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Abstract:  
This study takes place within the framework of nuclear facilities containment assessment. The 
objectives are to determine gaseous and two-phase flow laws, aerosol deposition correlations into 
crack network, further to accidental situation (e.g. seism) and the real crack network characteristics 
considering the cracks as two infinite parallel plates. At first, we performed air flow experiments on 
three concrete walls (128 cm in width, 75 cm in height and 10 cm in thickness), cracked by shear 
stresses. Using “aeraulic” crack network characteristics, the results are in good agreement with the 
Poiseuille law in laminar flow, but in the case of transition flow it has been necessary to determine a 
specific correlation for the friction factor. Then, we performed aerosol deposition experiments with one 
of the previous concrete walls to determine global aerosol deposition model in a crack network. Using 
these previous experiments and an experiment consisting in calculating the crack network volume by 
measuring transfer time, we could determine the real crack network characteristics in a good 
agreement with characteristics calculated by a structural mechanical code for our experimental 
configuration. 

1. INTRODUCTION 
 
This study takes place within the framework of nuclear facilities containment assessment. A 
study about the contamination transfer performed on the MAEVA containment Mock-Up 
(Fig.1) revealed some difficulties to understand the gaseous and two-phase flow phenomena 
through cracked concrete wall. 
 

 
 

Figure 1. The MAEVA Mock-Up (EDF)  
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In fact, the velocities in the cracks were low (less than 1 m.s-1) and the flowrate could be 
represented by a laminar flow model (Poiseuille model) considering some hypothesis (e.g. 
aeraulic crack characteristics). But, we didn't can reach other flow modes (transition and 
turbulent). 
For the two-phase flow, the results revealed a lack of understanding probably because of the 
experiment scale. 
So the conclusion of MAEVA experiment indicated the requirement to perform analytic study. 
 
The study objectives are to determine contamination (gaseous, two-phase and aerosol) 
transfer models through cracked concrete wall and real crack network characteristics 
considering a crack network simulated by two infinite parallel plates. 
The experiments are performed on concrete walls (128 cm in width, 75 cm in height and     
10 cm in thickness), cracked by shear stresses (Fig.2) [1]. 
 
 

 
 

Figure 2. The experimental facility  
  
The study contains three parts : 

·  determination of friction factor models for air flows using aeraulic crack network 
characteristics [2], 

·  determination of real crack network characteristics by coupling results of three kinds 
of experiments [3], 

·  determination of a global aerosol deposition model including the major deposition 
phenomena [4]. 

2. STUDY CONTEXT 
 
First of all, we have to explain how the crack network is modeled to understand the three 
characteristics that will be considered in the different models. 
For the study, we will consider the crack network as two infinite parallel plates (Fig.3) and we 
will define two crack characteristic types: 

·  aeraulic crack characteristics determined using experimental aeraulic data and the 
Poiseuille model in laminar compressible flow, 

·  real crack characteristics determined using results of three different experiments.  
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Figure 3.  Crack network modelling 
 
The three characteristics on the figure 3 are the crack width 'e', the crack extent 'l' and the 
crack length 'L', which are different according to the case (aeraulic or real characteristics). 

3. STUDY DEVELOPMENT 

3.1 Gas flow characterization 
 
This part consists in measuring gas flow through three cracked concrete walls with and 
without shear stresses. The objective is to determine flow laws through cracks for different 
flow modes, considering that, for the laminar flow, the flowrate q is a linear function of the 
square pressure difference D(P2).  
The experimental facility (Fig.4) contains three parts: the upstream part to measure the 
flowrate using a mass flowmeter, the downstream part which ensures  the pressure drop 
between upstream and dowstream, and the wall with the crack network isolated by two 
boxes. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.  Experimental facility for the gas flow characterization 
 

The measurements are performed on three walls subjected on a vertical shear stress 
representative of the building weight (150 kN) and on different horizontal shear stresses of 
alternate directions up to 645 kN. Measurements are so performed on one of them without 
any vertical and horizontal shear stresses. 



 
 

4 

We present some results of volume flowrate q according to the square pressure difference 
D(P2) (compressible flow) on the figure 5 . 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.  Gas flowrate example 
 

The results on figure 5 show two parts delimited by a transition Reynolds number around 10. 
Indeed, below 10, the flowrate describes a linear law (logarithmic scale) and above 10, it 
seems to be described by an other law. 
We conclude thus the Reynolds number about 10 represents the transition Reynolds number 
between laminar and transition flow mode. 
We consider the equation established by Rizkalla et al. [5] to represent the flowrate 
evolution: 
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q is the mass flowrate (kg.s-1), D(P2) the square pressure difference (Pa2), r the mass perfect 
gas constant (J.kg-1.K-1), m the gas dynamic viscosity (Pa.s), T the gas temperature (K), e the 
crack width (m), l the crack extent (m), L the crack length (m) and l  the friction factor which is 
described by different correlations depending on the flow mode (laminar, transition and 
turbulent) ; 'rug' is the roughness used only for the turbulent flow mode. 
We consider the Poiseuille model to describe the flowrate in the laminar flow mode,  and we 
replace the friction factor by Re96=l . It allows to determine one of the aeraulic crack 
network characteristics (Fig.6). 
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Figure 6.  Determination of aeraulic crack characteristics  
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We use the linear part of the curve flowrate versus DP2 and its slope ( )( )2P�� Q D  to apply 
the Poiseuille model and to determine one of the aeraulic crack characteristics (figure 6): 

( )( ) TrL�24
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P�
� q 3

2
=

D
 

with l the crack extent measured outside the wall with a curvimeter (l = 11.8 m) and L the 
crack length considered equal to the wall thickness (L = 0.1 m). 
Thus, we could determine an aeraulic crack width about 49.2 µm. 
Some correlations exist for the friction factor in the transition flow mode but not for Reynolds 
number so low. Then, we need to determine a correlation based on our experimental results. 
Thus, we determined the friction factor using the Rizkalla equation for all the tests with the 
three walls for all the shear stresses, during and after the stress, which represents 18 tests. 
We plotted (Fig.7) these friction factor evolutions on only one graph according to the 
Reynolds number. 
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Figure 7.  Determination of a friction factor correlation for the transition flow mode 

 
Figure 7 shows also two parts (laminar and transition) for the friction factor, below and above 
Reynolds number about 10. For the laminar flow mode (Re < 10), the friction factor is 
calculated with the Poiseuille model and we can determine a correlation for the friction factor 
for the transition flow mode (Re > 10) described on the figure 7. 

3.2 Determination of the real crack characteristics   
 
The previous part about the gas flow characterization allows to answer the problem of 
aeraulic flows in a crack network, but it uses crack characteristics not really realistic. 
There is no problem for the gas flow, but for aerosol deposition, it is necessary to determine 
more realistic crack characteristics. 
To confirm that, we performed a first experiment about aerosol deposition on one wall with a 
mass median aerodynamic diameter damm of 60 nm to reach only one deposition 
phenomenum, the diffusion, and to compare the results with the Bowen model of diffusional 
deposition in rectangular channel [6]: 
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Fr is the retained fraction (-), Di the particle diffusion coefficient (m2.s-1) and Q the volume 
flowrate (m3.s-1).  
The experimental facility is presented on figure 8. 
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Figure 8.  Experimental facilty for aerosol deposition  (damm = 60 nm) 
 
This facility contains three parts as for the gas flow characterization. The upstream part 
allows to produce soda fluorescein aerosol with controlled diameter and mass concentration 
Cup. The downstream part allows to control the mass flowrate and the pressure drop between 
upstream and downstream and to collect penetrating aerosol on a HEPA filter allowing 
calculating downstream aerosol mass concentration Cdown. At the center is the wall with the 
crack network isolated by two boxes. 
The retained fraction Fr is calculated by the equation below. 

up

down

C
C

-=1Fr  

The results of aerosol deposition are presented on the figure 9, compared to the Bowen 
model including aeraulic crack characteristics. 
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Figure 9.  aerosol deposition results (damm = 60 nm) 

 
The results on figure 9 show a significative difference with the Bowen model which confirms 
aeraulic crack characteristics are not suitable for aerosol deposition. 
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Thus, we investigated to determine real crack characteristics in agreement with gas flow and 
aerosol deposition.  
It is necessary to know three equations to determine the three unknown crack characteristics 
(e, l, L). 
We chose the Poiseuille and Bowen models for the two first equations and we performed a 
new experiment to determine the crack network volume, depending on the crack 
characteristics, that will be the third equation. 
This experiment consists in measuring the transfer time t through the crack network knowing 
the flowrate Q. So we can calculate the volume V = Q x t. 
The experimental facilty is presented below. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Figure 10.  Experimental facility for time transfer tests 

 
The objective of this experiment is to inject a tracer gas (helium) at the upstream part of the 
cracked wall and to measure its transfer time to the downstream part. 
At upstream, the crack network is isolated by a ventilated box in which we inject the tracer 
gas. A spectrometer allows to determine the initial time t0. A mass flowrate controller allows 
to measure and control the flowrate through the crack network. 
At downstream, we identified many measurement points on the crack network and we 
measured, at the crack network exit, the tracer concentration with two spectrometers to 
determine the final time t1. 
Some experiments have been performed to measure and to take into account the transfer 
times in the sampling probes. 
The results, collected on about 60 points, are presented on figure 11. In fact, we calculate an 
average crack network volume Vmi for each local measurement. After, we determine the 
crack volume Vm by calculating the mean of all the average crack network volumes Vmi.  

n

Vm
Vm

n

i
i�

== 1  

Note that the 60 points are not presented because some of them did not have any flowrate. 
That shows all cracks are not crossing and the external measurement of the crack extent is 
not representative of the real crack extent.  
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Figure 11.  Crack volume results 

 
So, we calculate a crack network volume about 58.4 ml. 
 
Now it is possible to calculate the real crack network characteristics. 
Considering the Poiseuille and Bowen model and the crack volume, we can determine three 
paramaters P1, P2 and P3 including the three crack characteristics: 

le
L

P
31 =      

e
lL

P2 =      LleVP m3 ==  

It is necessary to use a Khi square minimization between experimental data and the model 
results to determine P1 and P2 from experimental evolutions. 
This method allows to calculate the characteristics below: 
 e = (6.72 ± 0.64).10-5 m 
 L = (0.127 ± 0.024) m 
 l = (6.81 ± 0.69) m 
 
These characteristics are different from the aeraulic ones. Indeed, the extent is shorter and 
the length is greater; so we calculate a tortuosity z about 0.27 in agreement with tortuosity 
proposed by some authors like Mac Gregor (z = 0.36) [7] and Saito (z = 0.249) [8].  
Finally, we calculate a crack width greater than aeraulic width. 

3.3 Determination of aerosol deposition models 
 
Three deposition phenomena have been considered to determine the global model: 

·  diffusional deposition, 
·  gravitational deposition, 
·  inertial deposition (impaction at crack entrance). 

Each one of these models will include the real crack characteristics calculated above. 
Four aerosol diameters were chosen, 60 nm and 1.1 µm to validate or determine each 
specific model of the deposition mode, 0.8 µm and 4.1 µm to validate the global model. 
The experimental facility is described on figure 8 and the principle is the same for each 
experiment. 
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The diffusional model was determined and validated with the previous part concerning the 
determination of the real crack network characteristics. So the Bowen model with these 
characteristics is in good agreement with experimental results (Fig.12). 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

0E+00 1E-04 2E-04 3E-04 4E-04 5E-04 6E-04 7E-04

flowrate (m3.s-1)

re
ta

in
ed

 fr
ac

tio
n 

(-
)

experimental data

Bowen model

 
Figure 12.  Bowen model with real crack characteristics (damm = 60 nm) 

 
The experiments with an aerosol diameter of 1.1 µm allows to reach an intermediate domain 
dominated by the sedimentation and the inertial impaction. For the sedimentation, a model 
was identified: 

ev

Lv
Fr g=  

with vg the settling velocity and v the flow velocity (m.s-1). 
The results are presented on figure 13, compared to gravitational model. 
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Figure 13.  Aerosol deposition results  (damm = 1.1 µm) 

 
Results shows two evolutions of the retained fraction according to the flowrate; for low 
flowrates (Q < 1.5 10-4 m3.s-1), the deposition decreases with the flowrate that is correctly 
represented by the gravitional model, but for high flowrates (Q > 1.5 10-4 m3.s-1), the 
deposition increases with the flowrate and it is due to the inertial impaction. 
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We consider a model established by Regtuit [9] and used by Colbeck [10] for a study about 
the inertial impaction at rectangular strip entrance to determine the inertial model. 

bStka1
1

1Fr
+

-=    with   
e�18

vd�
Stk

2
pp=  

Stk is the Stokes number (-), r p the particle density (kg.m-3), dp the particle diameter (m), v 
the flow velocity (m.s-1) and m the gas dynamic viscosity (Pa.s). 
In this model, a and b are constants undefined for our case. 
We proposed to determine these constants by minimizing the Khi-square parameters 
between experimental data and the Colbeck model. So we calculate the constants a = 85.88 
and b = 1.24. 
The figure 14 presents the comparison between experimental data and the coupling of 
diffusional, gravitational and inertial models.  
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Figure 14.  Global aerosol deposition model  (damm = 1.1 µm) 

 
After the determination of this global model, we performed other experiments with aerosol 
diameters of 0.8 µm and 4.1 µm to validate it (Fig.15). 

 
Figure 15.  Validation of the global aerosol deposition model  (damm = 0.8 µm and 4.1 µm) 

 
The global model is in a good agreement with experimental results for the aerosol diameter 
of 0.8 µm.  
The experimental deposition is total (Fr �  1) for all flowrates (except very low flowrate,         
Fr �  0.99 ) for the aerosol diameter of 4.1 µm and the global model calculates a deposition  
of 1 for all flowrates. 
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4. CONCLUSION 
 
This study allowed: 

·  to determine aeraulic flowrate laws for aeraulic real crack characteristics, 
·  to determine real crack characteristics thanks to three different equations, 
·  to elaborate a global aerosol deposition model for a mass median aerodynamic 

diameter range between 60 nm and 4.1 µm and in case of real crack characteristics. 
 
The main problem to apply these aeraulic and aerosol deposition models to a nuclear facility 
is to determine the real crack characteristics. The best solution, currently, is to use a 
structural mechanical code. For our case, we have compared the real crack characteristics 
we calculated with a code called CEB-FIP (1978), and it seems in agreement ; however, it 
appears difficult to predict crossing and not crossing cracks and thus the real crack extent. 
 
To conclude this study, we will performe two-phase flow experiments which will allow 
validating a 0D code for gaseous and two-phase flows in cracks.  
 
 
 
 
 
 
 
 
[1] Gensdarmes F., Gélain T., Vendel J., 2002. Etude du débit de fuite à travers des fissures 
sur des voiles en béton armé soumis à des contraintes de cisaillement. Rapport 
IRSN/DPEA/SERAC/LPMAC/02-18. 
[2] Gélain T., Gensdarmes F., Sestier-Carlin R., Vendel J., 2003. Etude des débits de fuite 
au travers de parois en béton fissuré. Rapport IRSN/DSU/SERAC/LEMAC/03-05. 
[3] Gélain T., 2006. Caractérisation d'un réseau de fissures. Rapport 
IRSN/DSU/SERAC/LEMAC/06-05. 
[4] Gélain T., Vendel J. 2006. Caractérisation du dépôt des aérosols dans un réseau de 
fissures. Rapport IRSN/DSU/SERAC/LPMA/06-07. 
[5] Rizkalla S.H., Lau B.L., Simmonds S.H.,1984. Air leakage characteristics in reinforced 
concrete. ASCE Journal of Structural Engineering, vol. 110, no 5. 
[6] Bowen B.D., Levine S., Epstein N., 1976. Fine particle deposition in laminar flow through 
parallel plate and cylindrical channels. J. Colloids Interface Sci., vol. 54, pp. 375-390. 
[7] MacGregor J.G., Murray D.W., Simmonds S.H., 1980. Behaviour of Prestressed Concrete 
Containment Structures. Technical report, University of Alberta Department of Civil 
Engineering. 
[8] Saito H., Inada Y., Shibata A., Yokosawa H., 1991. Leakage through cracks in RC shear 
walls. Smirt 11, vol. H. 
[9] Regtuit H.E., De Ruiter C.J., Vrins E.L.M.,Hofschreuder P., Oeseburg F. and Benschop 
F.M., 1990. The tunnel impactor. A multiple inertial impactor for coarse aerosol. J. Aerosol 
Sci., vol. 21, no 7, pp. 919-933.  
[10] Eleftheriadis K. and Colbeck I., 1992. The particle collection efficiency of rectangular 
strips by inertial impaction. J. Aerosol Sci., vol. 23, pp. S35-S38. 


