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Abstract 

Infiltration caused by wind turbulence is difficult to 

predict because this turbulence is a disorder and a non-

local phenomena. The presented study aims to validate the 

assumption of quasi-staticity, to understand aerodynamic 

effects induced by the external wind on global 

performance of ventilation systems (energy, air quality, 

humidity) and to find the relation between the mean wind 

velocity and the wind spectrum.  

Previous studies showed the importance to take into 

account the pressure fluctuation inside building not only 

the façade pressure. The simulation done with MATHIS 

helps to predict the situation in the ventilation 

engineering. 

Results show that we cannot apply the quasi-static 

assumption and that the effect of the turbulence cannot be 

neglected. 

Key Innovations 

 Indoor environment air quality 

 Quasi-static assumption 

 Wind turbulence 

 Pressure fluctuation 

Practical Implications 

Different aspects of comfort can be affected by the 

turbulence as the rate of humidity or pollutants 

concentration and this work focuses on them. Moreover, 

considerations about the energy required for the 

ventilation systems are also studied. All of this will help 

in resizing systems in the ventilation engineering and 

engineers. 

Introduction 

Residential and industrial buildings equipped with a 

ventilation system are complex facilities. 

The wind can cause damages or accidents into the 

buildings, depending on the orientation and size of the 

inlet/outlet openings, pressure conditions and nominal 

airflow values. Insufflation generally puts the building in 

overpressure while extraction ensures a vacuum in the 

building (Dhalluin 2013). 

The presented study aims to understand aerodynamic 

effects induced by the external wind on global 

performance of ventilation systems (energy, air quality, 

humidity). In previous studies, many researchers showed 

the importance to take into account the fluctuation of the 

pressure inside building not only the façade pressure. The 

turbulence has an essential contribution on the direction 

of the air infiltration that it cannot be seen using mean 

values, depending on LeRoux (2011). Figure 1 shows 

different forms of turbulence depending on the rugosity 

of the surrounding area. This level of rugosity is presented 

in the Eurocode-1 (2005). 

First, Holmes (1979) studied analytically and 

experimentally the influence of a pulsed flow on an 

enclosure volume with a single opening. Pulsed flow is 

defined by a change in the external pressure at the 

opening, causing fluctuating flow inside the enclosure due 

to the compressibility of the air in the enclosure 

(Haghighat, 1991). Holmes (1979) then defines the first 

reliable model to study resonance and internal 

fluctuations when these fluctuations were not properly 

taken into account as external fluctuations. 

According to (Holmes, 1979), the study of the internal 

pressure caused by the wind has received less importance 

than the pressure outside the building. 

Mounajed (1989) presented several points to pursue such 

as knowledge of the distribution of pressure coefficients 

as well as the behavior of openings and he insisted on the 

global experimental validation of the physical models 

used for air transfer through the openings. 

 

 

Figure 1 different shape of wind turbulence (O.Flamand 

2003) 

Following the increasing concern on energy performance 

of buildings, ventilation systems are gaining in 

importance. Energy conservation criteria require 

including the ventilation system in the early design stage 
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of the building, and designing it in compliance with 

indoor air quality “IAQ” requirements. The ventilation 

system’s design stage are performed using nodal 

approaches. Wind turbulence and wind storm for instance 

on any building, or accidents such as wind bursting on 

industrial buildings, can occur. The Mathis software, 

developed for ventilation system design in buildings 

(Demouge, 2017), is used in this study. 

Mounajed (1989) worked on the simulation of the air 

transfer in habitats and the consequence on air quality in 

buildings. He advise to take into consideration the global 

experimental validation of the physical models used for 

the air transfer through the openings. 

In order to preserve some reasonable computation time, 

the quasi-static assumption is generally applied for the 

mass balance leading to neglecting any possible 

resonance of internal pressure. But while conducting 

resilience analyses of ventilation systems, particular 

transient boundary conditions have to be considered. 

The Mathis software, developed to analyze ventilation 

systems in dwellings and chosen as the standard tool in 

the French context, is used for this study and validated in 

unsteady state for a single zone case. 

Then, time series of turbulent wind velocity, used as 

boundary conditions, are generated using python. A 

simulation of an experimental house was done with 

changing the type of the ventilation systems and the 

inlet/exit ducts. A comparison is done between the 

different measurements time step of mean and turbulent 

wind velocity (1 minute, 10 minutes and 1 hour).  

Different aspects of comfort can be affected by the 

turbulence as the rate of humidity or pollutants 

concentration and this work focuses on them. 

Mathis is used as a nodal simulation software to evaluate 

the indoor environment quality and HVAC systems 

according to human activities. 

Methods 

A very simple case is considered in this study. It consists 

on a single zone connected with ducts for inlet and outlet 

respectively (Figure 2). 

 

Figure 2 case study zone 

S, L and R, are respectively the area (m²), length (m) and 

resistance (m4) of each duct. 

A pressure step of 2000 Pa is assumed at the inlet duct to 

the room in order to study its propagation within the case 

presented in Figure 2. The duration of this step is 150 s 

with a time step of 0.005 s as LeRoux (2011). 

 

Figure 3 step pressure 

The validation consists in performing such simulations for 

several cases by changing either the resistance, length or 

area of each duct as well as the zone volume.  

After the first study in the previous part, the assumption 

of quasi-staticity cannot be used. So, it is necessary to 

study the turbulence and the fluctuation inside zones. For 

that, we searched a way to generate a time series data 

which can describe the real wind turbulence. 

Wind is characterized by the intensity of the turbulence 

and the average speed. The intensity is the ratio between 

the deviation σ and the average wind speed, (Guorui Ren, 

2018). 

A code is developed on Python to generate turbulence 

depending on the Davenport spectrum. This code will 

transform the spectrum into a time and space series. We 

transform the energy of this spectrum into fluctuation and 

add it to the mean wind velocity.  

 

Figure 4 Davenport spectrum (Shao 2011) 

The data will be generated every 10 seconds according to 

a time step of mean wind speed of 1 min, 10 min or one 

hour (speed variation time). 

So the equation below is used to represent the energy of 

the wind turbulence (Davenport 1961). 

                       𝑆𝑢𝑢 =
4𝐿𝑢𝑠𝑖𝑔𝑚𝑎2

𝑈[1+70,1(
𝑓𝑟𝑒𝑞∗𝐿𝑢

�̅�
)
2
]

5
6⁄
                     (8)      
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Figure 5 spectrum values and velocity time series 

In Figure 5, the equation (8) is used to draw the energy of 

this spectrum in function of the frequency. Then we 

transform this energy into velocity depending on a 

random mean velocity (the orange line that vary each 600s 

as we see in the right graph), the blue line represents the 

turbulence created by the spectrum and added to the mean 

velocity. 

The time series will be introduced in weather files used 

by Mathis. These turbulences will be applied to real 

configurations (house F4) to identify their impacts on 

global variables (energy, internal air quality and 

humidity). 

So now we will get many scenarios, mean velocity each 1 

min, 10 min and 1 h and by using these mean wind 

velocities we can generate a turbulent velocity according 

to each mean wind speed time step.  

 

Figure 6 number of values between three scenarios 

Figure 6 shows the difference of values number between 

measurements taken with different time steps every 1min, 

10 min or 1h. So the number is reduced by 67 times 

between measurement every 1 min and 1h. The 10 min 

and 1 h are generated using the 1 min series by calculating 

the mean of all value corresponding to 10min or 1h. 

As we can see in the Figure 7, the first series of mean 

velocity is constant over 600 s (10 minutes) than it will 

vary each 600 s. When the spectrum is used, a turbulent 

velocity is created and it is clear that this velocity is not 

stable and fluctuates around the mean velocity (in this 

case 3m/s during 600s then 2.8 in the next time step). So, 

instead of generating the same wind speed each 10s 

during 600s, the turbulence gives a new shape that can 

describe the real status of the wind.  

 

Figure 7 method to transform mean velocity to turbulent 

velocity 

Figure 8 shows the location of the anemometer in INES-

CEA platforms. This sensor is at 10 meters of height, it 

measures the mean velocity of the air at a time step of 1 

min. 

  

Figure 8 INES weather station 

To start our simulation we choose to use the data of 5 days 

(1st January 2019 to 5th January 2019). As we can see in 

Figure 9 the orange line is the mean velocity during this 

period. We use our Python code to generate the file with 

turbulence to get the blue curve. 

The difference of energy is clear between two scenarios, 

the file with turbulence can describe precisely a real case 

of wind. 
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Figure 9 turbulent and mean velocity time series 

The case used to the simulation is the F4 house, it is a 

standard French house of two floor based on the reference 

“CCFAT-Avis technique 14.5/17-2284_V2“. This house 

configuration and ventilation system used are standard 

and common in France. The shape and the room 

repartition are also standard in addition to the type of 

ventilation system, the inlet and outlet of air. The red 

crosses on the Figure 10 show the location of the air outlet 

and the blue arrows are the air inlet. 

 

Figure 10 F4 home configuration 

The Figure 11 shows the relation between the volumetric 

flow rate and the humidity in this kind of openings. This 

type of openings is used in Mathis under the name 

“BOUCHE_HYGRO”. In this type, the volumetric flow 

rate is controlled by the humidity quantity. The second 

type used is the grille where we impose a pressure of -80 

Pa at the air outlet to study the difference between the two 

scenarios. 

 

Figure 11 characteristic openings curve (DEMOUGE 

2017)  

As said before, Mathis uses a nodal model simulation 

method. Each volume is considered as a node connected 

by aeraulic resistance. The house will be simplified to this 

form in Figure 12. The blue arrow represents the wind 

time series which is one of the input boundary conditions.  

 

Figure 12 house nodal network in Mathis   

The nodal model will be used for several advantages like 

treating each zone as a single node and analyzing all the 

necessary parameters of that node. 

The wind time series during one year, has a large number 

of input data. The computation time using this data is very 

large. This time will be reduced especially since the 

simulations will be made with nodal model, this will be 

impossible using CFD which will take a lot of time. 

According to Foucquier (2013) if the wind speed in the 

building is not so important, we do not need to apply the 

CFD only on a specific part of the building and not on the 

entire building. 

The Mathis software, developed to analyze ventilation 

systems in dwellings and chosen as a standard tool in the 

French context, is used for this study. After having 

validated its behavior under transient conditions with 

references to specific cases, a parametric simulation is 

carried out. 

 

Figure 13 distribution of pressure caused by wind 

Figure 13 gives an idea how the pressure distribution will 

be around a house when the wind will hit the windward. 
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A positive pressure will face the wind and a depression 

will be on all the other faces of the building. 

Figure 14 describes the path of the simulation part, first of 

all the creation of the weather file (like the series in Figure 

9), than we will use, the generated turbulent wind speed 

time series with temperature, wind direction and 

humidity, as an input boundaries conditions. These 

boundary conditions are simulated on the case of F4 house 

depending to standard French norms. The house is 

presented in previous paragraphs.  

It was so important to check the veracity of the 

assumption of quasi-staticity to go further in our study and 

to do next steps. This check gives us a clear idea that in 

all cases we cannot neglect the fluctuation especially the 

wind turbulence is like a sequence of step pressure. 

Finally, we will present the results and we will analyze 

them. 

 

Figure 14 study steps 

Results 

In this section, the results of the three idea presented in 

the method part will be presented. The first idea was the 

quasi-static assumption using Mathis. So we reproduce 

the case of LeRoux 2011 and we get the same figures, this 

step is a validation of the capability of Mathis to 

reproduce the interior resonance. 

LeRoux choose also the incompressible assumption in his 

simulation done with Sylvia software. Figure 15 shows 

the comparison between LeRoux and our Mathis results. 

Figure 15 shows the frequency of the internals 

fluctuations. 

Each line in the Figure 15 comparison between Mathis 

and LeRoux results corresponds to a duct length and the 

x-axis corresponds to the aeraulic resistance (pressure loss 

in ducts).  

 

Figure 15 comparison between Mathis and LeRoux 

results 

In the second part, the results of the simulations will be 

presented. As Figure 9 shows the fluctuation of the 

turbulence velocity, we try to find a way to simplify this 

fluctuation. The time series will be transformed to an 

energy spectrum study. 

Figure 16 shows the difference of energy in each scenario. 

It shows the advantage of our code of turbulence 

generation where we find that if we use a mean series of 

1h and we generate turbulence we will get higher energy. 

Also if we compare the series of 1h mean velocity with 

turbulence generation (blue) and the 1 min mean series 

(violet) we find more energy even in the series 1h time 

step measurement. 

 

Figure 16 mean and turbulent wind speed scenarios 

spectrum  

From now, the time series of 1h-turbulence will be used 

because it has an energy near to the 1min-turbulence and 

save a lot of simulation time, it good to remember that he 

number of measurement between the two series is bigger 

by 67 times). 

By introducing this time series, Figure 17 shows the 

fluctuation of the pressure inside each zone in the house 

of study. The most energy is in the kitchen then the WC, 

shower and hall because of the air outlets positions. 

 

Figure 17 pressure spectrum response in each room 

Now, Figure 18 presents a comparison done on the 

kitchen to see the effect of the turbulence on the pressure. 

In addition, two types of openings are used in this study 

(grille and air vent). By analyzing Figure 19, the system 

with turbulence series even with different type of 

openings has similar and higher energy spectrum. The red 

line show the results with only mean wind speed. 
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Figure 18 kitchen pressure spectrum with and without 

turbulence between two openings type 

To understand the Figure 18 we did a subtraction between 

the case and we get Figure 19 where it is now clear the 

difference between the scenarios. 

 

Figure 19 difference of kitchen pressure spectrum 

In the next part, the indoor air quality are presented, one 

of this parameters is the CO2 quantity. 

As we can see in Figure 20, the difference in a grille 

system with turbulence and without turbulence and it is 

remarkable that it can reach 200 ppm. So the turbulence 

may have a significant effect on the CO2 quantities.  

 

Figure 20 difference of CO2 quantity using wind series, 

with and without turbulence 

Figure 21 presents the volumetric flow rate at the inlet 

opening of the living room. 

 

Figure 21 volumetric flow rate at living room air inlet 

In Figure 21, two important remarks should be taken into 

consideration. The first one is the big difference between 

the volumetric flow rate cause by the turbulent flow (blue 

curve and the red curve which represent the case of mean 

velocity value. This difference is clearly presented in 

Figure 22. 

 

Figure 22 difference of living room air inlet volumetric 

flow rate between openings, with and without 

turbulence, in living room air inlet 

Figure 21 and Figure 22 show an inversion of flow where 

we have a flow in the negative direction of the air path 

from exterior to interior zone. This inversion can cause a 

trouble on the work of the fans and on the equilibrium of 

the interior volume. 

By analyzing the results, we can say that the turbulence 

has an effect on the internal global parameters. It is 

important to know that the turbulence did not affect the 

humidity, because of the constant humidity ratio in 

boundary condition files and because the isothermal 

assumption with an operated temperature of 19°C. 
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Discussion 

Figure 15 shows that results from MATHIS matches with 

the reference and thus validate the capability of MATHIS 

to reproduce internal pressure fluctuations in 

incompressible and isothermal conditions.  

In addition to that, a parametric study was done by 

varying all the parameters in Figure 2. 

The created series of turbulence give higher energy than 

the mean velocity series. This series cause more 

propagation of perturbation to the interior volume through 

the air ducts. This Python code to generate turbulence can 

be considered as a robust scenario to be adapted to 

generate turbulence time series depending on the mean 

wind velocity. 

The kitchen undergoes more pressure energy in 

depression, followed by the bathroom and WC which 

ensures good extraction of the ventilation system. 

Turbulence lowers CO2 levels inside rooms, the source of 

this CO2 being the human activities. 

The volumetric flow rate curves show that it is important 

to study the inversion and the duration of this invertion. 

When there is a counter flow in any duct these phenomena 

will change all the equilibrium of the IAQ and the work 

of the fans because it is a flow in the counter direction of 

their work. 

The next step is to test different conditions  and 

parameters to study the real effect on the internal 

parameters of comfort and energy. 

Conclusion 

The methodology developed can now be applied to real 

buildings, in order to study isothermal flows generated by 

mechanical ventilation, wind or even internal 

overpressure due to an accident situation. 

The hypothesis of quasi-staticity does not seem to be valid 

for the consideration of dynamic fluctuation of the 

boundary conditions created by the wind according to the 

results obtained on Mathis. Mathis was validated in 

unsteady behavior and its ability to reproduce resonance 

within the zone. 

We cannot neglect the effect of the turbulence on the 

ventilation systems which are the responsible of air 

change and the air quality inside our buildings. 

The effects of the turbulence appear with different types 

of air inlet and outlet (grille, air vent …).  

The perspectives of this work are not only to use a 

calculation tool, but also to situate it in its experimental 

context. Thus, we will see that a good part of the 

differences between the numerical estimate of the 

displacements and their experimental determination will 

be attributed to the measurement errors of the various 

input parameters.  

The improvement of the digital tool starts with improving 

the determination of these input parameters as wind 

velocity, wind direction, pressure coefficient…. It would 

be desirable to improve the measurement of aerodynamic 

pressure fluctuations, to properly characterize their 

evolution as a function of the amplitude of the 

oscillations. 

Mathis has the advantage of being economical in 

computing time. 
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