performed of the airflow patterns in such a microclimate. This paper

describes the experimental set-up and the results. The results indicate that the flow rates behind the furniture will increase with increased

distance between the closet and the wall, and even higher airflow rates are seen when the furniture is elevated by legs.

r 2007 Elsevier Ltd. All rights reserved.

Keywords: PIV; Boundary conditions; Airflow velocity; Measurements; Natural convection

1. Introduction

1.1. Background

Moisture interactions between room air and the sur-
rounding constructions and furniture have a great influence
on the indoor environment. High moisture production or
cold areas can cause high relative humidity (RH), which
can lead to mould growth. This is undesirable in the indoor
environment due to concerns of indoor air quality. A
review study of humidity in dwellings has been performed
by Bornehag et al. [1] and their advice is to avoid moist
buildings.

The critical areas in dwellings typically occur in bed-
rooms, where problems may appear in microclimates
behind furniture placed next to exterior walls without or
with poor insulation. In dwellings with problems, the
surface temperature of the exterior wall is typically 5–8 1C
colder than the room temperature. It is assumed that the
furniture limits the airflow near the wall and the lack of

warm room air near the surface will decrease the surface
temperature even more, which can cause problems. When
this is combined with a high moisture production rate from
sleeping persons during the night, the lower temperature in
the microclimate causes increased RH, and the outcome
can be biological growth. However, to be able to quantify
the microclimatic effect on the indoor environment, there is
a lack of knowledge of the airflow velocities behind
furniture in dwellings.
In the present investigation the focus has been on the

airflow pattern near a cold wall caused by the placement of
furniture. An earlier investigation by computational fluid
dynamics (CFD) showed that different placement of
furniture near colder external walls may affect the RH in
the microclimate and that the highest values were found
when the furniture was placed directly on the floor and had
a small distance to the wall [2]. There is a lack of empirical
data of flow patterns behind furniture. Therefore, a
number of different cases were used here: combination of
the distance between the furniture and the wall, the
distance between the furniture and the floor. The distance
between the furniture and the floor was an imitation of
furniture elevation from the floor by use of legs as support.
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The investigation was performed by particle image
velocimetry (PIV). The results will provide empirical data
of expected airflow velocities in such situations, and may be
used as validation of numerical CFDs simulations. The aim
of the current paper is to provide knowledge about the
airflow patterns behind furniture placed in the vicinity of
walls.

1.2. Particle image velocimetry

PIV is a fairly easy way to visualize fluid flows by the use
of tracking particles. The method is non-intrusive apart
from the particles and thereby it is ensured that the actual
flow field is determined. However, to use the technique it is
necessary to have optical access.

The PIV technique works by comparing the image
frames of a flowing fluid containing tracer particles. A laser
creates a light sheet and the scattering particles on it reflect
the light. Then a digital charge-coupled device (CCD)
camera is used to capture the instant placement of
particles. The camera is connected with the laser and so
an image frame is recorded when the laser pulse is
triggered. When a double laser pulse is fired the reflection
of light from the particles is saved in two different images.
Hence, two frames are taken with minute intervals, and
then it is possible to rediscover the particles of the first
frame in the second frame. The particle movement between
two frames gives a visualization of the flow pattern.
However, the size of the tracking particles is very
important when PIV is used. The reason is that small
particles follow the fluid flow well whereas larger particles
are better at reflecting the light, which is needed by the
camera for the recording. Therefore, the size of the
scattering particles is a compromise between a size that is
small enough to follow the fluid and a sufficient size to
reflect the needed light. Another factor that influences the
amount of light recorded by the camera is the numerical
aperture (F-number). A low F-number allows more light to
enter the camera and this can reduce the required laser
power. The F-number is usually set as low as possible in
order to ensure enough recorded light to detect the
particles. The particle images are sampled by the CCD
camera and is characterized by the pixel pitch. The lens is
an analogue filter before the digitization of the image and
so the filter frequency must be lower than the sampling
frequency to avoid aliasing. The diffraction-limited spot
diameter should be twice the size of the pixel pitch and for
most cameras this corresponds to an F-number between 8
and 16. Therefore, the Nyquist sampling theorem will be
violated by small values of the F-number impacting the
measurement accuracy [3].

The replacement of the particles and the time delay
between two laser pulses give the velocity vectors, which
more accurately are derived from sub-sections of the target
area, which are called interrogation areas. It is assumed
that there is a uniform displacement within an interroga-
tion area.

To obtain high-quality PIV records a scattering particle
concentration of 15 particles within each interrogation area
is needed [4]. A scale factor is used to establish a relation
between the displacements in pixels to metric displace-
ments. In Eq. (1) the determination of the flow velocity is
shown:

v ¼
Dx

Dt
, (1)

where v is the velocity, Dx is the common displacement and
Dt is the time between two laser pulses.
After recording, the images need to be post-processed.

Within all recorded images the different interrogation areas
are cross-correlated with each other to find the average
value for the displacement that leads to a vector map of
velocities. One of the correlation methods is an adaptive
correlation [5,6], which avoid most errors in the flow field
by comparing every vector with the average of the
surrounding vectors. If the processed vector is more than
90% different from the surrounding average the vector is
removed. There can, of course, still be errors if there are at
least two errors very close to each other.
PIV has been used for more than 20 years and during

this time it has evolved drastically as summarized by
Adrian [7]. Adrian particularly highlights the development
of double-pulsed laser systems and CDD cameras. PIV has
been used for numerous applications from aerodynamics of
aircrafts, cars, buildings and other structures in air to
velocity measurements of water in pipe flows. The
technique has even been extended so that it is able to
measure microscale flows. Investigation of airflows in a
whole room is almost impossible with PIV due to a limited
field of view area, which is roughly 0.5� 0.5m2 for
common equipment. To overcome this problem Zhao et
al. [8] invented a new PIV system for full-scale rooms but
further research is needed to improve the technology.
Another method is to use scale models as done by Posner et
al. [9] in a study of the influence of how obstructions
influence airflows in a room. When using scale models it
might even be more convenient to use water as working
fluid instead of air since this decreases the velocities. The
approach of using water as the fluid medium has been used
and has shown good agreement with numerical simulations
for air by Adeyinka and Naterer [10]. An earlier applica-
tion of PIV in building physics by Lee et al. [11] concerned
ventilation flows inside a 1/1000 scaled factory building.
They used air as the medium and found that the airflow
was dependent on the location and size of opening vents,
building arrangement and the outdoor direction and speed
of wind.
The air gaps that are investigated in this paper can be

assumed to be comparable with flow between asymme-
trically heated parallel plates, which is closely related to
natural convection flows in open-ended channels. Aung
[12] and Aung et al. [13] studied natural convection flows in
channels with asymmetric heating both numerically and
experimentally but not with PIV. Habib et al. [14] used PIV
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to investigate airflow between both symmetrically and
asymmetrically heated vertical plates of 125mm height
with a gap width of 40mm. They found that an
asymmetrically heated channel 10 1C higher and lower
than ambient temperature yielded an upward flow near the
hot plate and it had a wider boundary layer than the cold
plate with downward flow. With the same equipment
Ayinde et al. [15] studied turbulent natural convection in a
symmetrically heated channel also by PIV and found an
indication of significant diffusion rates of the normal
Reynolds stresses towards the centre of the channel.

1.3. Outline of the current paper

The objective of the present study is to clarify the
behaviour of natural convection in microclimates between
the external wall and furniture with a special focus on
airflow patterns and velocities. To obtain the highest
resolution of the investigated air gap of only 25 or 50mm it
was chosen to use PIV in a full-scale room. Air was used as
the fluid medium and to ensure the right natural convection
pattern caused by buoyancy effects, and so an entire room
was needed. The instantaneous velocity vectors in a two-
dimensional flow field were measured with PIV, while the
temperatures at the surrounding boundaries were measured
by thermocouples. Before it was chosen to use a PIV
system it was considered to use hot-wire measurements but
because of a combination of practical difficulties of placing
hot-wire probes in the narrow air gap behind the furniture,
and the fact that it is an intrusive method, which will
disturb the flow, the hot-wire method was disregarded.
This paper presents an investigation of natural convection
behind furniture in dwellings, which was investigated by
different cases of distance between the furniture and the
wall in combination with different furniture leg heights.
Furthermore, the measurements were performed at differ-
ent heights and different distances between the camera and
the laser sheet.

2. Facilities and equipment

To investigate the airflow pattern near the surface due to
natural convection, it has been necessary to create a chilled
wall surface where the temperature is evenly distributed
and can be controlled. The PIV experiments were
performed in a laboratory where the external wall was
imitated by use of a lightweight construction of a chilled
wall.

2.1. Test room

An ordinary room with internal dimensions of
3.6� 4.5� 2.5m3 was created. The room was created
inside a test facility of 3.6� 6.0� 3.6m3. In the chamber
a chilled internal wall was built, and a plexiglass box was
positioned against that wall to imitate a closet standing
against an external wall in a real building. An air gap

behind the plexiglass furniture allows room air to pass over
the chilled surface and this imitates microclimates found in
ordinary dwellings.
The imitation of an exterior wall was made from a

wooden structure covered by a plain gypsum board. Fans
inside the wall circulated the air, which was cooled by a
cooling pipe system at the back of the wall. The fans
ensured an evenly distributed temperature on the external
surface of the wall. The incoming temperature and velocity
of the cooling fluid was controlled. The dimension of the
chilled wall was 2.3� 0.5� 2.5m3. Fig. 1 shows a picture of
the chilled wall during the construction. In Fig. 2 an
overview can be seen of the experimental set-up. The width
of the room is 3.6m and since the chilled wall is only 2.3m
wide it is not large enough to close off the last part of the
room. This is done with a single layer of gypsum board
with a width of 1.3m. The reason for this configuration
was that the camera and tripod take up some space just at
the end of the wall and otherwise the camera would not
have been able to capture the flow near the chilled wall (see
Fig. 2).
The plexiglass cupboard is a fairly good approximation

of reality. The thermal resistance between room and the
surface of the chilled wall is estimated to be 0.58m2K/W,
which corresponds well with the IEA Annex 14 report [16]
that recommends use of 2W/m2K as the surface film
coefficient behind a cupboard. The plexiglass ensures
transparency, which is needed by the laser to create a light
sheet in the air gap between the furniture and the chilled
wall where the airflow patterns were investigated. The
dimensions of the furniture were 1.5� 0.46� 2.0m3

(width� depth� height) and it is shown in Fig. 2.

2.2. Thermocouples

Supplementary measurements of the temperature dis-
tributions were made to assure that all PIV measurements
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Fig. 1. Chilled wall set-up without a front plate. The cooling pipes cool

the air in the wall cavity and fans mix the air to provide an evenly

distributed temperature on the internal surface of the ‘‘external wall’’.
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were performed at the same temperature and thus natural
convection conditions. The temperature measurements
were taken with copper-constantan thermocouples with
an accuracy of 0.5K. Furthermore, the temperature
distribution on the chilled wall was measured in order to
check that the temperature distribution actually was
uniform. The surface temperatures of the furniture were
also registered.

2.3. PIV equipment

The two-dimensional flow field was measured using a
smoke of small oil droplets (glycol 0.1–1.0 mm) as tracers,
and their motion was captured by a CCD camera (Dantec
HiSense camera, 1024� 1280 pixels). The tracer particles
were illuminated by a light sheet of (about 3mm in
thickness) discharged from a water-cooled double-pulse
Nd:YAG laser system (100mJ/pulse).

An external processor unit triggers signals to the camera
and the laser, and coordinates the transportation of data
from the camera to the computer processor.

3. Measurements

The measurements were performed in the described
facility. The purpose of the measurements was to gain
information about the airflow distribution patterns in small
air gaps between cold exterior walls and furniture placed
near it. Fig. 2 shows a picture and a perspective projection
of the experimental set-up.

During the measurements two different distances be-
tween the furniture and the wall were tested in combination
with three different distances between the furniture and the
floor. The surface temperature of the chilled wall behind
the furniture was constantly 16 1C and the average room
temperature was 22 1C for all measurements (giving a
temperature difference of 6 1C). Table 1 gives the different
distances between the furniture and floor or chilled wall.

The two-dimensional flow fields were also measured
from different positions of the camera and the laser. The
distances between the camera lens and the image plane
were in the range 0.9–1.4m. The physical image height was
on average 130mm with a maximum width of 50mm,
which is the maximum gap size the flow was measured in.
The positions of the camera and laser are absolute and
described in Table 2 and illustrated in Fig. 3.
First, a short distance between the camera and the laser

sheet was tested, and since this was most likely to provide
useable results, this is referred to as position A. Next in
position B the distance between the laser and the camera
was increased because this would provide a larger image.
The instantaneous vector visualizations were bad due to
too many particles, between the camera and the laser. In
position C the laser was moved closer to the camera again.
The immediate vector results were still not good, partly due
to several reflections from the chilled wall and the
plexiglass. Therefore the laser was moved even closer to
the camera with a distance of less than 1m. Here, in
position D, all the furniture positions were measured. The
next idea was to measure in a lower position of both the
camera and the laser, position E. The instant vector results
were not good and the effect was assumed to be caused by a
small distance the corner of the furniture. Therefore, the
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Fig. 2. The experimental set-up, where the camera points into the air gap between the chilled wall and the furniture and the laser sheet is pointed in

through the plexiglass furniture: (a) a picture of the experimental set-up, (b) a diagram of the PIV set-up.

Table 1

The different tested positions of the furniture

Furniture position Gap (mm)

Furniture—floor Furniture—chilled wall

1 0 25

2 0 50

3 50 25

4 50 50

5 100 25

6 100 50

7 200 25

8 200 50
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laser was moved so that the distance between the laser and
the camera was increased slightly to position F. Here it was
possible to take measurements of all the positions of the
furniture.

The focus of the investigations was on the natural
convection caused by the chilled wall in the room, but it
was impossible to keep the tracer particles locally
distributed behind the furniture and thus they needed to
be distributed evenly in the entire room. For most cases
this was achieved by emitting a burst of smoke and leaving
the room to stabilize for approximately 15min before the
measurements were taken. It proved slightly difficult to
control the amount of smoke emitted and hence sometimes
more or less time was needed for the room to stabilize.

The time interval between two pulses was set to 3500 ms,
except for measurement of position B, where 5500 ms was
used. The local displacements were calculated using an
adaptive correlation method with interrogation areas of
32� 32 pixels and a 50% overlap both horizontally and
vertically. This gives around 15 interrogation areas for the
25mm gap and approximately 28 for 50mm.

For every measuring positions A–F a calibration was
made that determined the scale factor and so the real vector

velocities were obtained. With every run of the PIV
equipment 3 series of 10 recordings were taken. Every
recording contains two images, one for each of the double-
laser pulse.
All recordings were post-processed but first the images

were masked so that only the flow field in the actual air gap
was evaluated. Then an adaptive correlation was per-
formed for each of the 30 recordings. These data were used
to obtain average vector statistics of all recordings in every
series resulting in just one velocity vector map.
During the experiments the temperature distribution in

the room was also measured. The temperature was
measured in 22 positions on the chilled wall to ensure an
equal temperature distribution. The temperatures were also
measured in the middle of the room, underneath the
furniture, on the floor under the furniture and at the
surface of the furniture facing the room air.

4. Results

Only the vertical velocities in the vertical air gap will be
shown and discussed, since the horizontal velocities are
very small. The horizontal velocities (x-direction in Fig. 3)
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Table 2

Description of different measuring positions with the PIV equipment

Position Distance (mm)

camera–laser

Image height (mm) Camera height

(mm)

Laser height (mm) Distance (mm)

laser–wall

Measured

furniture position

A 1050 124 1183 1192 1570 1–8

B 1420 187 1183 1192 1000 3–4

C 1200 136 1183 1192 1440 3–6

D 920 106 1183 1192 1670 1–8

E 930 113 770 760 1670 3–4

F 1080 130 770 760 1500 1–8

The physical image size changes with distance between camera and laser. Only image width of maximum 50mm is used; the rest is masked out.
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Fig. 3. (a) A plane of the measured PIV set-up and (b) a front view of the room. The letters A–F show the measuring positions given in Table 2. The

distance between the camera and the laser sheet is shown for measuring position D.
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are in the order of magnitude of 2% of the vertical
velocities in the air gap between the furniture and the
chilled wall. The measured velocity field is set to be positive
upwards (z-direction in Fig. 3).
The results of the tested cases are divided into two parts

depending on the distance between the chilled wall and the
furniture with either a 25 or 50mm air gap. First, the
results are presented for the furniture position with odd
numbers (see Table 1), followed by even-numbered
furniture positions. In the figures with results the absolute
camera position is given by its letter (see Table 2), and in
most cases the measurements were taken after a stabiliza-
tion time for the smoke in the room of 15min. If the
stabilization was longer this is given by a number after the
camera position. All the presented results are based on
average velocity vector maps. An example is given in Fig. 4
of an average velocity vector map for position 4A. These
results are averaged again for every velocity vector position
in the height of the air gap except for the top 5 and bottom
5, because these may be influenced by the physical limits
of the image size as shown by the frame in Fig. 4 (see also
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Fig. 4. Average velocity vectors based on 30 images for position 4A

(Tables 1 and 2). The frame marks the numbers of vectors used in the

averages shown in Figs. 4 and 5.

Fig. 5. Measured velocities and flow rates (in legend) for the air gap of 25mm between the chilled wall and the furniture. The letters A–F refer to different

positions of the camera and laser (Table 2). The surface of the furniture is at a gap width of 0mm and the chilled wall at 25mm gap width.
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Fig. 7). Therefore, the results are shown as single velocity
curve profiles for every measuring position. By integrating
the velocity profiles over the gap width, the local flow rates
per width of the furniture have been calculated. The flow
rate is given in the legends of the result figures.

4.1. Results of 25 mm air gap

The results of all the measured velocities for the air gap
of 25mm between the furniture and the chilled wall are
presented in Fig. 5.

Generally, the shape of the velocity profiles seems to be
only slightly dependent on both the measuring positions
A–F and the distance between the floor and the furniture.
The maximum velocities are reached closer to the chilled
wall (x ¼ 25mm) than the surface of the furniture. It is also
noticeable that the velocities are always the highest for
position F.

A general pattern of lower maximum velocity is seen
when the furniture is placed directly on the floor, than if the
furniture is elevated by legs of 50 or 100mm, and the flow
rates are also smaller. An increase of the furniture leg

height from 50 to 100mm gives slightly higher maximum
velocities and flow rates in most positions.
The highest maximum velocity in the air gap is 0.42m/s

for measuring position F, when the distance between the
floor and the furniture is the highest, 200mm. This also
gives the highest flow rate. However, for 200mm furniture
leg height the maximum velocities for measuring positions
A and D are only 0.28 and 0.27m/s, respectively, which is
almost the same as when the furniture is placed directly on
the floor. For position A the maximum velocity is 0.27m/s
when the furniture is placed on the floor and for position D
it is 0.29m/s. The flow rates for A and D with 0mm or
200mm furniture leg heights are both smaller than when
the furniture height is 50 or 100mm.

4.2. Results of 50 mm air gap

Fig. 6 gives the results of an air gap of 50mm between
the furniture and the chilled wall for all measuring
positions, A–F.
A slightly dependence is observed for the general shape

of the velocity profiles on both the measuring positions
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Fig. 6. Measured velocities and flow rates (in legend) for the air gap of 50mm between the chilled wall and the furniture. The letters A–F refer to different

positions of the camera and laser. The surface of the furniture is at a gap width of 0mm and the chilled wall at 50mm gap width.
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A–F and the distance between the floor and the furniture
for a 50mm air gap. However, another velocity profile
shape was found when the furniture was placed directly on
the floor for positions A and D. In all the other positions it
is even more obvious than for the 25mm gap that the
velocities are higher near the chilled wall (x ¼ 25mm) than
near the surface of the furniture.

The highest maximum velocity in the air gap is 0.36m/s
for measuring position 8F (leg height 200mm), but for a
furniture leg height of 50 and 100mm in position F are 0.35
and 0.34m/s, respectively. In position F the maximum
velocity is almost independent of the leg height, but the
flow rate for a 200mm leg height is around 2 l/s higher. For
positions A and D a furniture leg height of 50, 100 and
200mm gives velocities in the range 0.25–0.33m/s and flow
rates of 10–12 l/s.

Four measurements for position A were performed with
a furniture leg height of 50mm, one ordinary run and three
tests. The first two tests, t1 and t2, were tests of the time
interval between pulses, the two results in the graph
is for 3500 ms, which was also used in ordinary runs.
The last-presented test, t3, is a test to see the influence
of the F-number of the camera, and so here in t3 an
F-number of 4.0 was used, while the ordinary runs used 2.8
(camera minimum) was used. The results from position 4A
are very similar, and the maximum velocities are in the
range 0.28–0.33m/s and the flow rate ranges are
10.6–12.1 l/s.

4.3. Comparison of 25 and 50 mm gap widths

If Figs. 5 and 6 are compared it is observed that the
shape of the velocity profile is different for the two gap
widths. The velocities in the air gap between the furniture
and the chilled wall are the highest for a narrow 25mm gap
than for a wider 50mm gap with maximums of 0.42 and
0.36m/s in both cases for a furniture leg height of 200mm
but the flow rates are the highest for the wider gap with
15 l/s compared to 8 l/s. The maximum velocity for both
gap widths is found within the 15mm closest to the chilled
wall and in most cases just around a 10mm distance.

Both the maximum velocity and the flow rate increase
when the furniture is elevated 50 or 100mm, in contrast,
for positions A and D the effect disappears when the leg
height is 200mm.

Generally, the results for measuring positions A and D
are very similar, whereas the velocities in general are higher
for position F for both gap widths. Similar results are
observed when the furniture is placed directly on the floor
the results in position F as when 100mm furniture leg
heights are used in positions A and D.

4.4. Temperatures

The room temperature and the surface temperatures of
the chilled wall and the furniture were registered during all
the PIV measurements. The average temperature in the

room during the experiments was 21.670.7 1C. The
registered temperatures of the chilled wall proved that the
wall temperature was almost uniform, and that it was
almost constant at 1670.4 1C.

5. Qualitative errors

The biggest source of errors is due to laser light
reflections from both the chilled wall and the plexiglass
furniture. Most reflections from the chilled wall were
removed by painting it black (see the black cross in Fig. 2)
but, the problems were not solved completely. The
reflections are pronounced when the chilled wall, the
furniture and the laser sheet are not aligned perfectly.
There may even be reflections from within the plexiglass
furniture. The screws used to assemble the plexiglass
furniture also caused some reflections. The reflection errors
in the images were removed by use of a mask.
The global distribution of smoke also caused some errors

since smoke was distributed globally, in the whole room
and in the air gap. The reason is that the amount of smoke
particles between the camera and the laser sheet are
increased with enhanced distance between the camera and
the laser. The tracer particles that are not actually in the
laser sheet image plane reduce the camera visibility.
A key factor in obtaining useable PIV results is the focus

of the camera. A defocused camera will record images,
which gives inaccurate data. The scale factor of the
measurements is related to the focus of the camera. In
the presented measurements the scale factor was between
20 and 30. This means that any inaccuracy caused by
defocused images will be magnified.
The masking of the images in combination with the

adaptive correlation also imposes an error. This error is
caused by the overlapping interrogation areas. In the
masked area of the images the velocities are 0m/s and when
an interrogation area is near the mask edge the adaptive
correlation tries to smooth the results. This causes the gap
width to seem larger than the actual 25 or 50mm.
However, this will not affect the results a short distance
from the gap edges (furniture and wall). Fig. 7 shows the
standard deviation for vector statistics performed on 30
images. The image is comparable to Fig. 4, which shows
the vectors of a single image. The worst errors are seen in
the bottom (120mm). They are caused by particles leaving
the image and this is the reason for disregarding the top
and bottom five vectors.
Basically, PIV is efficient for measurement of the main

flow. However, it is difficult to measure the velocities
perpendicular to the main flow since these much smaller
velocities would require different setting of the equipment
like reduced time between laser pulses and smaller
interrogation areas. Thus, this is yet another reason for
not going into detail with the horizontal velocities in the x-
direction.
To summarize, some of the factors in the resolving error

are particle and image size, interrogation area, velocity
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gradients, number of particles, instrumentation perfor-
mance and computational errors like rounding and
truncation.

6. Discussion

A good repeatability of the results is found since the four
measurements taken in position A with a 50mm distance to
both the chilled wall and the floor all have the same
velocity shape pattern. In position 4A the velocities are
within a band of 0.05m/s and the flow rates in the range
10.6–12.1 l/s. The temperatures were also monitored and
controlled in order to provide the same surrounding
conditions for all taken measurements, and with only
small fluctuations these are not assumed to influence the
natural convection in the PIV measurements.

The objective of the current study was to investigate the
natural convection between an exterior wall and a piece of
furniture next to it with PIV.

All the measured velocity profiles for the different
measuring positions seem to follow the same pattern. The
maximum velocity and the highest flow rate always occur
at measuring position F for both gap widths and for all
four heights of the furniture (0–200mm). Therefore, a fully
developed flow is not assumed at least not for positions A
and D. The flow rates for measuring position F are always
higher than the other positions, and this indicates that air
from the side of the furniture must be drawn in.

For a small air gap of 25mm the height of the furniture
is considerably larger than the width of the air gap and thus
the flow behaves like a flow between vertical plates heated
asymmetrically, as shown by Aung [12].

Another pattern is seen for the air gap of 50mm in
Fig. 6, except for positions A and D when the furniture is
placed directly on the floor. The velocity increases with
distance to the furniture, followed by an almost linear
increase of velocity until the maximum velocity is reached
and then it decreases again getting closer to the chilled wall.
This is similar to the results of Habib et al. [14] who
investigated asymmetrically heated plates where the cold
plate and hot plate had a temperature difference of 10 1C
from the ambient air. They found a downward flow near
the cold plate and a higher maximum velocity near the
bottom of the plate than found at the top.
For both gap widths the maximum velocities are found

closest to the chilled wall. This indicates that the boundary
layer near the chilled wall dominates the flow, which is
reasonable since the cold wall chills the air and the higher
density makes it fall downwards.
When the furniture is placed directly on the floor the

velocity profile generally seems to reach a lower maximum
velocity than if the furniture is elevated by legs of 50 or
100mm and the flow rates are also lower. For the 50mm gap
the shape of the air velocity profile is different for positions A
and D when the furniture leg height is 0mm, where the
velocity grows with increased distance to the furniture until
the maximum is reached. The maximum is around 0.25m/s
and from this point a constant velocity continues till it starts
to decrease near the chilled wall. The air must exit through the
sides behind the furniture in a three-dimensional flow path
since it cannot flow out underneath the furniture but this was
not recorded by the camera since the velocity measurements
taken were two dimensional. For the narrow 25mm gap the
maximum furniture leg height of 200mm gives lower velocities
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Fig. 7. Standard deviation of average velocity vectors based on 30 images for position 4A (Tables 1 and 2).
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for positions A and D. Again, the only reason is a three-
dimensional effect, which needs to be investigated further, but
it may be due to increased turbulence in the region under the
furniture. This could indicate that there is a limit to the effect
of the furniture leg height if the goal is to ensure as a high
velocity or flow rate behind the furniture as possible.

The lowest maximum velocity at 0.25m/s was found for
the 50mm air gap at position A with leg heights of 0 or
200. Even the lowest maximum velocity is high enough to
cause draught and so the furniture does not actually
significantly limit the airflow behind it. The assumed
concern that furniture limits the airflow cannot be
confirmed. Furthermore, the results indicate that there
may be a linear correlation between the gap width behind
furniture and flow rates.

Generally, the two-dimensional PIV results of the airflow
in the microclimate behind furniture placed near a cold
exterior wall indicate that the flow rate will increase when
the distance between the wall and furniture is enhanced,
and the effect is even better when the furniture is elevated
from the floor by legs. However, the results indicate that
the leg height should be less than 200mm.

7. Conclusion

This paper presents an investigation of the airflow
pattern in a small air gap between a chilled wall imitating
an exterior wall and a piece of furniture placed next to it
using PIV. The results provide empirical data for the
velocities behind furniture in dwellings. These data can be
useful for comparison to numerical simulation of airflow
behind furniture.

The most difficult part of the measurements was to
ensure a good global distribution of the tracer particles,
since this has a major impact on visibility between the
camera and the laser sheet. Furthermore, the focus of the
camera and alignment of both laser and camera to reduce
reflections has proven to be difficult, but the obtained
results suggest that the actual flow field of the air gap was
visualized.

The measured and analysed two-dimensional results
indicate, that the flow in the air gap was not fully
developed. The results were also found to be repeatable.
The two investigated gap widths of 25 and 50mm showed
different patterns of velocities, but they both seem to be
dominated by the boundary flow near the chilled wall. For
all the tested measuring positions it was found that the flow
rate is increased when the gap is expanded from 25 to
50mm. Furthermore, there is an indication of higher flow
rates if the furniture is elevated from the floor when the leg
height is less than 200mm. However, this needs further
investigation.
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