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Abstract 

To study transient mass transfers inside buildings equipped with ventilation systems, reduced-
scale experiments have been performed by applying the scaling down methodology developed 
for studying isothermal airflows in a steady or a transient state [1]. Transient tests have been 
carried out both on simplified cases considered for the validation of the methodology and on 
two reference industrial configurations representative of real industrial facilities. In this 
article, focus is made on transient results obtained on simplified and reference industrial cases 
subjected to wind and internal overpressure effects. The main objectives are firstly to identify 
the internal transient airflow behaviour, compared with Helmholtz oscillated phenomena 
underlined from natural ventilation studies, secondly to analyse the pollutant containment of 
reference industrial configurations subjected to wind and/or internal overpressure effects due 
to an accident, and finally to check the ability of the SYLVIA code to model these transient 
phenomena. 

Keywords: ventilation systems, dynamic similarity, transient state, Helmholtz resonance, 
reduced-scale experiments, zonal code SYLVIA 

1. Introduction 

Buildings equipped with ventilation systems are complex facilities in which steady and 
transient mass transfers can occur, resulting notably from wind effects or internal 
overpressures in accidental situations. Predicting these transfers is fundamental to supporting 
the safety analysis of industrial buildings, and more particularly for facilities containing 
radioactive materials, such as in the nuclear industry (e.g., power plants, laboratories or 
nuclear fuel treatment facilities). For these industrial facilities, the main function of the 
ventilation system is to ensure pollutant containment inside the facility in normal, damaged 
(ventilation stopped) or accidental situations (e.g., pressure tank fracture, fire or overpressure 
scenarios), both in steady and transient regimes. To achieve this function, the ventilation 
system is designed to maintain rooms in depression according to a specific hierarchy from the 
most to the least hazardous room in terms of contamination. Then, the air, taken from the 
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outside, flows from the rooms with the lowest contamination risk to the rooms with the 
highest contamination risk, before being filtered and released into the atmosphere. 

For supporting nuclear safety assessments, the zonal code SYLVIA [2] has been developed by 
the Institut de Radioprotection et de Sûreté Nucléaire to predict steady and transient airflows 
inside industrial ventilation systems in nominal, damaged or accidental situations. Modelling 
of airflows due to mechanical ventilation in SYLVIA has already been validated from 
experiments conducted on real facilities. In addition, the ability of the SYLVIA code to take 
into account wind effects in steady state has been checked from wind tunnel reduced-scale 
experiments performed on two reference configurations equipped with ventilation systems 
and representative of industrial facilities [1]. To do this, a scaling down methodology has 
been developed for studying both steady and transient airflows inside mechanically ventilated 
buildings subjected to wind and internal overpressure effects. The theoretical development of 
the methodology along with the steady-state validation and the steady-state results obtained 
on both reference configurations are detailed in [1]. 

No consideration of transient aspects has previously been done and therefore this article 
focuses on transient results obtained both for the simplified cases considered to validate the 
scaling down methodology and for the two reference configurations representative of 
industrial facilities. Section 2 firstly reviews previous reduced-scale approaches developed for 
studying transient flows, which have been found in the literature only for naturally ventilated 
buildings [3-6] or train ventilation systems [7]. This underlines the requirement of the specific 
methodology for industrial ventilation systems developed and summarised in section 2. The 
presentation of transient results is then divided into two sections: the first one dedicated to 
results from theoretical and academic cases (section 3) and the second one to results obtained 
from representative real cases (section 4). Thus, section 3 focuses on transient results obtained 
for the simplified cases considered to validate the methodology and highlights the influencing 
parameters, such as inertia and airflow resistances, on the transient airflow behaviour, notably 
on the emergence of oscillated phenomena. Finally, section 4 presents transient results 
obtained for the two reference configurations subjected to unsteady wind effects or internal 
overpressure effects. 

2. Previous work 

Although the governing equations used to simulate isothermal airflows are quite similar for a 
single naturally ventilated building and a complex facility equipped with a ventilation system, 
various reduced-scale approaches were found in the literature depending on the cases studied, 
the physical phenomena involved and the assumptions considered for ensuring dynamic 
airflow similarity. 

2.1. Dynamic airflow similarity for naturally ventilated buildings 

The most theoretical and simplified case consists of a single room with a large opening as 
illustrated in Figure 1. Holmes [3-4] firstly studied this case because internal pressure 
fluctuations due to resonance effects may arise in the event of a sudden change of external 
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pressure generated by strong unsteady wind effects such as in a severe windstorm for 
example. 

Holmes [3] assumed the case studied as a Helmholtz resonator and developed the first reliable 
model taking into account internal pressure fluctuations, by integrating inertial effects through 
the opening and air compressibility effects inside the room, expressed as the following non-
linear second-order equation 
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where CPint and CPext are the internal and external pressure coefficients (-) defined as the ratio 
between relative and upstream dynamic pressures, ρ is the reference density of air (kg.m-3), γ 
is the polytropic exponent (-), CD is the discharge coefficient (-), U is the mean upstream wind 
velocity (m.s-1), P0 is a reference static pressure (Pa) usually defined as the atmospheric 
pressure, V is the room volume (m3), S is the opening section area (m²) and Le is the effective 
length of the air moving through the opening (m) given by [8] 

 SLLe 89.0+=  Eq. 2 

where L is the opening length (m). Thus, Holmes [3] showed that the internal pressure 
oscillations correspond to Helmholtz oscillations, the undamped resonant frequency fH (Hz) of 
which, given by Eq. 3, increases as the room volume decreases and the opening section area 
increases.  
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A similar model has been developed by Liu et al. [9] from the unsteady fluid mechanics 
equations and much  research was then carried out to numerically and experimentally study 
Helmholtz oscillations inside a dominant windward opening building (e.g., Refs. [10-13]). To 
experimentally reproduce internal pressure oscillations at a reduced scale, Holmes [3] defined 
a dynamic similarity criterion, from a dimensionless form of Eq. 1, which should be ensured 
between the full scale and the reduced scale. In terms of scale parameters between both scales, 
the conservation of this dynamic similarity criterion is written as 

 
2

3

U

L
V =  Eq. 4 

where V , L  and U  are respectively the room volume scale, the opening length scale and the 
velocity scale, defined as the ratio between the reduced-scale and the full-scale variables. Eq. 

4 shows that if a velocity reduction is considered for reduced-scale experiments (1≠U ), the 
room volume scale is not equal to the opening volume scale and thus a volume distortion 
between the room and the opening is introduced. Oh et al. [13] reviewed reduced-scale 
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experiments sized up by considering this volume distortion (e.g., Refs. [14-17]) or not (e.g., 
Refs. [10, 12, 18]). Introducing this volume distortion is only necessary to correctly reproduce 
the frequencies of internal pressure fluctuations in the case of Helmholtz oscillations [3-4]. 
Knowing that ensuring the volume distortion might be challenging, identifying which 
parameters have an influence on these oscillations is fundamental and needs more detailed 
research work. For example, experiments were carried out to study the influence of building 
leakage and envelope flexibility and have shown that both parameters decrease the resonance 
effects [19-20]. 

In addition, to study naturally ventilated buildings composed of several openings subjected to 
steady and unsteady wind effects, and more precisely to wind turbulence effects, Etheridge [5-
6] developed a similar dimensionless model, which leads to an analogous dynamic similarity 
criterion. For such a case, Chiu [21] showed that internal fluctuations, generated by wind 
turbulence, obtained with models designed with and without considering the volume 
distortion were quite similar and thus the dynamic similarity criterion should not necessarily 
be ensured. Consequently, wind tunnel tests for studying the wind turbulence influence were 
performed without considering the volume distortion theoretically needed from the similarity 
study [22]. 

Hence, considering the volume distortion for designing reduced-scale models clearly depends 
on the internal phenomena identified, which depend on the characteristics of the cases studied 
and on the phenomena studied (e.g., wind turbulence effects, severe transient disturbance due 
to an accident). Thus, knowing that the volume distortion is also imposed by the methodology 
developed for mechanically ventilated buildings [1], investigation is needed to identify for 
which cases the Helmholtz resonant effects may arise for complex buildings composed of 
several rooms, ventilation systems and leaks.  

2.2. Dynamic similarity for ventilation systems 

A reduced-scale approach for studying transient flows inside installations equipped with 
ventilation systems was only found for train ventilation systems [7] and cannot be extended to 
carrying out wind tunnel reduced-scale experiments for industrial buildings (section 2.2.1). 
For this reason, a specific methodology for mechanically ventilated buildings has been 
developed by Le Roux et al. [1], the development of which is summed up in section 2.2.2. 
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2.2.1. Train ventilation systems 

When a train goes through a tunnel, high overpressures and depressions, characterized by 
approximately 2000 Pa in 1 second, are generated on the external walls of the train. These 
transient variations lead to a sudden change of the train internal pressure, due to the 
propagation of the pressure fluctuations inside the ventilation system. To study the feasibility 
of a device monitoring the instantaneous flow rates inside the ventilation system and thus 
decrease the harmful effects inside the train, Mariaux [7] developed a scaling down approach 
for experimentally reproducing this transient phenomenon inside a simplified train ventilation 
system, as illustrated in Figure 2. 

As for natural ventilation approaches, the methodology is based on fluid mechanics equations 
expressed in a dimensionless form, namely the mass conservation equation applied in nodes 
(i.e. the train volume and the junction PA) and the integral kinetic energy theorem applied in 
the four ventilated branches. However, the main assumption used to define the dimensionless 
model is that the sound velocity is considered as the reference velocity and then all reference 
variables are written depending on the sound velocity. In addition, Mariaux [7] imposes 
similar reduced-scale and full-scale times, i.e. the time scale is set at one. Thus, the similarity 
study leads to the following two expressions between scale parameters 

 1==== tLPU  Eq. 5 

 VSQ ==  Eq. 6 

where V  is the train volume scale, L  is the branch length scale, S  is the branch section area 

scale, U  is the velocity scale, P  is the pressure scale, Q  is the volumetric flow rate scale 

and t  is the time scale. 

Given that the sound velocity is identical whatever the scale, the velocity cannot be modified 

and consequently no volume distortion is theoretically needed, i.e. the train volume scale (V ) 

is equal to the branch volume scale (LS ). Then, due to the expressions of their reference 
variables depending only on parameters (sound velocity, reference constant time), the 
pressure scale, the length scale and the time scale should also be equal to one. Satisfying Eq. 5 
is very constraining, notably for designing reduced-scale models inside a laboratory with 
similar branch lengths between the full-scale and the reduced-scale models. However, 
Mariaux [7] numerically showed that the branch lengths, and consequently the branch inertia, 
have no influence on the pressure propagation for the case studied (Figure 2). The reduced-
scale train ventilation system was thus designed without ensuring the length scale and 
arbitrary reduced-scale lengths were considered, meaning that the train ventilation system 
inertia was neglected. 

In addition, satisfying Eq. 6 is also constraining for large industrial buildings because the 
room volume should be considerably reduced to design models and the reduced-scale flow 
rates should not be too low, notably due to the measurement uncertainties. Finally, knowing 
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that the pressure scale is equal to one, the flow-rate reduction should not be too low in order 
to find appropriate fans and reproduce head losses. 

2.2.2. Buildings equipped with ventilation systems 

The main principle of the methodology developed by Le Roux et al. [1] for mechanically 
ventilated buildings, taking into account the whole building characteristics including the 
ventilation system and its inertia, is summarised below. Details regarding the development of 
the methodology can be found in Le Roux et al. [1] and Le Roux [27]. 

First, the dimensionless model, given by the integral kinetic energy theorem for passive 
branches (Eq. 7) and the mass balance equation for nodes (Eq. 8), has been developed by 
introducing dimensionless variables for all physical and geometrical variables. For fans, 
specific models exist in which the fan curve is considered as an input data. Thus, the 
similarity of fans will be based on the conservation of the fan curves by applying the pressure 
and the flow rate scales to the real fan curves. 

The dimensionless variables X* are expressed as the ratio between the variable X and its 
reference value Xref for each variable, namely the node pressure P (Pa), the volumetric flow 
rate Q (m3/h), the air density ρ (kg/m3), the time t (s), the room volume V (m3), the branch 
length L (m), the branch section area S (m²) and the airflow resistance R (kg(2-n)/m4/s(2-n)) 
representing the head losses of each branch. Note that the reference pressure, the reference 
flow rate and the reference time are expressed from the other reference variables [1]. In Eq. 8, 
i and j respectively represent the subscripts for inlet and outlet flows and Patm is the 
atmospheric pressure (Pa). 
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Eq. 8 

Eq. 7 can be defined in three forms depending on the branch type (duct, filter or leak), for 
which the exponent n is respectively considered as 1 for a filter, 2 for a duct and between 1 
and 2 for a leak. Values between 1.35 and 1.7 are usually found in the literature [13, 23-24]. 
Thus, the dimensionless model reveals the dimensionless parameter N1, written under three 
different forms depending on the type of branch, and the dimensionless parameter N2. In 
terms of scale parameters between a full scale and a reduced scale, the conservation of these 
two dimensionless parameters is written as 
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=  Eq. 10 

where R  is the airflow resistance scale, U  is the velocity scale, S  is the branch section area 

scale, L  is the branch length scale and V  is the room volume scale. Thus, the airflow 
resistance scale of the three types of passive branches can be determined from Eq. 9 if the 
velocity and the section scales are known. Eq. 10 is similar to the dynamic similarity criterion 
Eq. 4 defined by Holmes [3] if a branch section area scale equal to the square of the branch 

length scale is considered (
2

LS = ). 

Table 1 sums up the relations between the fixed and the calculated scale parameters, showing 
that several sets of scale parameters can be defined depending on the cases studied and the 
hypotheses considered. From the conservation of the dimensionless parameters (Eqs. 9 and 
10) and the relations between reference variables, seven relations given in Table 1 are used to 
define the scale parameters. Knowing that ten scale parameters should be determined, the 
scaling down methodology consists in fixing the three most constrained scale parameters, i.e., 
the room volume scale, the flow rate scale and the velocity scale. The choice of these 
parameters is mainly constrained by the real configuration characteristics and the 
experimental means [1]. 

The methodology has then been numerically and experimentally validated on simple 
configurations by comparing results obtained from full-scale models and reduced-scale 
models, defined from a set of scale parameters according to the theoretical development 
above. Steady-state validation is given in Le Roux et al. [1] and the main transient results of 
the validation are explained in section 3. 

Thus, in theory, to rigorously ensure transient airflow similarity inside buildings equipped 
with ventilation systems, reduced-scale models must be designed by introducing a volume 
distortion between the branches and the rooms, except if the velocity is not reduced between 
the full scale and the reduced scale. However, it has been shown from natural ventilation 
studies that the volume distortion is necessary only if internal oscillations, corresponding to 
Helmholtz resonance, occur (e.g., [21-22]). The necessity of considering this volume 
distortion for mechanically ventilated buildings depends on the transient airflow behaviour, 
which will be characterized for the simplified cases in section 3 and for the reference 
industrial cases in section 4. 

3. Analysis of transient flows for simplified cases 

In this section, the impact of the volume distortion and the influence of the branch inertia on 
the transient airflows are firstly highlighted from the simplified cases studied to validate the 
scaling down methodology. The influence of branch characteristics, namely the inertia and the 
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airflow resistance, is then rigorously characterized from a parametrical study conducted for a 
simplified theoretical case. 

3.1. Simplified cases studied 

The simplified cases studied are composed of one room, one blowing branch and one exhaust 
branch, as illustrated in Figure 3. Numerical and experimental cases were studied at two 
scales, by applying scale parameters defined from the methodology developed. 

First, for the numerical verification of the methodology (section 3.2.1), models were 
considered at a full scale and a reduced scale, defined by considering a room volume scale of 

1/123, a velocity scale of 1 2 and a flow rate scale of 1/80 and by applying the relations 

given in Table 1. These scale parameters correspond to those defined for designing the two 
reference industrial cases and were also considered in order to numerically validate the 
methodology with representative full-scale and reduced-scale characteristics. The choices of 
these scale parameters depend on the experimental constraints and full-scale characteristics of 
the reference industrial cases [1]. For the numerical validation, a room volume of 12 x 12 x 12 
m3 and branches of 50 m length and 0.6 m diameter were considered for the full-scale 
numerical models. 

For the experimental validation of the methodology (section 3.2.1), the scale parameters and 
full-scale characteristics used for the numerical verification and for the industrial cases 
studied thereafter cannot be used for experimental models. Thus, another set of scale 

parameters was defined by considering a room volume scale of 1/33, a velocity scale of 21  
and a flow rate scale of 1/27. Considering this set of scale parameters, a reference-scale model 
and a reduced-scale model have been sized up in the laboratory by ensuring the similarity 
between both scales. In addition, corresponding numerical models were defined for each 
experimental model in order to compare experimental and numerical transient results. A room 
volume of 0.9 x 0.9 x 0.9 m3 and ducts of 2.24 m length and 192 mm internal diameter were 
considered for the reference-scale model (Figure 4). Each model was equipped with pressure 
taps at the inlet of the blowing duct, inside the room, and on each side of orifice plates located 
inside the exhaust ducts for the volumetric flow rate measurements. Specific orifice plates, for 
which pressure taps are symmetrically positioned right next to the orifice plate, were designed 
according to the AFNOR NFX 10-231 standard [25]. In addition, pressures were recorded by 
PSI sensors at 200 Hz with appropriate tubing systems designed to act as a low-pass filter 
over the required frequency range [26], for which the uncertainties are approximately equal to 
± 2.5 Pa. Note that for pulsating flows, many factors may affect the accuracy of the 
instantaneous flow rate measurements if they are not taking into account, notably the temporal 
inertia, the flow direction inside orifices, the nonlinearity of the law and the pressure 
measurement system [29]. These ones were considered while estimating transient flow rates, 
except the temporal inertia due to its low influence for the transient cases studied. In addition, 
note that the main transient results presented in this paper are given in terms of pressures.  

In addition, for experimentally studying the influence of inertia on the transient airflow 
behaviour, “inertial” models were designed by increasing the blowing duct length. 
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Experimental cases are presented in Figure 4 and the branch properties are given in Table 2. 
Note that inertia is defined as the ratio ρL/S from the integral kinetic energy theorem for 
branches (dimensionless form given by Eq. 7), where L and S are respectively the duct length 
and the duct section area and ρ is considered as the reference density. These “inertial” models 
were designed only for studying the inertia influence on each model, but without ensuring the 
scale parameters between both scales. 

3.2. Validation of the methodology for transient flows  

Only the main transient results, which characterize the internal airflow behaviour inside 
simplified cases, are presented herein but further details regarding the validation can be found 
in Le Roux [27] or Le Roux et al. [28]. 

3.2.1. Numerical verification of the methodology 

Numerical verification was carried out both considering the dimensional model with the 
SYLVIA code and the dimensionless model by implementing the model developed, given by 
Eqs. 7 and 8, in the Matlab Software. Transient simulations have been performed by 
considering a pressure peak at the inlet of the blowing branch as boundary condition. The full-
scale pressure amplitude and duration are respectively equal to 1000 Pa and 4 s, and the 
corresponding reduced-scale pressure peak is obtained by applying the pressure scale 

( 21=P ) and the time scale ( 2.431≈t ) defined from Table 1. Thus, the reduced-scale 

pressure amplitude and duration are respectively equal to 500 Pa and 0.093 s. 

Room pressures and flow rates obtained at both scales and with both numerical approaches 
have been compared at the full scale, after the transposition of the reduced-scale results to the 
full scale by applying the corresponding scale parameters. An example of full-scale 
comparisons between full-scale and reduced-scale results is presented in Figure 5. In addition, 
results obtained on a reduced-scale model defined without introducing the volume distortion 
imposed by the scaling down methodology are also presented in Figure 5. Instead of 

considering Eq. 10, geometrical scale parameters were defined by assuming LSV = . Thus, 
the reduced-scale models designed with and without the volume distortion differ only in the 
room volume respectively equal to 1 m3 and 0.5 m3. The ratio between both volumes logically 
corresponds to the square of the velocity scale (Eq. 10). 

Figure 5 shows that full-scale results and reduced-scale results, transposed to the full scale by 
strictly ensuring the scaling down methodology, are similar. By contrast, reduced-scale results 
obtained without considering the volume distortion are considerably different during transient 
variations of pressures and flow rates. Thus, considering the volume distortion, which is 
required for ensuring transient airflow similarity if the velocity scale is not equal to one, is 
fundamental for studying reduced-scale transient flows inside this type of simplified 
configuration. It is also worth noting that overshoot appears before reaching the steady-state 
blowing flow rate. By analogy with Helmholtz oscillations identified for a room with a single 
opening [3-4], this overshoot could be considered as oscillations associated with a high 
damping ratio. 
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3.2.2. Experimental validation of the methodology 

Experimental tests have been carried out by generating overpressures at the inlet of the 
blowing branch by using an air valve controller connected to the pressure air plant of the 
laboratory. With this device, it was difficult to rigorously ensure the similarity of these 
transient inlet pressures. In addition, note that “inertial” models were designed without 
ensuring the similarity, which implies that experimental results between both scales cannot be 
compared. For these reasons, experimental results were compared with numerical results for 
each model studied, knowing that the methodology has already been numerically validated. 
Note that the aim of these tests was also to experimentally underline the influence of inertia 
on the internal transient airflow behaviour. Thus, the experimental inlet pressures were used 
as boundary conditions for numerical simulations. Figure 6 presents the inlet overpressures 
and compares the corresponding experimental and numerical room pressures obtained for the 
reference-scale, the reduced-scale and the second “inertial” reduced-scale models (Table 2). 
Only this last inertial model, corresponding to the most inertial case, is presented. 

Figure 6 shows that experimental and numerical results are in good agreement for each model 
considered, even if the inertia of the blowing duct is considerably increased. It is particularly 
worth noting that numerical results reproduce the oscillations underlined from experiments. 
Oscillations are identified at a frequency of approximately 4.7 Hz and 12.5 Hz in the 
reference-scale and the reduced-scale models, respectively, whereas oscillations are not 
identified for the most inertial case (e.g., the “inertial” reduced-scale model n°2). As for 
natural ventilation cases presented in the literature [3], these frequencies correspond to 
Helmholtz frequencies and depend on the characteristic sizes of each model. From the 
parametrical simulations presented below, it will be shown that the analytical expression of 
the undamped Helmholtz frequency (Eq. 3) is valid to calculate the frequency values if the 
damping ratio is significantly lower than unity.  

Note also that the temporal phase differences between the inlet pressures and the room 
pressures remain very low, even for the most inertial case for which a maximal temporal 
phase of approximately 0.2 second is identified between the inlet and room pressure peaks. 
From these experiments, the temporal phases and the damping ratio of oscillations seems to 
be linked to the inertial properties but also to the branch airflow resistances. Attempting to 
draw conclusions on the influence of inertia and airflow resistance on such transient 
phenomena from these tests is difficult because both parameters are related by the friction 
head losses inside ducts. For this reason, a parametrical analysis is presented in section 3.3, 
which enables the influence of each parameter to be studied separately. 

3.3. Parametrical study of the influence of inertia and airflow resistances 

The parametrical study has been done on a full-scale simplified case as illustrated in Figure 3, 
by considering quadratic branches, i.e. branches associated with a quadratic law (Eq. 7 with 
an exponent n equal to 2) notably used to model turbulent ventilated ducts, which are the main 
inertial components of a ventilation system. However, by firstly considering linear blowing 
and exhaust branches, i.e. branches associated with a linear law (Eq. 7 with an exponent n 
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equal to 1) usually used to model HEPA filters, with similar properties, an analytical case can 
be determined and enables the characteristic quantities of the transient internal pressure 
evolution to be defined theoretically. 

3.3.1. Theory for linear branches 

The transient evolution of the internal pressure inside a single room with linear blowing and 
exhaust branches with similar properties (inertia and airflow resistances), is modelled by a 
second-order linear equation 

 inletnroomn
room

n
room PKP

dt

dP

dt

Pd 22
2

2

2 ωωξω =++  Eq. 11 

The characteristic parameters, namely the undamped natural frequency ωn (Hz), the damping 
ratio ξ and the static gain K are written as 
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2

1=K  Eq. 12 

where L, S and R are respectively the length (m), the section (m²), and the linear airflow 
resistance (kg.m-4.s-1) equal for both branches, V is the room volume (m3), M is the molecular 
mass of air (kg/mol), r is the perfect gas constant (8.314 J/mol/K), T is the ambient 
temperature (293.15 K), ρ is the air density (kg/m3) assumed as similar inside the room and 
the branches. For such a model, the pseudo-periodic state, reached when the damping ratio ξ 
is lower than unity, is characterized by the following quantities: the oscillation frequency f, 
the first peak overshoot D1, the response time Tr and the rise time Tm between 10 % and 90 % 
of the steady-state value. These quantities are illustrated in Figure 7 for a pseudo-periodic 
evolution of the room pressure as a result of a pressure step at the inlet of the blowing branch.  

Analytical solutions of the characteristic quantities can be determined for a linear equation, 
notably the oscillation frequency f (Hz), which is given by: 

 
π

ξω
2

1 2−
= nf  Eq. 13 

Thus, if the damping ratio is significantly lower than unity, the oscillation frequency only 
depends on the undamped natural frequency ωn. In this case, the frequency is proportional to 
the inverse of the square root of the inertia and room volume product (Eq. 12). Note that the 
frequency is independent of the airflow resistance only if the damping ratio is negligible. This 
damping ratio is both proportional to the airflow resistance and inversely proportional to the 
square root of the branch inertia (Eq. 12). Thus, for low airflow resistances, the oscillation 
frequency only depends on the inertia, except if this is also very low. By contrast, the 
aperiodic state, i.e. the regime without oscillations corresponding to a damping ratio higher 
than unity, is reached by increasing the airflow resistance or decreasing the inertia. 
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Due to the non-linearity of the model when quadratic branches are considered, conclusions 
cannot be drawn from analytical expressions for cases with ventilated ducts and thus 
parametrical simulations were performed with quadratic branches. 

3.3.2. Results of parametrical simulations for quadratic branches 

Parametrical simulations have been performed by independently modifying the airflow 
resistances and the inertia of branches. These parameters can be considered as independent 
because ventilation systems are composed of several components (e.g., bends, reductions, 
dampers), which introduce large singularity head losses in addition to friction head losses. 
The room volume and the branch diameter were set at 5 x 5 x 5 m3 and 0.2 m, respectively. 
The properties of both ducts were simultaneously changed: the airflow resistances varied from 
10 to 100 000 m-4 and the inertia was changed by considering four different lengths (1, 10, 50 
and 100 m), corresponding to inertia values from 38 to 3800 kg.m-4, approximately. In terms 
of dimensionless parameters, and for generalising these results to other future studies, these 
variations lead to variations from 2.5 10-4 to 2.5 10+2 for the dimensionless number N2 and 
from to 0.01 to 100 for the dimensionless number N1 similar for both ducts due to their similar 
properties. 

Figure 8 presents the characteristic quantities of the time response of the system studied as a 
function of airflow resistance for the four duct lengths considered. The oscillation frequency 
graph enables the aperiodic and the pseudo-periodic regimes to be distinguished: for the 
aperiodic regime, no frequency can be calculated and thus no points are plotted on the curves. 

Similar conclusions to those obtained for the linear analytical case are obtained from Figure 8. 
First, the oscillation frequency graph shows that the threshold between the pseudo-periodic 
and the aperiodic regimes, analytically characterized by the damping ratio (section 3.3.1), 
increases as the inertia increases and the airflow resistance decreases. Thus, the probability of 
reaching the pseudo-periodic regime increases when the airflow resistance decreases and the 
inertia increases. The oscillation frequency increases when the inertia decreases and depends 
only on inertia under a threshold value of airflow resistance. However, these threshold values 
also depend on the inertia and correspond to a damping ratio significantly lower than unity as 
it has been concluded for the analytical case. 

In addition, Figure 8 shows that the response time is logically increased in the case of high 
oscillations and more particularly when the damping ratio is low, corresponding to low 
airflow resistances and high inertia. Moreover, the first peak overshoot graph shows that the 
oscillations amplitude increases when increasing the inertia, which can notably reach a peak 
of approximately 100 % of the steady-state value when the airflow resistance is low. 

Finally, one main conclusion is that for airflow resistances higher than 5000 m-4, the aperiodic 
regime is reached, because higher the airflow resistance is, higher the damping ratio is. In this 
regime, the influence of inertia on the response time is very low and thus the branch inertia 
can be neglected. To conclude, if the aperiodic regime is identified in real configurations, the 
branch inertia can be neglected and thus the conservation of branch section scale and branch 
length scale is no longer necessary. Consequently, no volume distortion should be ensured 
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between rooms and branches because only one geometrical reduction for rooms should be 
considered. This conclusion is based only on the analysis of simplified configurations and 
thus needs to be validated on reference industrial configurations before applying this 
simplification when using the scaling down methodology. 

In principle, knowing that the global airflow resistance of real ventilation systems is higher 
than the resistance of the simplified cases and the naturally ventilated cases of the literature 
for which oscillations have been identified, oscillated phenomena may not appear inside 
reference industrial cases. However, this will be studied in the following section and it will be 
shown that overshoot phenomena corresponding to high damping oscillations could arise in 
some specific conditions. 

4. Analysis of transient flows for reference industrial configurations 

Steady and transient flows have been experimentally and numerically studied on two 
mechanically ventilated facilities subjected to wind and/or accidental overpressure effects. 
Wind tunnel experiments were carried out in the Jules Verne climatic wind tunnel of the 
CSTB, on the two reference industrial configurations briefly summarised in section 4.1. Focus 
is herein made on transient phenomena by firstly analysing the wind turbulence effects on the 
containment of pollutants inside buildings (section 4.2) and secondly studying internal 
overpressure effects due to an accident (section 4.3). Note that the results presented in this 
section are systematically given at the full scale, by applying the corresponding scale 
parameters to the reduced-scale results. 

4.1. Reference industrial cases studied 

Figure 9 presents the building architecture of both configurations studied, each one composed 
of four rooms linked with a ventilation system and leakages between rooms and with the 
outside, corresponding mainly to the airtightness defects of the building’s doors. The first 
configuration represents a facility in high interaction with the outside, whereas the second one 
corresponds to a more realistic nuclear facility due to the interlocking of rooms, such that only 
the least hazardous room, in terms of contamination, is linked to the outside.  

The ventilation system of both configurations is composed of three fans, six HEPA filters and 
about twenty ventilated ducts with singularities, such as bends, reductions and control 
dampers. The standard real size of ducts in ventilation systems typically ranges from 10 to 
100 m in length and from 0.2 to 1.0 m in diameter. Thus, by considering these standard values 
for the design of both configurations, the inertia of each duct varies from 8 to 1280 kg.m-4. 
For the airflow resistances of branches, full-scale numerical values calculated from the 
nominal pressures and flow rates reach a maximum of about 12 000 m-4 for quadratic 
branches, 11 600 kg.m-4.s-1 for linear branches and 121 450 kg(2-n).m-4.s(n-2) for leaks. 

For each configuration, a reduced-scale model has been sized up by applying relations given 

in Table 1 considering a room volume scale of 1/123, a velocity scale of 1 2 and a flow rate 

scale of 1/80. Details regarding the full-scale configurations and the reduced-scale models are 
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given in Le Roux et al. [1]. Both configurations were equipped with more than 130 pressure 
taps where the pressure is recorded by PSI sensors at 200 Hz. The pressure was measured at 
each internal node (rooms and junctions between the ducts) and each boundary condition node 
(external pressure measured at the ventilation system inlet, the exhaust chimney outlet and the 
outside of each external leak). Pressure taps were also located right next to the orifice plates 
upstream and downstream to determine the volumetric flow rates inside the ducts according to 
the AFNOR NFX 10-231 standard [25]. The volumetric leakage flow rates were measured 
using the calibrated laws of each perforated plate. As mentioned in section 3.1, factors 
affecting the measurement of transient flow rates were taken into account [29], except the 
temporal inertia due to its low influence identified across the orifice plates. Before studying 
wind and internal overpressure effects, models have been characterized by studying the 
airflow behaviour of each component (fans, ventilated ducts, leaks, filters) and the hierarchy 
of depressions between rooms, given in Figure 9, has been checked in nominal situations [27]. 

4.2. Wind turbulence effects 

4.2.1. Experimental characterization of instantaneous leakage flow rate inversions  

Wind generates overpressures and depressions on the external communications of the facility, 
namely the ventilation system inlet, the exhaust chimney and the external leaks, and 
consequently modifies internal airflows. From the steady-state analysis [1], it has been shown 
that the wind influence is the most significant on the leakages of rooms, for which flow 
inversions could occur depending on the operation of the mechanical ventilation, the building 
architecture and the steady-state wind conditions, i.e. the incidence and the velocity.  

However, it has already been underlined for natural configurations that the wind turbulence 
creates strong variations of the naturally ventilated flow rates, which can lead to instantaneous 
reversal flow rates [22]. Similar transient phenomena have been identified for both reference 
industrial cases, leading to a transient loss of the containment inside facilities. As an example, 
Figure 10 presents the time variation of the external pressure on the external leak of room B, 
the pressure difference through the leak and the corresponding leakage flow rate, obtained for 
a wind velocity fluctuating between 27 m/s and 29 m/s with configuration I. Note that the full-
scale time is strongly increased due to the time scale defined from the methodology. Thus, to 
avoid misinterpretation of the turbulence effects due to the large full-scale time, these 
transient phenomena have then been studied by considering reversal time percentages, 
representing the ratio between the duration of negative flow rates and the total time. 

Figure 10 shows that velocity variations between 27 m/s and 29 m/s generate strong variations 
of the external pressure field around the external architecture of the building, which lead to 
strong fluctuations of the internal flows and more particularly of the leakage flow rates. Thus, 
in the event of high variations of the instantaneous flow rates compared with the 
corresponding mean values, instantaneous inversions are observed even though the mean flow 
rate is positive. These instantaneous inversions lead to unsteady losses of the containment that 
should not be identified from the steady-state analysis. 
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To quantify in which cases these inversions occur, reversal time percentages are presented as 
a function of the mean leakage flow rates for each leak and each test carried out depending on 
the wind conditions, namely the wind velocity and the wind incidence, and the operation of 
the mechanical ventilation. These reversal time percentages can be estimated from the 
instantaneous flow rates or directly from the pressure measurements across the perforated 
plates, which enable to avoid potential factors affecting the transient flow rate measurements 
[29]. 

As an example, Figure 11 presents the reversal time percentages for the external leaks 
obtained for tests carried out on configuration I with the mechanical ventilation on. The 
nominal mean and the null values are presented by a red and a black dashed line, respectively. 
The reversal time percentage, defined as the ratio between the duration of negative flow rates 
and the total time, is null when the instantaneous flow remains positive and equal to 100 % 
when the inversion occurs during the total time of the test. 

Figure 11 shows that many leakage flow rates fluctuate between negative and positive values. 
The analysis of these results is mainly important for positive mean flow rates, because the 
non-zero percentages associated with a positive mean flow rate correspond to instantaneous 
inversions, which have not been identified from the steady-state analysis [1]. On the contrary, 
the percentages lower than 100 % associated with a negative mean flow rate correspond to 
inversions already underlined from the steady-state analysis, although these do not occur 
throughout the total time. 

In general, it can be concluded that the instantaneous reversal flow rates are observed when 
the mean flow rates are lower than the nominal flow rates. In addition, when the mean flow 
rates are higher than the nominal flow rates, some inversions are also identified for the 
external leaks, when these are located in a largely depression field, as for the leakage of room 
B for a wind incidence of 180° (Figure 11). 

Similar analyses have been performed for the configuration II, less influenced by wind 
effects, with the mechanical ventilation on or off. Considering the mechanical ventilation off, 
Figure 12 gives the corresponding reversal time percentages and notably shows that wind 
turbulence also affects, to a lesser extent, the most hazardous room in terms of contamination 
(room D). For a wind incidence of 90°, the mean flow rates of the internal leaks are positive 
but associated with non-zero time percentages, approximately equal to 10 % for room D. 
Thus, the containment of this room is no longer always maintained and a potential pollutant 
can reach room A, which is directly linked to the outside. However, for this incidence, the 
containment of room A is completely maintained, as the external mean leakage flow rate 
remains positive and the time percentage equal to zero. 

This experimental analysis of wind turbulence influence on the pollutant containment 
underlines the fact that wind turbulence must be considered when assessing the safety of 
industrial buildings and thus transient simulations have been carried out with the SYLVIA 
code to check its ability to take into account unsteady wind effects.  
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4.2.2. Comparison of numerical and experimental results 

To take into account wind effects with the SYLVIA code, it has been shown from the steady-
state study that the external pressure field on the external communications of the facility must 
be known and defined as boundary conditions [1]. For transient simulations, the external 
pressure field is also used as boundary conditions by considering the time variations of the 
external pressures as presented in Figure 10. 

Note that for rigorously studying transient flows inside ventilation systems, the ventilation 
system inertia should theoretically be considered. Thus, simulations were carried out with and 
without considering the inertia of the ventilation system, although the parametrical study 
performed on the simplified cases highlights that inertia can be neglected as soon as the 
airflow resistance is high, such as for mechanically ventilated buildings. Figure 13 compares 
experimental and numerical values of the unsteady leakage flow rates of room B, 
corresponding to the example given in Figure 10. 

Figure 13 shows that experimental and numerical results are in good agreement, even if some 
differences are identified when the flow rate gradient is high. Note that a sensitivity analysis 
of the time step was performed and led to the same results. As for the steady-state analysis 
[1], the highest differences are identified for low flow rates, for which the experimental 
uncertainties are dominant. Flow rates are determined from pressure measurements carried 
out with PSI sensors with pressure uncertainties considered as ±2.5 Pa. Moreover, note that 
only fluctuations generated by the wind turbulence are modelled, although low internal 
variations are also generated by the fans of the ventilation system. Thus, in spite of some 
differences similar to those identified for steady flows [1], the global evolutions of pressures 
and flow rates can be determined with the SYLVIA code. 

In addition, Figure 13 shows that numerical results obtained with and without inertia are very 
close and thus the inertia of branches can be neglected. In general, for all the tests studied 
considering wind turbulence fluctuations, no significant influence of the inertia has been 
underlined. Neglecting ventilation system inertia means that the conservation of the branch 
section area and branch length scales is no longer necessary to ensure airflow similarity and 
leads to considering only one geometrical reduction, namely the room volume scale. 
Consequently, Eq. 10, which imposes a volume distortion between branches and rooms 
resulting from the conservation of the dimensionless parameter N2, can be neglected. Similar 
conclusions have been obtained for naturally ventilated cases [21], for which experimental 
results obtained on models designed with and without considering the volume distortion are 
very close, and thus experiments were then performed without considering the volume 
distortion [22]. 

In addition, it can be concluded that the ventilation system inertia can be neglected for 
studying wind turbulence effects on mechanically ventilated buildings, characterized by 
properties (inertia, airflow resistances) with similar orders of magnitude, as well as similar 
boundary and initial conditions. Note that wind turbulence effects were studied on both 
configurations for mean wind velocities from 15 to 42 m/s and considering the ventilation 
system on and off. For practical considerations of designing reduced-scale models, this 
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conclusion means that branch section areas and branch lengths can be fixed arbitrarily, as 
soon as the control dampers, used to adjust head losses, ensure the conservation of airflow 
resistances and the inertia influence on transient airflows remains negligible. 

4.3. Internal overpressure effects 

Internal overpressures could also occur inside industrial facilities resulting from several 
accidental scenarios, such as a pressure tank fracture or a pressure peak during a fire ignition. 
These scenarios should be taken into account when assessing the safety of nuclear facilities 
and the SYLVIA code must be able to predict the transient airflow consequences of such an 
accident. Thus, internal overpressures have been studied, firstly, to analyse the pollutant 
containment of a reference industrial configuration subjected to combined wind and internal 
overpressure effects, secondly to check the ability of the SYLVIA code for modelling these 
transient phenomena and finally to identify whether the ventilation system inertia could have 
an influence and must be considered for such a case. 

Tests were carried out on the most representative configuration of nuclear facilities, namely 
configuration II, concerned by such accidental scenarios. Internal overpressures, of 
approximately 2500 Pa at the full scale, have been generated inside the most hazardous room 
of configuration II (room D) by using an air valve controller connected to the pressure air 
plant of the laboratory. 

4.3.1. Results obtained with the mechanical ventilation on 

Figure 14 compares experimental and numerical internal room pressures for an internal 
overpressure generated inside room D with the mechanical ventilation on and without wind. 
Here again, full-scale results are considered by applying the corresponding pressure and time 
scales to the reduced-scale results, explaining the large duration of the overpressure.  

Concerning the pollutant containment, Figure 14 shows that the hierarchy of depressions 
between rooms is not completely reversed during the internal overpressure: due to the 
pressure difference between rooms A and B which is always positive during the overpressure, 
the internal leakage flow rate remains positive and prevents a potential contamination of room 
A through leakages. However, for other tests performed by simultaneously considering 
internal overpressure and external negative pressure on the external leak of room A due to 
wind effects (e.g. for an incidence of 0°), a complete inversion of the depressions was 
obtained. Moreover, a reversal flow rate inside the blowing duct of the source room (room D) 
was always identified during internal overpressures and leads to a potential release of a 
gaseous pollutant inside room A through the blowing ventilation system. This result 
underlines the importance of the HEPA filter located inside the blowing branch of the source 
room, which prevents particle dispersion inside the ventilation system.  

Figure 14 also shows that the numerical results correctly fit with the experimental results. The 
differences identified are similar to those identified for steady flows and mainly arise from 
experimental uncertainties [1]. In addition, numerical results obtained with and without 
considering the ventilation system inertia are very close, meaning that inertia can be neglected 
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for the configuration studied. Moreover, no significant temporal phases have been identified 
between the source room (room D) and all of the other measurement points, implying that 
internal overpressure propagation can be considered as instantaneous. Thus, transient 
evolutions of pressures and flow rates can be assumed as quasi-steady flows, supporting that 
transient differences between experimental and numerical results are similar to steady-state 
differences.  

4.3.2. Results with the mechanical ventilation off 

Figure 15 compares experimental and numerical room pressures for an internal overpressure 
generated when no steady flow is initially established inside the configuration, i.e. when the 
mechanical ventilation is off and no wind effect is considered. This case, without initial 
steady flows, is the only one for which it has been underlined that the ventilation system 
inertia has an influence. 

First, knowing that the hierarchy of depressions is no longer ensured because the ventilation is 
off, the internal overpressure inside room D logically propagates to the other rooms. Figure 15 
shows that numerical evolutions obtained with and without considering inertia are not 
rigorously identical during the overpressure. To illustrate this, Figure 16 presents results for 
the three evolutions on which the inertia influence is the most significant, namely the leakage 
flow rate between rooms A and B, resulting from the room pressures given in Figure 15, the 
general blowing pressure and the chimney pressure. 

These results show that overshoots are identified before reaching the steady-state values 
during the increase or decrease of the overpressure. These overshoot phenomena are 
numerically reproduced only for simulations carried out by considering the ventilation system 
inertia. Thus, these numerical results with inertia are closer to experimental results than those 
obtained without inertia, even if deviations are identified due to the high experimental 
uncertainties for low pressure and flow rate values obtained without mechanical ventilation 
and wind effects.  

By analogy with parametrical results obtained for simplified cases (section 3.3), these 
overshoots correspond to Helmholtz oscillations associated with a high damping ratio. It has 
been concluded from parametrical simulations (section 3.3) that the damping ratio is 
proportional to the airflow resistance, explaining its high value for configurations with a 
ventilation system. 

These conclusions have been supported by carrying out some numerical simulations on the 
configurations II by considering a theoretical pressure step and modifying the ventilation 
system inertia. These simulations show that even if the dynamics of the transient pressure is 
strongly increased, i.e. that the pressure step is generated in 1 s, similar phenomena are 
observed. No inertia influence was observed for the case with the ventilation on whereas 
overshoot corresponding to oscillations with a high damping ratio were identified for the case 
without initial steady flows (i.e. with the ventilation system off and without wind effects). 
Thus, further work is still needed to characterize the influence of initial steady flows on 
transient airflow behaviour. 
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In addition, it has been numerically shown that in order to obtain oscillations inside this 
configuration, the ventilation system inertia must be multiplied by 10, which is no longer 
representative of real configurations. In this case, oscillations with lower damping ratio and 
oscillation frequency are identified. This result agrees with the parametrical results presented 
in section 3 (cf. Figure 8). Although an explicit relation between ventilation system inertia 
and oscillations frequency cannot be easily determined for an entire mechanically ventilated 
buildings, the oscillation frequency remains proportional to the square root of the inverse of 
the inertia as for the simplified cases (Eqs. 12 and 13). This result supports the 
correspondence between Helmholtz oscillations and overshoot obtained on the reference 
industrial configuration II. Thus, following an accidental overpressure, no strong Helmholtz 
oscillations may be identified on industrial buildings equipped with ventilation systems, due 
to its inertia and high airflow resistances. 

Finally, except for the case presented above without initial steady flows, the inertia of the 
ventilation system can be neglected, provided that the inertia values are representative of real 
ventilation systems. Thus, as for the wind turbulence study (section 4.2), the scaling down 
methodology can be greatly simplified: no branch section area and length scales should be 
defined and the conservation of the dimensionless parameter N2 implying the volume 
distortion between rooms and branches make no sense since branch inertia is neglected. 

5. Conclusions and perspectives 

Transient flows have been experimentally and numerically studied on simplified cases and 
reference industrial configurations representative of industrial facilities. Reduced-scale 
experiments are based on the scaling down methodology developed, which makes it possible 
to reproduce by similarity steady and transient internal airflows inside buildings equipped 
with ventilation systems [1]. The particularity of this methodology consists in introducing a 
volume distortion between the room volume and the branch volume of the ventilation system 
in order to reproduce internal oscillations corresponding to Helmholtz oscillations that could 
occur, by analogy with the reduced-scale approach developed for a naturally ventilated single 
room with a large opening [3-4]. 

This Helmholtz oscillated phenomenon has been observed mainly on the simplified cases 
studied, which are not representative of industrial configurations equipped with ventilation 
systems. Thus, in these simplified cases, it has been highlighted that considering volume 
distortion and branch inertia is fundamental to perfectly reproduce internal transient 
evolutions of pressures and flow rates. On the contrary, it has been highlighted in the 
reference industrial cases that the ventilation system inertia can almost always be negligible 
and the transient flows can be assumed as quasi-steady flows, both for studying external 
transient flows due to wind turbulence and internal transient flows resulting from accidental 
overpressures. The only case for which the ventilation system inertia has an influence has 
been identified when no initial steady flow is established, i.e. with the mechanical ventilation 
off and without wind effects. In this case, Helmholtz oscillations associated with a high 
damping ratio due to the high airflow resistance are observed. Thus, except for this case, it has 
been concluded that the scaling down methodology can be greatly simplified by considering 
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only geometrical reduction for the rooms. The ventilation system sizes can be defined 
arbitrarily, as long as the corresponding inertia is not considerably higher than the inertia of 
real ventilation systems and the control dampers make it possible to adjust the head losses in 
order to ensure the airflow resistance similarity.  

Concerning the ability of the SYLVIA code for modelling transient flows, all the 
experimental results obtained on simplified and reference cases have been compared with 
numerical results. It has notably been shown that the SYLVIA code perfectly reproduces the 
Helmholtz oscillations identified in the simplified cases studied. In addition, for industrial 
configurations, it has been shown that the SYLVIA code can take into account wind 
turbulence and internal overpressure effects, without considering the ventilation system 
inertia, the influence of which remains very low. The ability of the SYLVIA code to simulate 
these transient effects is fundamental for supporting nuclear safety assessments, because it has 
been highlighted that pollutant containment can be lost, notably with the turbulence effects 
that imply unsteady flow rate inversions which cannot be identified when only considering 
mean airflows. However, the main difficulty will be the definition of the external pressure 
generated by wind that needs to be used as boundary conditions. 

Finally, the main perspective of this work is to extend the scaling down methodology to 
consider transfers due to thermal effects, which may arise during an accident such as a fire. A 
research project is thus currently beginning to study mass transfers due to thermal effects 
inside industrial buildings equipped with ventilation systems. 
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Transient flows in ventilation systems were experimentally and numerically studied. 
Helmholtz oscillations have been characterized depending on branch characteristics. 
The ventilation system inertia can often be negligible for industrial cases studied. 
Wind turbulence can lead to unsteady losses of the containment inside buildings. 
The Sylvia code has been validated for taking into account transient flow phenomena. 
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Table 1: Relations between fixed and calculated scale parameters [1]. 

Fixed scale parameters Calculated scale parameters 
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Table 2: Inertial properties of the experimental models studied. 

 Length (m) 
L1 – L2 

Diameter (mm) 
D1 – D2 

Inertia (kg.m-4) 
I1 – I2 

Reference-scale model 2.24 192 92 

Reduced-scale model 0.8 44 626 

Inertial reference-scale model 26.5 – 2.24 78 – 192 6600  – 92 

Inertial reduced-scale model n°1 5 – 0.8 25 – 44 12120 – 626 

Inertial reduced-scale model n°2 15 – 0.8 25 – 44 36360 – 626 
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Figure 1: Helmholtz resonator model of internal pressure fluctuations (Holmes et al., [4]). 
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Figure 2: Simplified view of the train ventilation system studied by Mariaux [7]. 
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Figure 3: Diagram of the simplified cases studied. 
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Figure 4: View of the reference-scale and the reduced-scale models (top) and view of the 
“inertial” reference-scale (bottom left) and reduced-scale (bottom right) models. 
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Figure 5: Full-scale comparison of room pressures, blowing and exhaust flow rates obtained 
at the full-scale and the reduced-scale with and without considering the volume distortion. 

 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

1 
 

 

Figure 6: Comparison of experimental and numerical room pressures for three models, 
subjected to an inlet overpressure (left: reference-scale model; centre: reduced-scale model; 
right: inertial reduced-scale model n°2). 
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Figure 7: Characteristic quantities of a pseudo-periodic evolution of the internal room 
pressure. 
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Figure 8: Characteristic quantities of the time response of the system with similar blowing and 
exhaust quadratic branches. 
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Figure 9: Building architectures of reference industrial configurations studied 
(left: configuration I – right: configuration II). 
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Figure 10: Time variations of the external pressure on the leak of room B, the pressure 
difference through the leak and the corresponding leakage flow rate (mechanical ventilation 
on, wind velocity between 27 m/s and 29 m/s, wind incidence of 0°, configuration I). 
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Figure 11: Reversal time percentages of the instantaneous external leakage flow rates, as a 
function of the mean leakage flow rates (mechanical ventilation on, configuration I). 
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Figure 12: Reversal time percentages of the instantaneous leakage flow rates, as a function of 
the mean leakage flow rates (mechanical ventilation off, configuration II). 
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Figure 13: Comparison of experimental and numerical values of the unsteady leakage flow 
rate of room B (mechanical ventilation on, wind velocity between 27 m/s and 29 m/s, wind 
incidence of 0°, configuration I). 
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Figure 14: Experimental and numerical comparisons of internal room pressures (internal 
overpressure inside room D, without wind, ventilation system on). 
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Figure 15: Experimental and numerical comparisons of internal room pressures (internal 
overpressure inside room D, without wind, ventilation system off). 
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Figure 16: Experimental and numerical comparisons for the most influenced evolutions 
(internal overpressure inside room D, without wind, ventilation system off). 

 




