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Abstract 

This paper conducts an initial analysis of the impact of a vapour permeable membrane on airflow within triangular 
attic spaces, resembling the shape and dimensions of medieval sanctuaries found in historical rural churches in our 
region. The first principles study, using Computational Fluid Dynamics (CFD) based on the simulation models, 
aims to identify potential challenges and research directions regarding how the application of this membrane may 
affect the microclimatic conditions in the attic spaces and the durability of the historical timber trusses. 
One significant outcome of the study reveals that on a simulated extremely hot summer day, the application of the 
vapour permeable membrane reduced airflow by 10 to 15 per cent, thus affecting the overall microclimate in the 
attic. 
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1 INTRODUCTION 

An increasingly vital aspect of preserving historical roofs is ensuring optimal conditions of the indoor climate 
within attic spaces of historical buildings. Despite being typically unused, these spaces are essential for the 
preservation of historical timber roof trusses, as microclimatic conditions may affect their durability [1]. 

The microclimate in attic spaces is mainly influenced by the structural design of the roof, its ventilation method 
and the associated external weather conditions [2], [3]. The absorption of solar radiation by the roof covering, 
which affects air circulation, also plays an important role [4], [5]. The storage capacity and high thermal inertia of 
stone masonry wall and ceiling constructions, in turn, contribute to stabilise the temperature in the attic spaces 
[6], [7]. However, this is not the case for wooden wall and ceiling constructions due to their low thermal inertia 
making them susceptible to external conditions [8], [9]. 

Unheated attic spaces, commonly referred to as “cold attics”, are among the most challenging from 
a hygrothermal point of view [10]. Most roof trusses with impermeable roofing and lacking ventilation holes show 
the greatest biological damage [11]. Additionally, the orientation of the roof plays a key role. Roofs where one of 
the main roof planes is oriented to the north often show a higher risk in terms of biological degradation mainly 
due to lower temperatures, higher relative humidity and limited solar radiation [12]. 

Currently, several solutions are available to optimise attic ventilation in historical buildings. However, these 
solutions must be developed and applied, with a focus on preserving the authenticity and historical value of the 
buildings. One advanced approach is the use of airflow simulations linked to energy simulations, and the results 
of the energy simulations can serve as input parameters for CFD models [13]. 

The nature of airflow in triangular spaces is well documented [14]. In a sunny summer day, natural airflow is 
produced by the difference in surface temperatures between the two roof planes and the stone construction. 
The question of what the nature of the flow will be in a space with vents and to what extent these vents will affect 
the nature of the flow on a windless day was attempted to be answered by a study [15] in which the authors 
simulated the airflow in the attic space of the sanctuary of a Roman Catholic church. The authors created a CFD 
simulation model to analyse in detail the temperature distribution and airflow. Images from the CFD simulations 
demonstrated increased airflow around the vents and also on the hot sloping roof planes and cool gable wall 
surfaces. This suggests that the existence of these zones contributes to air movement even when it is windless. 
These locations may be key to the analysis of the degradation of the timber parts of the roof truss. However, 
structural changes, such as the application of a roof vapour permeable membrane, may deprive the attic of the 
existence of these important zones. This can cause a fundamental change in ventilation and, therefore, a change in 
the microclimatic conditions in the attic. 
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The objective of the present first principles study was to investigate the effect of a vapour permeable membrane 
on the airflow in a simulated attic space. The first alternative (Alt. 1) analysed the air behaviour in a conventional 
attic space, while the second alternative (Alt. 2) examines the theoretical assumption that the use of a vapour 
permeable membrane can significantly alter ventilation, which could increase the risk of biodegradation of the 
timber elements of a historical roof truss. 

2 METHODOLOGY 

Prior to creating the simulation models, it was necessary to define climatic data specific to the location [16]. These 
data were derived from the reference test year, managed by International Weather for Energy Calculations (IWEC), 
for the city of Ostrava. 

Subsequently, the geometry of the attic space was modelled, including the composition of the structures as 
well as the position and dimensions of the ventilation holes (Fig. 1). The modelled attic space had a rectangular 
base with plan dimensions of 9.5 × 12.0 m and a gable roof with a usual gothic slope of 60 °. The overall height 
of this space was 8.2 m, which stemmed from the slope of the roof planes. The roofing consisted of strips of 
galvanised sheeting. The gable walls and the ceiling were constructed of stone masonry. For the purposes of the 
study of the first principles, the ceiling was not conceived as vaulted. As a result, the triangular attic space was 
formed by the ceiling, two gable walls and two roof planes. This space was oriented in the common east-west 
direction for medieval churches [17]. The ventilation of the attic space was provided in the simulation model by 
longitudinal vents in the lowest part of the roof, represented by narrow slits at the eaves combined with 
a longitudinal ridge vent in the highest part of the roof. Such ventilation method has been characterised as one of 
the basic types for attic spaces in historical buildings [1]. 

 

Fig. 1 Geometry and orientation of the modelled triangular attic space with green highlighted vents. 

Using the simulation software DesignBuilder Engineering Pro v6.1.5.1, which consists of several modules 
[18], two different alternatives regarding the airflow in the triangular attic space were developed (Fig. 2). 

 

Fig. 2 Roof sheathing layers in the direction from the outside to the attic space for both alternatives. 

Airflow simulations in a dedicated CFD software module used the results of energy simulations from the 
EnergyPlus engine as boundary conditions. These conditions, such as surface temperatures and airflow through 
vents, were imported into the CFD module at hourly intervals during the summer day when air temperature peaked. 

The airflow simulations were performed based on the finite volume method, where the entire interior space, 
i.e. 373.3 m3, was divided into several small, closed volumes, i.e. cells with an edge of 0.2 m (Fig. 3). This division 
was performed using automatic hybrid discretisation by identifying all edges of the simulation model. As this is 
a first principles study, 53 cells were used in the X-axis direction, 49 in the Y-axis direction and 40 in the Z-axis 
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direction. This grid density adequately captures small differences in flow velocity and air temperature for the 
purpose of the first principles study. 

 

Fig. 3 CFD simulation model with the structured network (with more than 103,000 cells) and vents description. 

In each closed cell, the continuity of flow, the law of conservation of momentum, energy and the concentration 
of the substance had to be observed, which was based on the turbulent flow of an incompressible Newtonian fluid, 
described by the Navier-Stokes equations [19]. The standard k-ε model was used to model the turbulence in the 
simulation software. Thus, a system of partial differential equations of conservation of mass and momentum for 
the three directions of velocity, conservation of energy, and two equations to describe turbulence were solved for 
the airflow. The simulation models converged after approximately 2500 iterations when the normalised residuals 
dropped to 10-5. 

3 RESULTS 

DesignBuilder Engineering Pro v6 enabled detailed analysis and modelling of the attic spaces of historical 
buildings, incorporating energetic aspects and airflow. 

Initially, an energy simulation using EnergyPlus was carried out on a daily and hourly basis for one full year, 
separately for the two analysed variants. A graphical representation of the results illustrates the difference between 
air temperature and air relative humidity (Fig. 4) as well as the difference in air change rate (Fig. 5) throughout 
the year. The data presented reflect the difference between the values from Alt. 1 and Alt. 2. A positive value 
indicates a higher temperature, relative humidity or air change rate in an attic without a vapour permeable 
membrane, while a negative value indicates a lower temperature, relative humidity or air change rate. The dotted 
trend line visualises the long-term trend of increase or decrease in the annual cycle. 

  

Fig. 4 Difference between Alt. 1 and Alt. 2 in terms of temperature and relative humidity in an annual cycle. 
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Fig. 5 Difference between Alt. 1 and Alt. 2 in terms of air change rate in an annual cycle. 

The energy simulation showed, among other findings, extreme days during the year when the attic air 
temperature reached summer maxima (5 August) and winter minima (9 January). Further work focused on the 
extreme summer day, i.e. 5 August. The mentioned day was sunny in the morning, but in the afternoon, especially 
towards the evening, there was a noticeable decrease in the temperature at the external surface of the roof, which 
is evident in Alt. 1 (Fig. 6) and Alt. 2 (Fig. 7). This is related to the increased wind speed (Fig. 8). It is possible 
that this phenomenon could be associated with increased cloud cover in the afternoon. 

 

Fig. 6 Temperatures and relative humidity on 5 August for Alt. 1 (N – North Roof Plane; S – South Roof Plane). 

 

Fig. 7 Temperatures and relative humidity on 5 August for Alt. 2 (N – North Roof Plane; S – South Roof Plane). 
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Fig. 8 Comparison of air change rates on 5 August between Alt. 1 and Alt. 2. 

Subsequently, airflow simulations were performed at 13.00 h and 19.00 h on 5 August. At 13.00 h, only the 
south roof plane was illuminated, resulting in a temperature increase on the south side of the roof. At this time, 
the volume of airflow did not reach extreme values (Tab. 1), but the internal surface temperature on the south side 
of the roof was showing all-day peaks (Tab. 2). This situation led to different pressures between the two 
environments, whereby the influence of gravity, i.e. the effect of different air temperatures, led to airflow (Fig. 9). 
In the evening, at 19.00 h, the air velocity was at all-day peaks, which increased the air change rate in the attic 
space (Tab. 3). At the same time, the external surface of the roof cooled down due to wind (Tab. 4). Also, the flow 
that was produced by the different air pressures was caused by the wind when the wind kinetic energy was 
converted into pressure energy (Fig. 10). 

The images from the CFD simulations at 13.00 h (Fig. 9) and 19.00 h (Fig. 10) depict air movement and air 
temperature. In the analysed space, the air movement is described by vectors, with the orientation of each vector 
indicating the direction of airflow and the colour representing the velocity of the flow. The colour scale of the 
texture represents the temperature distribution in this space. 

Tab. 1 Airflow characteristics through the vents on 5 August at 13.00 h for both alternatives. 

Vent Hole Area [m2] Flow In [l/s] Flow Out [l/s] Air Temperature [°C] 

Alt. 1 

soffit vent – north side 1.074 336.567 - 

30.40 soffit vent – south side 1.074 336.567 - 

ridge vent 0.644 - 673.134 

Alt. 2 

soffit vent – north side 1.074 288.226 - 

30.40 soffit vent – south side 1.074 288.226 - 

ridge vent 0.644 - 576.452 

Tab. 2 Surface temperatures on 5 August at 13.00 h for both alternatives. 

Surface Temperature [°C] Surface Temperature [°C] 

Alt. 1 

roof – north side 35.16 attic floor 30.59 

roof – south side 44.70 stone masonry walls 30.41–30.44 

Alt. 2 

roof – north side 34.27 attic floor 29.92 

roof – south side 41.92 stone masonry walls 29.77–29.79 
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Fig. 9 Simulated airflow trajectories on 5 August at 13.00 h for both alternatives. 

Tab. 3 Airflow characteristics through the vents on 5 August at 19.00 h for both alternatives. 

Vent Hole Area [m2] Flow In [l/s] Flow Out [l/s] Air Temperature [°C] 

Alt. 1 

soffit vent – north side 1.074 668.662 - 

26.10 soffit vent – south side 1.074 668.662 - 

ridge vent 0.644 - 1337.324 

Alt. 2 

soffit vent – north side 1.074 604.796 - 

26.10 soffit vent – south side 1.074 604.796 - 

ridge vent 0.644 - 1209.592 
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Tab. 4 Surface temperatures on 5 August at 19.00 h for both alternatives. 

Surface Temperature [°C] Surface Temperature [°C] 

Alt. 1 

roof – north side 26.74 attic floor 30.59 

roof – south side 26.68 stone masonry walls 29.13–29.30 

Alt. 2 

roof – north side 27.47 attic floor 30.44 

roof – south side 27.42 stone masonry walls 28.96–29.13 

 

Fig. 10 Simulated airflow trajectories on 5 August at 19.00 h for both alternatives. 
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4 DISCUSSION 

The results of the annual simulation in a daily cycle indicate that the simulated attic space experiences a decrease 
in air temperature between May and mid-August when using a vapour permeable membrane. Daily fluctuations 
during this period are minimal, ranging from 0.1 to 0.2 °C. At the beginning of May, the air temperature in the 
attic space without a membrane is 0.4 °C higher than with a membrane. For the rest of the year, i.e. from January 
to May and then from mid-August to December, the situation changes. The roof sheathing without a membrane 
has lower temperatures in the attic space than the roof sheathing with a membrane. However, the air temperature 
is rarely higher in the attic without a vapour permeable membrane. The maximum difference in air temperature 
between the two alternatives during this period is 0.5 °C. On average, however, the difference is 0.05 °C. Regarding 
relative humidity, it can be observed throughout the year that the use of a vapour permeable membrane leads to 
a slight decrease in relative humidity in the attic space. The maximum decrease occurs in winter when it reaches 
up to 3%. At the beginning of May, when the effect of the vapour permeable membrane on the air temperature 
changes, it is possible to observe a 1.5% higher relative humidity in the attic with a membrane than in the attic 
without a membrane. However, a slight decrease in relative humidity, on average 0.25%, can be observed on the 
annual cycle. In general, the above shows that temperatures beyond the summer period are higher and relative 
humidity lower when using a membrane (Fig. 4). 

The effect of the vapour permeable membrane on the indoor climate is more severe in terms of the air change 
rate. The simulation shows that the air change rate is higher in the alternative without a membrane than in the 
alternative with a membrane. This difference is most striking in winter when it can reach up to 1.3 1/h. Higher 
fluctuations are also observed in winter. In May, when the influence of the membrane on the air temperature 
changes, a second extreme is observed, which is close to 1.0 1/h. This occurrence in early May confirms the 
correlation between temperature, relative humidity and airflow [20]. Overall, the use of the membrane leads to 
a reduction in air change rate of approximately 0.3 1/h throughout the simulation (Fig. 5). 

Analysing surface temperatures, air temperature and air relative humidity waveforms on 5 August, several 
observations are made. On this day, which falls between May and mid-August, significantly higher surface 
temperatures can be observed on the south roof plane compared to those on the north roof plane. This difference 
is mainly influenced by the outside air temperature and solar radiation [21]. In terms of external surface 
temperatures, the maximum difference between the climatically different roof planes was approximately 25 °C. 
In the case of internal surface temperatures, this difference was around 10 °C and decreased by 7 °C when a vapour 
permeable membrane was used. The surface temperatures followed the pattern of air change rate, which was 
strongly influenced by the external weather conditions, in both Alt. 1 (Fig. 6) and Alt. 2 (Fig. 7). 

The air change rate correlates with the wind speed and a roof without a vapour permeable membrane results in 
a higher air change rate. The difference between the attic with and without a membrane can be quantified at 0.5 1/h. 
Attics with an air change rate of 4.0 1/h are considered to be sufficiently ventilated where the risk of biodegradation 
is minimised [10]. On the day analysed, the average air change rate was 6.0 1/h, so it can be concluded that the 
simulation model is sufficiently ventilated, and the risk of biological degradation is minimised (Fig. 8). 

Although the volume of airflow did not reach extreme values (Tab. 1), significant airflow occurs at 13.00 h 
near the massive gable walls and the south roof plane, which is exposed to solar radiation and thus significantly 
heated (Tab. 2). The air temperature increases in the attic space with height. The hot air in the ridge reaches almost 
40 °C. Near the roof ridge, it creates overpressure, trying to escape through the ridge vent. However, not all the 
air can escape through this vent. Instead, it changes direction, bypassing the cooler roof plane and gable walls. 
This creates a large air vortex, which cools the air in the attic and eventually causes the air temperature in the 
simulated space to homogenise in the late afternoon (Fig. 9). The above findings confirm that locations influencing 
airflow may be more susceptible to changes in wood moisture content, as presented in another study [15]. 
At 19.00 h, the airflow is more pronounced than at 13.00 h, which is mainly due to higher wind speed. Thus, at this 
time, the air change rate increases (Tab. 3) and at the same time the roof surface cools (Tab. 4). In terms of airflow 
velocity, the highest velocities are achieved at the locations of the inlet vents. The situation is similar in the case 
of vapour permeable membrane application, with the difference that the temperature extremes in the attic space 
with the membrane are not as pronounced (Fig. 10). 

Inaccuracies in the simulation model may be due to the fact that the ventilated air gap behind the vapour 
permeable membrane acts more as an insulating layer, which does not account for the actual airflow in the cavity 
as CFD simulations would require. Without taking into account the actual flow, this layer acts as an insulation that 
has a marginal effect on the hygrothermal performance of the attic space. Therefore, it is essential to find a way to 
properly model the airflow in the ventilated cavity created when using a vapour permeable membrane in the roof 
construction and how to apply it to these simulations. 
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5 CONCLUSION 

The presented first principles study focused on the analysis of the effect of a vapour permeable membrane on the 
airflow in the attic space, which was designed to replicate the dimensions, shape and construction of historical 
roof trusses in medieval sanctuaries of rural churches. Using energy simulation, the annual cycle was analysed, 
while the CFD-based analysis was aimed at an extremely hot summer day when airflow was affected by differences 
in thermal buoyancy and wind pressure. 

The results of this initial study identified several key findings that provide valuable insights for future research 
and possible research directions: 

• Air Temperature – The use of a vapour permeable membrane resulted in a slight reduction in attic 
air temperature during the simulated period, approximately May to mid-August. In the remaining parts 
of the simulated year, the situation was reversed, with minimal differences. 

• Air Relative Humidity – The vapour permeable membrane caused a reduction in relative humidity 
in the simulated attic space, most pronounced in the winter period. 

• Air Change Rate – The roof in which the vapour permeable membrane was absent had a higher air 
change rate, especially in winter. The use of the membrane reduced the air change rate by 
approximately 0.3 1/h in the simulated period. 

• Airflow Thermodynamics – The vapour permeable membrane affected the airflow in the simulated 
attic space by reducing the airflow by 10 to 15% compared to the alternative without membrane. 
CFD simulations showed that the vapour permeable membrane affected the temperature and velocity 
patterns in the simulated space, especially around the roof planes and gable walls. 

Overall, the presented study confirms that vapour permeable membranes have a significant influence on the 
microclimatic conditions in attic spaces. Future research should include more accurate modelling of airflow 
concerning realistic boundary conditions, geometry and materials. Investigating the influence of timber truss 
elements that create resistance to airflow may also provide new insights into this field. Nevertheless, all future 
research steps are limited by a proper understanding of the simulation software and its capabilities. 

This study highlights the importance of computer simulations, ideally calibrated based on experimental 
measurements, in solving problems related to the analysis and preventive conservation of old ventilation 
techniques in historical buildings. Over and above that, by using these simulations, it would be possible to test 
various intelligent systems in the virtual world minimising risks before their implementation in real-world 
operations. 
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