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The thermal load protection of hypersonic and space vehicle structures can be achieved by 

either passive or active methods, such as ablative materials or active cooling. For the latter, 

porous Ceramic Matrix Composite media offer a possibility to exploit thermal protection by 

means of transpiration cooling due to their higher permeability. One of the related key issues 

is the determination of permeability parameters such as the Darcy's and Forchheimer's terms. 

The present paper aims at proposing an analytical and applied comparison of two of them 

(one based on the international norm ISO4022 and one derived for compressible flows, the P² 

method). To apply these mathematically equivalent laws, a cross verification and validation 

has been realized on two different test rigs with different porous media (metallic and 
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composite) with a range of Darcian permeability varying from 10-17 m² to 10-11 m². The 

PRISME test bench has a lower accuracy for thick samples (over 3 mm) due to lateral 

permeation while the DLR rig is free from such a phenomenon thanks to an innovative 

sealing (which is however not adapted to samples thinner than 3 mm). The two test rigs are 

found to be complementary. The results are judged to be satisfactory (discrepancy around 

14 % for reference samples). The methods used to post-process the data can generate 

discrepancies up to a factor 2. The method based explicitly on compressibility is chosen more 

specifically for its easiest application to Computational Fluid Dynamics. The ISO method 

accuracy is lower for small flow rate range. 

Keywords: Ceramic Matrix Composites, Permeation, Active cooling, Darcy, Forchheimer. 
 
 
 

Nomenclature 

CF = Forchheimer's coefficient () 

K = Generic permeability term (m²) 

KD = Darcian permeability (m²) 

KF = Forchheimer's permeability (m) 

L = Porous media thickness (m) 

m  = Mass flow rate (kg.s-1) 

n = Exponentiel factor () 

P = Pressure (Pa) 

r = Constant of real gas (J.kg-1.K-1) 

S = Permeation surface (cross-section of fluid flow) (m²) 

T = Temperature (K) 

V = Fluid velocity (m.s-1) 
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x = Axial Cartesian coordinate in the direction of flow through the porous media, 

perpendicular to surface (m) 

Greek Symbols 

 = Permeation coefficient (s-1) 

 = Dynamic Viscosity (Pa.s) 

 = Density (kg.m-3) 

Subscripts 

in = inlet conditions 

mean = mean value between inlet and outlet conditions 

out = outlet conditions 

 

 

I. Introduction 

ue to high temperature levels encountered by structures notably during hypersonic flight, 

the thermal management increases the need of using carbon or oxidic based composite 

materials. Such materials offer low expansion, specific weight and higher strength at elevated 

temperatures compared to metallic materials. Several fabrication methods exist depending on 

the properties which are required for the composite material (impregnation of resin -

polymeric or silicon carbide- in a carbon fibrous form (Bouchez and Beyer, 2009; Peddiraju 

et al., 2005) or liquid silicon infiltration technique (Heidenreich, 2003)). The permeability of 

the material depends directly on the manufacturing process. Details on the oxidic materials 

used in the present paper can be found in the work of Heidenreich et al. (2004). For the latter, 

the Ceramic Matrix Composite (CMC) denomination is employed to refer to these media. 

The section A is dedicated to the presentation of the fluid flow in porous media, the section B 

to its analytical description and the section C to the equations selected for this work. 

D 
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A. Permeation and related phenomena 

To apply these materials with respect to thermal management systems, it is of prior 

importance to study the transpiration of potential coolants through porous structures. This 

depends largely on several parameters ; among them : the porosity and permeability of the 

solid, the properties of the fluid, its pressure and its temperature. When using CMC structures 

for nozzle applications, the combination of high pressure and high temperature levels can 

gradually lead to a thermal destruction. It is further favoured by the extreme conditions and 

by the permeation of the resulting pyrolysis gases through the damaged CMC structure (Park 

and Lawrence, 2003). For other applications, the composite porous media can be 

transpiration cooled by means of inert or reactive fluids (Zhou et al., 2006). This technology 

is of potential interest for hypersonic flight conditions (Langener et al., 2008). In this 

configuration, the permeation of the fluid through the structure ensures internal convective 

cooling. The resulting film in the combustion chamber controls the heat exchange between 

the solid and the fluid. In porous media, the cooling efficiencies are much higher than in non-

porous media, notably due to the increased internal exposure to the material (Krishna et al., 

2008). Investigating the permeation process is of prior importance and some works can be 

found in relationship with this need : experimentally (Langener et al., 2008; Tully et al., 

2005), numerically (Riccius et al., 2005; Murthy and Singh, 2000) and mathematically (Kim 

and Park, 1999). These studies are not limited to the flow behaviour. They also assess the 

heat transfers (Krishna et al., 2008; Murthy and Singh, 2000; Rajagopal et al., 2009, Zhang 

and Zhao, 1999; Hadim, 1994); for example for configurations close to fuel cooled structures 

(Zhao and Chen, 2003) or for geophysics applications (Hadim, 1994). This explains why the 

flows in porous media are so widely studied. 

The permeability is a key data for the initial fibrous preform during the manufacturing 

process itself and not only for the finalised product. Indeed, the CMC structures are obtained 
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by infiltration of resin inside the form (Ngo and Tamma, 2003). The permeability of the 

preform controls the impregnation of the resin and thus the final properties of the CMC 

structure. Due to low injection speed at high pressure, the flow of resin remains laminar and 

the Darcy’s law can be used to describe such fabrication methodology (Raper et al., 1999). 

There is a high necessity to estimate the permeability of such fibrous form and numerous 

works are available to predict it experimentally (Park and Lawrence, 2003; Chung et al., 

1997) numerically (Tully et al., 2005, Ngo and Tamma, 2003, Costa et al., 2004) or 

analytically (Gebart, 1992). The investigation on the permeability of the fibrous form is not 

the prime focus of the present study but the developed bench and methodology could serve 

for this purpose. 

The permeation mainly depends on the materials structure which is determined by features 

on different scales (Zhou et al., 2006). It is affected by the material employed (composite, 

metal, ceramic…), the structure morphology (tubular, plate…), the layer number (simple or 

multilayer composite), the layer disposition (angle between each layer, i.e. 0°, 45° or 90°), 

the presence of cracks (their orientation, the connexion between them) (Zhou et al., 2006; 

Soller et al., 2009; Federico and Herzog, 2008; Xu and Sankar, 2008; Shields et al., 2008; 

Kuhn and Hald, 2008; Choi et al., 1998)0, the aging and the damage (outer and inner 

cracking, delamination) (Park and Lawrence, 2003). At this scale, the manufacturing process 

has a huge effect on the material permeability. A lot of techniques are employed to produce 

very large composite panels : polymer impregnation and pyrolysis, melt infiltration, liquid 

phase sintering or hot pressing. As a consequence, the permeability can differ with several 

orders of magnitude (Hirohata et al., 2002). The cracks formation is probably the most 

important source of permeability modification. The SEM (Park and Lawrence, 2003), the X-

rays (Peddiraju et al., 2005) and the tomography (Petrasch et al., 2008) techniques are used to 

monitor the cracks. When the fissures appear during tests at given temperature and pressure, 
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the permeability changes suddenly and then remains constant if no further modifications of 

the test conditions are done (Park and Lawrence, 2003). The mechanical strain has also an 

impact on the crack formation (Peddiraju et al., 2005). This kind of damage is largely studied 

and numerous works propose empirical and analytical laws for permeability prediction in 

case of fissures presence (Peddiraju et al., 2005). 

A lot of studies, often under high pressure (up to 2 MPa) are available for ambient or 

average temperature conditions (under 800 K) (Peddiraju et al., 2005, Park and Lawrence, 

2003; Langener et al., 2008; Tully et al., 2005) or for low pressure and high temperatures 

(Kuhn and Hald, 2008). Few are dedicated to both high temperature and high pressure 

conditions. Furthermore, they focus on the transpiration of “inert” gases (even oxidative ones 

like the air or non reactive ones like hydrogen) (Peddiraju et al., 2005; Park and Lawrence, 

2003; Tully et al., 2005; Ortelt et al., 2009) and very few are studying the chemical reactions 

through the porous media (Gascoin et al., 2008). This configuration is yet encountered in the 

framework of this study related to the cooling of hypersonic structures. 

The reactions of pyrolysis are due to the decomposition of heavy molecules into smaller 

ones due to the temperature. The residence time of the fluid through the porous media has a 

major impact on the chemical process, along with the pressure (Gascoin et al., 2008). As a 

consequence, it would be valuable to get permeation data to be able estimating numerically 

the residence time in porous media to analyse the chemical decomposition. This should be 

preferably achieved by numerical work and the permeability terms must be determined for 

this purpose. 

B. Analytical descriptions of through-flow 

For a large range of flow regimes, the Brinkman’s equation is used to describe the 

macroscopic fluid flow (Eq. 1). The pressure drop through the porous media (left term) is 

linearly proportional to the velocity for low flow rates (Darcian flows) and to its square at 
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higher flow rates (non-Darcian flows). The right term of the Eq. 1is composed of two parts, 

one related to the Darcy’s law for low velocity regime filtration (second right term) and the 

other quadratic one related to the Stokes’s law to ensure the continuity of velocity and stress 

at the solid-fluid frontier (first right term) (Park and Lawrence, 2003). The gravity term is 

neglected in numerous studies (but not all, for example in case of vertical flows (Zhao and 

Chen, 2003)). The Stokes equation, also referred to as the Forchheimer’s equation, accounts 

for inertial effects related to the flow resistance (turbulent flows) (Tully et al., 2005; Riccius 

et al., 2005).  

Theoretically, the 3-D field of the velocity should appear (Choi et al., 1998) when writing 

the through-flow equation. Instead, it is averaged macroscopically in the equations presented 

here. The Eq. 2 is equivalent to Eq. 1 but the dimensionless “Forchheimer’s coefficient” FC  

appears and the second derivative of the velocity is easier to express, at least from an 

experimental point of view (Choi et al., 1998). The unity of Forchheimer's term is found in m 

or in m-1 in open literature depending on the writing of the equation used by the authors. 
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In Eq. 2, it is obvious that for high flow velocity, the square of the velocity makes the 

Forchheimer’s term to be higher than the Darcy’s one while for flow speed lower than 1 m.s-

1, the Forchheimer’s term get negligible. The so called Darcy-Forchheimer equations (Eq. 3) 

(Langener et al., 2008) is equivalent to the Eq. 2 but the permeability DK  and FK  explicitly 

appear. We have now independent and well identified Darcy’s and Forchheimer’s terms. No 

negative sign appears contrary to previous equations. 

 
FD

VV

L

P







 ²
..   (3) 



 8

Numerous other formulations of the Brinkman’s equation are found (Martin and Boyd, 

2008; Valdes-Parada et al., 2007) such as the Eq. 4 (Martin and Boyd, 2008) (no square 

velocity appears). They are based on coefficient that still need to be expressed and which 

physical meaning is not evident. Furthermore, the square of the velocity strangely disappears 

in the turbulent term (Eq. 4). Power laws (Rathish Kumar, 2003) and cubic laws (if n=3 in 

Eq. 5) can be found to describe a large range of flow regimes through porous media (Martin 

and Boyd, 2008; Valdes-Parada et al., 2007; Rathish Kumar, 2004; Aulisa et al., 2009; 

Nguyen et al., 2007; Pazos et al., 2009). The power law can be found under the name of 

Izbash law (Moutsopoulos, 2009). The fundamentals of the Brinkman’s equation can be 

found in the work of Valdes-Parada et al. (2007) for more details. 
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The filtration section of the porous sample is often used in the Stokes’ equation because 

the flow rate is generally measured in experiments rather than the flow velocity. 

Nevertheless, the section occupied by the gas in a cross section of the gas-filled sample in the 

direction of the flow should be considered (Park and Lawrence, 2003). Furthermore, the 

dynamic viscosity, which appears in the Brinkman’s equation, is often considered to be the 

one of the fluid. It remains constant in most of experimental and numerical works (as seen in 

Eq; 1 for example). Nevertheless, this is questionable because this parameter varies across the 

porous media in case of reactive flow or non uniform temperature system. The viscosity term 

in the Stokes’ equation (first right term in Eq. 1) should be modified as follows:  V   

(Martin and Boyd, 2008). Mathematical considerations can be found on this point to justify 

using a modified viscosity (Hansbo and Juntunen, 2009). A more rigorous derivation 
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included temperature-dependent fluid properties in the estimation of pressure drops in 

combination with temperature gradients (Langener et al., 2008). 

C. Selection of methods for experimental data treatment 

Two methods are selected to determine the permeability of porous samples. The first one 

is related to the norm ISO 4022 (1987 with update in 2006). The Darcy-Forchheimer 

equation (Eq. 3) is rewritten (Eq. 6) by dividing it by V. . The term 
VL

P

..


 is plotted as a 

function of

V.

. The origin is linked to the Darcian term while the angle of climb is related 

to the Forchheimer's term.  
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The pressure gradient 
L

P
 is calculated as follows (Eq. 7), based on experimental 

measures. 
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With this method, the dynamic viscosity, the density and the fluid velocity (Eq. 8 and 9) 

refer to mean values computed between the inlet and the outlet. Its applicability is more 

difficult for engineering tools or advanced Computational Fluid Dynamics codes than for 

experiments. The CFD software preferably rely on well defined upstream conditions 

(boundary conditions). Therefore, ESA and DLR are using a second method (Langener et al., 

2008 (Hansbo and Juntunen, 2009) which is based on the integration of Eq. 3 assuming 

perfect gas and isothermal conditions. The integrated pressure loss is expressed by Eq. 10 

(Seemann, 2005). When rearranging Eq. 6, by introducing the mean density (Eq. 8), mean 

velocity (Eq. 9), the continuity equation and the perfect gas law (Eq. 11), Eq. 12 is obtained 
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and this gives the Eq. 13 used by ESA and DLR. This is the demonstration that both 

formulations (Eq. 6 and Eq.13) are mathematically equivalent. The right hand side of Eq. 13 

is only dependent on inlet conditions. Consequently, this second method needs only to plot 

the pressure loss term (Eq. 13) as a function of measured inlet conditions to get both 

permeability terms by second order polynomial regression. To clarify the paper, the first 

method is called the "ISO method" and the second one the "P² method". 

 
Tr

PP

Tr

P outinmean
mean 




2.
  (8) 

 
S

m
V

mean
mean 




  (9) 

 
in

outin

PL

PP

L

P

..2

22 



 (10) 

 VS
Tr

P
VSm 


   (11) 

 in
F

in

Dinin

outin V
KKVLP

PP












1

2

22

 (12) 

 2
22

..2 in
F

in
in

Din

outin V
K

V
KLP

PP

L

P 






 (13) 

With 
S

m
V

in
in 


  

As an example, both methods are represented on Figure 1 for a set of experimental data (to 

be given in more details in section II). The curves are typical and very different because the 

ISO method (Figure 1a) gives a linear trend while a quadratic one is observed for P² method 

(Figure 1b) in case of turbulent flow (above 0.4 m.s-1). In case of a purely laminar flow 

(Darcian regime), the ISO method gives an horizontal line and the P² method gives a linear 

trend and the Forchheimer's term cannot be determined for both cases. The present study 

aims at investigating the difference, if any, between these two methods when applied to same 

permeation data despite the fact that both equations are analytically equivalent as shown 
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above. This work is related to the use of polynomial regression which may present some 

difficulties. We will investigate in which extend and we will determine whether one method 

or the other is preferable depending on the available range of permeation data. Furthermore, 

these permeation results have been acquired with two test benches, localized in France and in 

Germany. These two rigs are presented in section II with the selected porous media before 

being compared in section III to estimate their respective ability. 

Figure 1 should be placed here 

II. Description of permeation benches 

The permeation bench of DLR has been developed since 2000 and the one of PRISME 

since 2009. Both are derived from previous installations concerning subsonic rocket chamber 

combustion (Ortelt, 2009)/reentry applications (Kuhn and Hald, 2008) and fuel pyrolysis 

(Gascoin et al., 2010; Gascoin, 2010) respectively. The DLR bench is able to handle gas 

flows (e.g. Air, Ar, He, N2) at inlet pressures up to 3 MPa under perfectly controlled 

conditions. By means of a peripheral elastomer sealing mechanism of the sample (under 

patent), leak-proof test conditions are guaranteed. The PRISME bench is made to test 

permeation of inert and reactive gases and liquids (single or multi-components) under high 

temperature and pressure conditions (1200 K, 6 MPa). Two "chambers" have been designed 

specifically to allow pyrolysis products sampling in good conditions (under patent). 

A. PRISME test bench 

A high pressure and high temperature test bench has been set up to enable the study of 

inert and reactive flows through porous structures. More details can be found in the work of 

Seemann (2005). The experiment (derived from the one of the COMPARER project 

(Gascoin, 2010)) is composed of a high pressure pump (8 MPa, 0.5 g.s-1) for liquid fuel 

injection and of a gas injection with e.g. N2, CH4. The fluid is heated by a 6 kW oven 
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(maximum temperature of 1900 K). The reactor is composed of a permeation cell in which 

the porous medium is inserted (to be described later in Figure 2). Over 30 sensors 

(temperature, pressure, mass flow rate) are connected to a data acquisition system (about 

1 Hz, 16 bits) to obtain the transient variations of these parameters. The pressure transducers 

give absolute pressure and two Coriolis mass flow meters are available (upstream and 

downstream). Three other flow meters are available to measure the mass transfer in the bench 

to check the mass balance during the test. At least two temperatures are acquired inside the 

test cell on each faces of the porous sample. The tests are generally conducted under steady-

state conditions but transient phases can be investigated. 

The specific cell to be inserted in the furnace is composed of two main parts (High 

Pressure Chamber –HPC- for the inlet side and Low Pressure Chamber –LPC- for the outlet 

one) in order to maintain the porous medium in the fluid flow and to avoid leakage (Figure 

2). Despite its small size (external diameter of 40 mm), it enables measuring the temperature, 

pressure and mass flow rate on each side of the porous sample. The temperature is measured 

very close to the media to get the thermal longitudinal gradient, if any. Due to the available 

range of sensors, a maximum value of measurable Darcian permeability can be estimated as a 

function of test conditions (Table 1). The thickness of the sample impacts directly on this 

limit. 

Usually, the mass flow of test liquid is increased by successive plateaus under fixed 

conditions of oven temperature and of downstream fluid pressure. By doing so, mass flow 

can be correlated to pressure losses which increase with the flow rate rise. ISO method or P² 

method can be used to post-process the data even if the ISO method is preferred for liquid 

since the flow rate are generally low (as will be exposed in section III-A). If gas is preferred 

for the test, an isothermal plateau is chosen and the upstream pressure is increased gradually. 

This imposes the mass flow through the permeable sample and the downstream pressure is 
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measured. Using the relationship between flow rate and pressure drop (Eq. 6 or Eq. 13) gives 

the permeability terms. This test procedure is reproduced for several thermal plateaus. 

Figure 2 should be placed here 

Table 1 should be placed here 

B. DLR test bench 

A moderate pressure test facility has been set up to enable the study of inert flow through 

porous structures at room temperature (Figure 3). The gas (typically, N2) flows through a 

permeable sample which is embedded in a sample holder. Nitrogen is allocated in a tank and 

it is being reduced by a control valve, which allows choosing the desired mass flow rates. A 

coriolis flow meter with an accuracy of 0.1 % is used. The test gas will be fed into the sample 

holder, where the permeable sample is tightly fixed without a change in the holder section. 

Here, a circumferentially sealing mechanism avoids falsifying leakage flows. Before the 

sample, the test gas temperature Tin and pressure Pin will be measured by a type K 

thermocouple (accuracy 2.2 K) and an OMEGATM pressure sensor (accuracy of 0.05 %, 

depending on the full scale of 3 MPa adjusted), respectively. By flowing through the sample 

nitrogen passes off against ambience, where the ambient pressure Pout will be recorded by an 

OMEGATM pressure sensor (accuracy 0.05% for full scale of 0.5 MPa). 

Figure 3 should be placed here 

The samples to be measured are circular with a diameter of 30 mm. They have to be flat, 

whereupon the thickness can vary between 3 mm and 40 mm. The test procedure usually 

consists of the following static measurement method. During a test, different test gas mass 

flows are adjusted in order to receive varying pressure losses over the permeable sample. In 

doing so, a set of points for the measured data is gained, which are the basis for later post-

analysis. Those measured data points are used to determine the permeabilities KD and KF by 
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means of a least squares fit of the multivariate function (see Eq. 13). For the analysis, the test 

gases are usually being treated and calculated as real gases. 

C. Characterization of porous media to be studied 

Several samples of different nature (metallic and composite) have been tested to provide a 

large validation of the test benches and of the determination methods. Most of them have 

been previously used in former studies (Gascoin et al., 2010; Ortelt et al., 2009; Soller et al., 

2009). A selection is used on both test rigs to furnish comparison data. One red brass sample 

(BR30) (Gascoin et al., 2010) and two stainless steel samples (SS3 and SS3-2) (Gascoin et 

al., 2010) furnished by Federal Mogul (Poral Class), a set of two kinds of C/SiC samples (SB 

and SC) furnished by MBDA (SB1, SC2/4/5/6/8) (Gascoin et al., 2010) and a set of various 

composite samples furnished by DLR (OXIPOL (Heidenreich et al., 2004) and C/C random 

(Heidenreich, 2003) with flow penetration in-plane and perpendicular to the plies each) 

(Soller et al., 2009) have been used (Figure 4). The thickness of DLR samples is 30 mm. 

Further data for these samples are given in Table 2 and Table 3. The OXIPOL samples 

(Oxide based CMC based on polymers, 3-times pyrolysed (Nitivy 2626P mullite fibers in 

SiOC matrix)) are called I678L-05 and 06 (respectively cut perpendicularly to the fiber layers 

or parallel). The C/C random samples (Carbon fiber reinforced carbon CMC with C fibers in 

C matrix) are called PH1431-05 and 06 (respectively cut perpendicularly to the fiber layers or 

parallel). 

Figure 4 should be placed here 

Table 2 should be placed here 

Table 3 should be placed here 
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III. Results and Discussion 

All the data acquired by PRISME on porous samples have been post-processed by both 

ISO and P² methods. The quadratic regressions are forced by origin and several software have 

been used for the P² application : some commercial and free ones and a DLR in-house 

program. The metallic and MBDA porous media were successively tested by PRISME and 

DLR. On the opposite, the DLR samples were consecutively tested by DLR and PRISME. 

This is mentioned because the permeable materials can get jammed up by impurities, oil and 

particles during the tests. The objectives are to determine the validity of the measures and the 

difference of both analytical methods, if any. 

A. Application of both permeability determination methods on PRISME data 

All the tests conducted with the PRISME test bench under ambient temperature with N2 

flow on porous media have been post-processed with both the ISO and P² method to obtain 

the two permeability coefficients (Table 4). It must be noted that Excel software is used for 

both methods (this has an importance for the following). The discrepancies are represented by 

the ratio of permeability values found with each method. This ratio is plotted as a function of 

permeability obtained with ISO method (Figure 5 for Darcy's term). Most of the values are 

found to be between 0.5 and 2. This is judged to be very large because the method should not 

impact on the value which is determined. This highlights the importance of this work since 

this problem could have been unsuspected before. The values closest to equality are found in 

majority for Darcy's permeability from 3.10-16 m² to 2.10-14 m². For higher Darcian values, 

the P² method gives higher permeability than the ISO ones. Consequently, their must be a 

reason for these discrepancies. 

Table 4 should be placed here 

Figure 5 should be placed here 
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For low permeability (10-15 m² and under), the inlet pressure is highly increased to get a 

minimum flow rate. Due to the limitation of upstream pressure, it is difficult to get enough 

data points to reach the linear trend observed previously (Figure 1). As a consequence, the 

ISO method seems to be less adapted than P² one for low mass flow rates. The exploitation is 

made to close to the origin and in this condition, the P² method or a pure Darcy's law 

(pressure loss as a function of velocity) is better. On the opposite, the turbulent regime is 

easily reached for high permeability (10-13 m² and above). Since a linear regression is easier 

to apply than a quadratic one, the ISO method has an advantage on P² one. 

Furthermore, the ratio of Darcian permeabilities determined by both methods seems to be 

dependent on the tested samples (Figure 6). No particular trend is observed for metallic 

samples whereas both methods show a better agreement for MBDA and DLR samples with 

increase of porosity. The ratio of the Forchheimer's permeability term is rarely close to 1 but 

merely comprised between 2 and 3 (Figure 7). This needs to be investigated in more details 

and the explanation is given at the end of the next paragraph. 

Figure 6 should be placed here 

Figure 7 should be placed here 

These discrepancies could finally be pinned down to the applied 2nd order polynomial 

regression software of Excel when applying the P² method. As an example, the outcome of 

the data post-processing by Excel for high mass flow rate is demonstrated in Figure 8a. The 

Darcy's term is found to be negative despite the determination factor is acceptable (0.9899). 

This may be related to the oscillation of mass flow rate which correspond to no quasi-static 

conditions. Some cases for which the application of P² method was difficult (because of this 

software limitation) have been post-processed a posteriori with a DLR in-house program 

based on a better Classical Least Square regression algorithm. The experimental data are 

fitted by this code (cross on Figure 8b) and the Excel software is still not able to provide 
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realistic permeation data (Figure 8b). This is due to the non constant coefficients, which are 

not considered by Excel. Several other software have been tested with same unsatisfactory 

results (NCSS, NLREG, Origin, Gnuplot). As a consequence, the values between both ISO 

and P² methods (obtained with the DLR code) are much closer than with previous regression 

application of the P² method (Table 5). A value very close to unity is found for most of the 

cases and particularly for the Forchheimer's term for which a bad agreement was found 

previously. To conclude, despite the exact analytically equivalence of both methods, the data 

post-processing methodology has a dramatic impact on the permeation values. If both 

methods are theoretically suitable, the ISO one is simple (linear regression) but the P² method 

is absolutely equivalent and it is to be preferred for engineering analysis or simulation 

purpose40. These results are important because they should be considered in the 

recommendation of the international norm ISO4022. 

Figure 8 should be placed here 

Table 5 should be placed here 

B. Cross-bench of permeation data obtained with PRISME and DLR test rigs 

The samples presented in section II-C are studied with both PRISME and DLR test 

benches. The PRISME data are post-processed with ISO method and the DLR ones by P² 

method (Table 6). For the MBDA samples, DLR used an adapter (Figure 9). For each of 

those samples, two values are given because there is no clear determination concerning the 

cross-section to be considered which is greater at the inlet than at the outlet of the sample 

(diameters 16 mm and 30 mm on Figure 9). These two values surely represent the bounds of 

the real permeation value for the related sample. Two values for SC4 and SC8 samples are 

also given for the PRISME bench because two kinds of tests were done. The first was a 

sudden rise and the second a progressive increase of the upstream gas pressure. The purpose 
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was to detect whether there is any influence by the dynamics of the pressure increase during 

the test. The low disagreement between values shows that this point is negligible. 

Two SS3 samples ("new" –never tested- and "old" –which underwent several tests-) were 

considered. This virgin sample and the other one with incrusted carbon seal (applied on the 

surface for the PRISME test bench), were tested at the DLR bench. The one with carbon seal 

is obviously less permeable -60 % of decrease- (Table 6). 

Table 6 should be placed here 

Figure 9 should be placed here 

On the basis of all the other values, the agreement between the two benches is generally in 

the right order of magnitude. Nevertheless, the discrepancies can reach a factor ten for some 

tests. The PRISME test facility provides generally better values for more dense materials than 

the DLR one. This is attributed to a better accuracy for small mass flows. Small thicknesses 

are also difficult to be managed by the DLR bench. 

The PRISME data have also been compared to former values from the ATLLAS program 

(Bouchez et al., 2009) (Table 7). Two values are proposed for Oxypol I678L-05, PH1431-05 

and PH1431-06 in ATLLAS data because two similar samples were tested. Two values for 

PH1431-05 are also given for PRISME data because of a sealing test (which will be 

explained later in this paragraph). The ratio between the PRISME and ATLLAS values is 

largely different from unity and again, one order of magnitude can be found. This 

disagreement has been analyzed and it is now understood. The PRISME bench is not adapted 

to thick samples. Indeed, due to the sealing process ensured by a circular carbon seal applied 

on the extremity of the sample (and not by a circumferential seal as used by DLR), strong 

leakage is possible in the lateral direction (perpendicular to the main flow). Some of the 

considered samples (30 mm thick) are more porous in the transverse direction (anisotropic 

properties). As a consequence, the fluid flows directly out of the sample and downstream 



 19

before flowing transversally again inside the sample (as illustrated on Figure 10, right). This 

has been confirmed by sealing the border of the sample by glue (Figure 10, left). The value of 

glued sample is given in Table 7. Of course, this coarse methodology is made for qualitative 

purpose only and cannot be considered to avoid this problem because the permeation of the 

glue itself and of the deposition process is not characterized. The newly estimated Darcy's 

term is 2.45.10-13 m² and the Forchheimer's one is 3.48.10-8 m. These values correspond to a 

ratio which is divided by more than 2 for Darcy’s term and somewhat less than 2 for 

Forchheimer’s term. Consequently, ensuring a better tightness seal of the sample borders give 

permeability values closer to the ATLLAS ones. This indicates the main limit of the PRISME 

bench which should not be used for sample thicknesses over 3 mm. 

Table 7 should be placed here 

Figure 10 should be placed here 

IV. Conclusion 

It is of prior importance to get reliable data on space structures, particularly for actively 

cooled composites. The reliability of permeabilities (Darcy's and Forchheimer's terms) is 

linked to the acquisition of data in the one hand and to their post-processing on the other 

hand. Due to the large discrepancies (several factors) which are generally found in open 

literature work, two test bench have been settled under an European collaborative work 

between ESA (The Netherlands), MBDA and the University of Orléans (France) and DLR 

(Germany). A good complementarity is found for both test rigs. The PRISME bench is not 

adapted to thick samples (higher than 3 mm) because of uncontrolled lateral permeation for 

heterogeneous samples, such as composite ones. On the opposite, the DLR test facility is not 

able to handle thin samples (lower than 3 mm) because the sealing is ensured 

circumferentially with e.g. an elastomeric seal. Furthermore, due to the limitation of pressure 

sensors, the PRISME bench is mostly suitable for Darcian permeability from 10-17 m² to 10-13 
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m² (high pressure drop and low mass flow rate such as in regenerative cooling structures). 

Complementarily, the DLR experiment is suited for values of 10-14 m² and higher (low 

pressure drop and high mass flow rate such as encountered in active cooling technology) due 

to limited fluid supply system. For a common range of Darcy's permeability around 10-14 m² 

to    10-13 m², a good agreement (14 %) is found between the results obtained with both test 

rigs. This result is very important because the disagreement which is generally observed on 

permeabilities in open literature can reach several factors of magnitude. Establishing two 

complementary test facilities is of importance to verify the accuracy of the permeabilities 

which are determined on aerospace structures. 

To ensure the adaptation of permeability values to engineering tools or CFD codes, the P² 

method has been chosen because it is based on the inlet conditions and not the mean one in 

the porous media as it is the case for the ISO method. The regression of experimental data 

points by a second order polynomial curve with commercial software remains of poor quality 

in case of oscillating permeation data. In such cases, a dedicated program is required to 

successfully and accurately determine both permeation terms. The ISO method -the standard 

of the international norm 4022- is very convenient from a post-processing point of view 

(linear regression). Nevertheless, its accuracy is not as good as the P² method one when the 

range of flow rate is too small. This corresponds to cases with low permeability materials 

used for regenerative cooling activities. Consequently, future tests should be conducted with 

high pressure supply system (25 MPa) to reach high mass flow. The norm ISO 4022 only 

mentions that five hydraulic plateaus should be used. The range of hydraulic conditions is not 

detailed. This work shows that a supplementary criterion should be given. This is the second 

important point of this work. It is shown how the post-processing method can modify the 

values of permeability. 
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Table 1. Maximum measurable Darcian term on PRISME bench due to limitation of 

measurement devices as a function of operating conditions. 

GAS LIQUID
20% Pyrolysis 

(Gascoin 2010)

Mass flow rate (g.s-1) 1 0.2 0.2

Density (kg.m-3) 1.25 750 100

Dynamic viscosity (Pa.s) 1.65E-05 1.30E-03 1.20E-05
Minimum measurable pressure loss 

(Pa)
2000 2000 2000

Cross-section (m²) 2.01E-04 2.01E-04 2.01E-04

Sample thickness (mm)

3 9.85E-11 2.59E-12 1.79E-13
9 2.95E-10 7.76E-12 5.37E-13

30 9.85E-10 2.59E-11 1.79E-12

Maximum measurable darcian 
permeability (m²)

Fluid Phase
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Table 2. Properties and pore diameter of porous media obtained experimentally0. 
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Table 3. Thermo-mechanical properties at room temperature for DLR CMC materials 

used in cooling investigation tests 

Material  e' max cp 
 [g/cm³] [%] [MPa] [J/g·K] [W/m·K] 
C/C random 1.35-1.39 11-14 109 0.88 8.20 
OXIPOL 3 x pyrol. 1.96-2.15 11-16 74 0.91 0.76 
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Table 4. Darcian and Forchheimer's terms determined with same set of experimental 

data with two methods. 

Open 
porosity (%)

ISO 
Method

P² Method
ISO/P² methods 

ratio ()
ISO 

Method
P² Method

ISO/P² methods 
ratio ()

SS3 9.1 2.27E-13 2.36E-13 0.96 5.63E-07 2.48E-07 2.27
SS3-2 9.1 1.16E-13 5.52E-13 0.21 1.59E-07 1.75E-08 9.09
SS5 25.1 9.90E-13 2.49E-11 0.04 9.19E-07 1.43E-07 6.43

SS40 47.2 1.54E-11 - 2.88E-06 3.49E-07 8.25
BR3 42.0 1.09E-12 1.11E-12 0.98 2.19E-06 1.35E-06 1.62

BR30 33.7 8.79E-12 - 3.07E-06 6.73E-07 4.56
SA 6.07E-17 1.66E-16 0.37 2.55E-12 2.42E-12 1.05
SB1 6.9 1.39E-15 1.25E-15 1.11 4.10E-10 -
SB2 6.9 2.03E-15 2.24E-15 0.91 6.82E-10 3.64E-10 1.87
SC2 2.6 1.77E-16 1.12E-16 1.58 -
SC3 2.6 1.94E-15 - 3.30E-11 5.58E-12 5.91
SC4 2.6 2.06E-16 1.12E-16 1.84 -
SC4 2.6 2.25E-16 2.06E-16 1.09 -
SC5 2.6 6.13E-17 3.51E-17 1.75 -
SC6 2.6 5.41E-17 3.83E-17 1.41 -
SC7 2.6 3.51E-16 1.64E-16 2.14 1.45E-11 8.40E-12 1.73
SC8 2.6 5.03E-17 3.30E-17 1.52 -
SC8 2.6 5.92E-17 3.93E-17 1.51 -
SW1 15.9 4.17E-16 9.41E-15 0.04 -
SW2 15.9 5.05E-16 4.92E-16 1.03 -
SW3 15.9 1.53E-14 - 3.10E-10 7.07E-11 4.38
SW4 15.9 1.47E-16 1.14E-16 1.29 -
SW5 15.9 1.60E-16 - 1.92E-09
SW6 15.9 6.03E-15 8.50E-15 0.71 3.70E-10 1.81E-10 2.04

Oxypol I678L-05 17.4 3.07E-14 5.35E-14 0.57 5.88E-09 2.17E-09 2.71
Oxypol I678L-06 17.4 2.50E-13 - 3.20E-08 9.93E-09 3.22
Oxypol I678L-10 16.1 5.49E-14 2.02E-13 0.27 7.33E-09 2.60E-09 2.82
Oxypol I678L-11 16.1 2.93E-14 4.46E-14 0.66 4.48E-09 1.84E-09 2.43
Oxypol I678L-12 16.3 4.85E-14 9.63E-14 0.50 7.34E-09 2.93E-09 2.51

PH 1431-05 12.7 6.04E-13 - 5.93E-08 2.04E-08 2.91
PH 1431-06 13.4 2.85E-12 4.86E-12 0.59 3.90E-07 1.93E-07 2.02
PH 1866-01 9.4 4.76E-13 1.51E-12 0.32 6.14E-08 2.32E-08 2.65
PH 1866-02 9.2 5.22E-13 1.40E-12 0.37 6.44E-08 2.56E-08 2.52
PH 1866-03 9.1 5.01E-13 1.19E-12 0.42 7.38E-08 2.94E-08 2.51

Whipox W979-01 26.9 9.11E-15 - 8.80E-10 2.95E-10 2.98
Whipox W979-02 26.5 8.34E-15 1.47E-13 0.06 9.34E-10 3.20E-10 2.92
Whipox W979-03 26.9 4.28E-15 6.18E-15 0.69 6.20E-10 2.55E-10 2.43
Whipox WA10-01 34.4 2.88E-14 3.78E-14 0.76 1.07E-08 4.95E-08 0.22
Whipox WA10-02 31.0 9.11E-15 9.69E-15 0.94 1.13E-08 5.96E-09 1.90
Whipox WA10-03 35.0 5.70E-14 6.18E-15 9.22 1.70E-08 6.93E-09 2.45

Darcian permeability (m²) Forchheimer's permeability (m)
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Table 5. Improvement of ESA/DLR behavior with DLR in-house code compared to 

Excel software for a selection of samples. 

Open 
porosity 

(%)

ISO 
Method

P² Method 
(Excel 

software)

P² Method 
(DLR in-
house 
code)

Methods 
ratio 

(Excel)

Methods 
ratio (DLR 

code)

ISO 
Method

P² Method 
(Excel 

software)

P² Method 
(DLR in-
house 
code)

Methods 
ratio 

(Excel)

Methods 
ratio (DLR 

code)

BR30 33.7 8.79E-12 - 1.546E-11 0.57 3.07E-06 6.73E-07 2.095E-06 4.56 1.47

Oxypol I678L-05 17.4 3.07E-14 5.35E-14 3.116E-14 0.57 0.99 5.88E-09 2.17E-09 6.077E-09 2.71 0.97

Oxypol I678L-06 17.4 2.50E-13 - 2.51E-13 0.99 3.20E-08 9.93E-09 3.24E-08 3.22 0.99

PH 1431-05 12.7 6.04E-13 - 6.061E-13 1.00 5.93E-08 2.04E-08 6.009E-08 2.91 0.99

PH 1431-06 13.4 2.85E-12 4.86E-12 2.786E-12 0.59 1.02 3.90E-07 1.93E-07 4.165E-07 2.02 0.94

Darcian permeability (m²) Forchheimer's permeability (m)
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Table 6. PRISME and DLR values of permeabilities with respective methods. 

Sample 
designation

Diameter of 
cross section 

(DLR)
KD (m²) KF (m) KD (m²) KF (m)

PRISME/DLR 
KD values ratio

PRISME/DLR 
KF values ratio

SS3new 30 mm 2.27E-13 5.63E-07 2.21E-13 2.55E-07 1.03 2.21
SS3old 30 mm 8.85E-14 2.56E-08 2.57
SS3-2 30 mm 1.16E-13 1.59E-07 1.35E-13 1.14E-07 0.86 1.40
BR30 30 mm 8.79E-12 3.07E-06 8.83E-11 1.65E-05 0.10 0.19
SB1 16 mm 1.78E-14 2.83E-10 0.08 1.45
SB1 30 mm 5.07E-15 2.29E-11 0.27
SC2 16 mm 2.49E-14 1.17E-10 0.01
SC2 30 mm 7.09E-15 9.44E-12 0.02
SC4 16 mm 2.06E-16 2.63E-16 6.54E-12 0.78
SC4 30 mm 2.25E-16 7.49E-17 5.29E-13 3.01
SC5 16 mm 1.71E-16 0.36
SC5 30 mm 4.87E-17 1.26
SC6 16 mm 1.26E-16 1.62E-12 0.43
SC6 30 mm 3.59E-17 1.31E-13 1.51
SC8 16 mm 5.03E-17 2.33E-16 7.01E-13 0.22
SC8 30 mm 5.92E-17 6.64E-17 5.67E-14 0.89

1.39E-15 4.10E-10

1.77E-16

6.13E-17

PRISME bench DLR bench

5.41E-17
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Table 7. PRISME and ATLLAS values of permeabilities with respective methods. 

Sample designation KD (m²) KF (m) KD (m²) KF (m)
PRISME/ATLLAS 
KD values ratio

PRISME/ATLLAS 
KF values ratio

for KD for KF

Oxypol I678L-06 2.46E-13 3.25E-08
3.74E-14
7.37E-14

9.69E-09
1.52E-08

6.57
3.34

3.36
2.14

1.97 1.57

Oxypol I678L-05 4.55E-14 5.87E-09 10.95 1.05
Oxypol I678L-10 5.49E-14 7.33E-09 13.23 1.31
Oxypol I678L-11 5.10E-14 4.45E-09 12.29 0.80
Oxypol I678L-12 4.85E-14 7.34E-09 11.69 1.31

PH 1431-05 6.04E-13 5.93E-08
7.65
5.25

3.57
3.51

PH 1431-05(glued) 2.45E-13 3.43E-08
3.11
2.13

2.07
2.03

PH 1431-06 2.85E-12 3.90E-07
4.51E-13
5.54E-13

1.75E-07
2.42E-07

6.33
5.15

2.23
1.61

1.23 1.38

PRISME bench ATLLAS values

5.59E-09

 Ratio between extremum 
ATLLAS values 

7.89E-14
1.15E-13

1.66E-08
1.69E-08

1.46 1.02

4.15E-15
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Figure 1. SS3-2 sample permeation data plotted in the form of ISO4022 method (a) and of P² 

method (b). 

Figure 2. Mounting of the sample represented by a schematic of the permeation cell with 

sensors. 

Figure 3. DLR experimental setup 

Figure 4. Pictures of porous media with corresponding denomination (SS: Stainless Steel and 

BR: Bronze with corresponding Poral class). 

Figure 5. Ratio of Darcian term found with each method. 

Figure 6. Effect of the open porosity and material nature on the adequacy between both 

methods. 

Figure 7. Ratio of Forchheimer's term found with each method. 

Figure 8. Limitation of Excel software for KF determination (a) and the improved behavior 

based on the DLR in-house code (b). 

Figure 9. Specific device for thin samples to be tested with DLR bench. 

Figure 10. PH 1431-05 sample before and after being glued to limit the transverse permeation 

and favors the longitudinal permeation. 
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Figure 1. SS3-2 sample permeation data plotted in the form of ISO method (a) and of P² 

method (b). 
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Figure 2. Mounting of the sample represented by a schematic of the permeation cell 

with sensors. 
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Figure 3. DLR experimental setup 
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Figure 4. Pictures of porous media with corresponding denomination (SS: Stainless 

Steel and BR: Bronze with corresponding Poral class). 
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Figure 5. Ratio of Darcian term found with each method. 
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Figure 6. Effect of the open porosity and material nature on the adequacy between both 

methods. 
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Figure 7. Ratio of Forchheimer's term found with each method. 
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Figure 8. Limitation of Excel software for KF determination (a) and the improved 

behavior based on the DLR in-house code (b). 
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Figure 9. Specific device for thin samples to be tested with DLR bench. 
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Figure 10. PH 1431-05 sample before and after being glued to limit the transverse 

permeation and favors the longitudinal permeation. 
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