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Abstract 
 
 Silica aerogels have many potential applications, including as host matrices for chemical species 

or nuclear waste storage. For these applications, the permeability is a key parameter and data 

show that the silica aerogels have poor permeability (~10-60 nm2). In this chapter we review the 

method to measure the liquid and gas permeability in gels, aerogels and composite aerogels. 

Ideally, permeability does not depend on the type of pore fluid, therefore permeability measured 

using gas should be the same as that measured using water. We measured gas and water 

permeability in sets of nano composite silica aerogels. Experimental results show that gas 

permeability in aerogels was larger than water permeability by almost two orders of magnitude. 

The observed difference in gas and water permeability was analyzed from the point of view of 

the slip regime (Klinkenberg correction), and transition regime (Knudsen correction), the slip 

flow of gas at pore walls enhance the gas flow when pore sizes are small. This work addresses 

the problem of estimating permeability with high porosity materials such as aerogels. The effects 

of structural parameters of porous media (pore volume, tortuosity, fractal features) on the 

Klinkenberg and Knudsen corrections are discussed and the different models proposed in the 

literature are tested.  



 
1) Introduction  

Aerogels have been attracting increasing interest in diverse domains ranging from fundamental 

research in physics to their application as specific materials.  Silica aerogels have many potential 

applications, including as catalyst supports, insulators, acoustic materials, and space applications, 

and the number of potential uses of aerogels is even higher if it is considered not only as an end 

product but also as a precursor, for example, as a host matrix for chemical species (drugs, nuclear 

waste storage, etc.). Silica aerogel concerns the synthesis of multi-phase materials, doped 

material, multi-component glasses, and composites [1]. In this case, the large pore volume is 

used as a sponge to incorporate chemical species to obtain a two-phase material. The chemical 

species are first processed in liquid form, but aerogels tend to crack during filling because of 

capillary forces [2]. In this process, permeability is the most important parameter.  

 In fluid mechanics, permeability   is a measure of the ability of a porous material to allow fluids 

to pass through it. The permeability  is related to the porosity, but also to the shapes of the pores 

in the medium and their level of connectivity. 

Generally, high permeability is an advantage because it means the fluid and hence the chemical 

species of interest migrate easily in the porous network and homogeneous distribution of the 

chemical species can thus be expected. Unfortunately gels and aerogels usually have low 

permeability , only a few nm2 [3-8].  

The low permeability  of silica gels is also the main property responsible for gel cracking during 

the different steps of the different drying process (evaporation, heating and depressurization). 

In the standard drying process, the gel shrinks until the liquid at the network surface enters the 

pores. The evaporation rate of the liquid depends on the rate of permeability  of the gel. As a 

result, in the case of rapid evaporation rates and low gel permeability , the pressure (or stress) 

gradient between the liquid located at the surface and that in the sample core is high enough to 

cause cracking [3,9]. 

Supercritical drying (SCD) usually enables the preparation of large monolithic gels by 

eliminating the capillary stresses that cause damage during evaporation in ambient conditions. 

Nevertheless, cracking sometimes occurs during supercritical drying, mainly linked to the 

mechanical properties of the samples, but also to low permeability . The first step of supercritical 

drying consists of heating the gel in an autoclave. During heating, expansion is expected and the 

gel is under tensile stress.  If the samples are too large and the heating rate too fast, cracking will 

occur [10,11].   



 Cracks can also appear during the depressurization step [12,13]. When the pressure and the 

temperature are higher than the temperature corresponding to the critical point of the solvent, a 

valve is opened to depressurize the autoclave and transform supercritical fluid into gas.  If the 

valve is opened too fast, the pressure of the superfluid inside the gel remains higher than that of 

the superfluid surrounding the sample. Because of the low permeability  of the gel, the pressure 

outside the gel will drop faster than inside. This pressure gradient can cause the gel to crack [13]. 

For these different process and applications, permeability  is thus a key parameter. 

 

The physics of flow through porous media [14] has received considerable attention due to 

applications including petroleum engineering, water purification, and soil mechanics. In the 

energy sector, there has been a significant increase in the production of gas from shale strata. 

Due to the importance of these low permeability reservoirs in gas production, extensive research 

has been conducted on these types of resource and models developed [15]. Because of their 

peculiar structure and low permeability , aerogels are useful porous structures to test models that 

extrapolate permeability  from structural parameters. 

 

In this chapter, we review the methods used to measure permeability  (liquid and gas) in 

silica gels and aerogels. Ideally, permeability  does not depend on the type of pore fluid; 

therefore, permeability  measured using gas should be the same as that measured using water. 

However, experiments have shown that gas permeability  in gels can be one order of magnitude 

greater than water permeability  [16]. The observed difference in gas and water permeability  has 

been analyzed from the point of view of the Klinkenberg or Knudsen corrections [17,18]. 

 This chapter addresses the problem of estimating permeability  with high porosity and 

very brittle materials such as aerogels.  

 

2) Experimental techniques to measure the permeability of gels and aerogels  

 The permeability  (D) of a porous material is a property that accounts for the ability of a 

fluid to flow through the porous network and is expressed by Darcy's law: 

     J = - D/η P            (1) 

The flux (J  in m.s-1) is inversely proportional to the viscosity  (Pa.s) of the liquid.  The flux 

also depends on the pressure gradient (P) applied to the liquid. Permeability  has the dimension 

of a surface and is expressed in unit length2.The usual way to measure the permeability  of a 



porous material is to estimate the amount of liquid that goes through it per unit of time.  

However, because of the small pore sizes of gels, the flux of liquid is generally difficult to 

measure. Alternative methods (relaxation methods), based on the difficulty liquid has flowing in 

the porous structure, have been proposed in the literature to measure the permeability  of the gel 

and aerogel. 

 

 2a) Relaxation methods 

 2a1) Thermal expansion method  

  The permeability  of the gel can be deduced from the thermal expansion method [19].  This 

method takes advantage of the low mechanical properties of gels.  In summary, the gel 

containing a non-reactive liquid such as an alcohol is rapidly heated.  During the heating run ( Q 

in the figure) , the liquid within the pores has no time to escape from the solid network (Figure 

1).  Because of the low elastic properties of the network, the net result is the expansion of the 

solid.   

 

 

Figure 1. Schematic representation of thermal expansion experiments designed to measure D 

 (Q is the heating run ) .  

 

If the gel is then maintained at constant temperature, the liquid progressively leaves the pores.  

The sample contracts to its initial dimension. Some authors (19) have shown that the 

experimental curve can be fitted with a theoretical equation containing a hydraulic relaxation 

time (t).  This relaxation time contains parameters related to the liquid and the solid phases, 

respectively.  



 

     D = η r2/Ht,          (2) 

where (r) is the radius of the cylindrical sample, η (Pa.s) is the viscosity of the liquid and H (Pa) 

is the elastic longitudinal modulus of the sample.  

 

2a2) Three-point bending  

Another way to measure the permeability  is the three-point bending method performed in a 

liquid [11].  A sample is suddenly deformed at a selected strain rate (Figure 2).  In the first 

instant, the liquid cannot escape from the gel, the sample deforms but its whole volume remains 

constant.  Thus, the sample behaves as an incompressible fluid with a Poisson coefficient (υ) 

equal to 0.5 and an apparent Young's modulus (Ea in Pa):  

  Ea = 2G(1+ υ)=3G     (3)  

  G (Pa) is the shear modulus. With time, the liquid is able to leave the pore network, the 

Poisson coefficient is now 0.2, and the real Young's modulus is then obtained.  As the pore 

pressure equilibrates, the force required to sustain a constant deflection decreases; permeability  

can be obtained by fitting the force decay to the theoretical expression [20,21]. The curve 

W(t)/W(0) (where W is the applied force) is followed and the rate of load relaxation is used to 

calculate the permeability :   

     D = η l2(1- 2ν)/Gt,      (4) 

where η is the viscosity of the liquid, 2l is the edge length of the sample squared cross section 

and t is the relaxation time. 

 

 

Figure 2 Schematic representation of 3-points bending experiments designed to measure D .  

 



In the literature [8,11-13,19-22], these different methods have been successfully applied to 

silica alcogels.  Results showed that the permeability  of gels depends on their nature.  For acid-

catalyzed gels, permeability  is in the range of 1-5 nm2, 5 -10 nm2 for the neutral alcogel and 10-

20 nm2 for base-catalyzed samples and two-step processes.  These values confirm the low 

permeability  of silica gels and the influence of the gelling conditions on network permeability . 

 Scherer [20] also studies the effect of a classical drying on the alcogels (two steps–process) 

permeability . He shows that the permeability  decreases by almost four orders of magnitude as 

the gels contracts (the relative density increases from 0.073 to 0.457)  

 

2a3) Impregnation method  

However, these methods are based on the large compliance and the small pore size of the 

porous network, and are not appropriate for stiffer material and/or materials with larger pores.  

We thus proposed to derive the permeability  from impregnation experiments [23,24]. 

 

 

Figure 3. Schematic representation of impregnation experiments designed to measure D . 

Adapted from [23]. 

 

The samples are dipped in a liquid and any changes in the apparent weight are monitored.  

During impregnation h(t), the thickness of the penetrating liquid increases with time (figure 3).  

When the impregnation proceeds, as a function of h(t), the Archimedean force decreases 

proportionally to the filled pore volume.  

Darcy’s law for a small-impregnated volume is: 

 



  dVimp / dt = D/η ΔP.A(t)/ h(t)    (5)  

 

where D is the permeability , A(t) the normal surface of the flow,  the liquid viscosity, and 

P/h(t) the pressure gradient in the liquid.  Considering h(0) = 0, we find  

 h2(t)= 2D Pt/ϕ       (6) 

  

where ϕ is porosity; h(t) can be expressed as a function of Vimp /Vp and derived from the 

Archimedean force experiments [23]. 

 

 

 

Figure 4:  Impregnation curves h2(t) versus t for silica aerogels with various bulk densities. 

Adapted from [23]  

 

Thus, by plotting h2(t) = f(t), it is possible to calculate the slope   and D is equal to: 

       

     D = αϕrh / (4cos )      (7) 

where ϕ is porosity,  rh is the hydraulic radius and  is the wetting angle. Capillary forces are the 

driving forces for fluid migration and P is the capillary pressure. Our experimental results have 

shown that the curves h2(t)= f(t) are in agreement with the expected linear behavior and that 



using  (0.355 10-3 Pa.s) and  is the interfacial energy (0.0725 J m-2) for water, it is possible to 

calculate D [23]. Figure 4 shows the impregnation curves h2(t) versus t measured on sintered 

aerogels with bulk densities ranging from 0.39 to 1.3g.cm-3  

 

  2a4) Gas permeability   

The experimental technique (figure 5) used to measure the gas permeability  Dgas was based 

on Darcy’s expression for the description of one-dimensional homogenous flow through porous 

media when compressible gas is used as pore fluid [14, 16]: 

 

Dgas = (dV/dt)  (Lµ/A)  (2Pb)/( P1
2-P2

2)    (8) 

 

where dV/dt is the flow rate or volume variation (dV) per time unit (dt), µ is the gas viscosity (Pas) , A is 

the sample cross-sectional area to flow, L is the sample length, P1 and P2 are sample intake and exhaust 

pressure (Pa), and Pb is the atmospheric pressure (Pa). Measurements were made with N2 and the 

experimental setup allowed Dgas measurements over mean pressures ranging from 500-1000 hPa.  The 

experimental data are given for a mean pressure of 900 hPa. Details on the techniques can be found in 

references [16]. A previous study showed that Dgas ranged from 80 to 175 nm² for composite 

xerogels [16].  

 

 

 

 

Figure 5. Schematic representation of gas flow experiments designed to measure D . 

 

 



 

  2a5) Empirical relation  

 In the literature, the permeability  of porous material is sometimes calculated from empirical 

relations using the textural properties (mean pore radius, density, specific surface area).  

 D = (1- ρr )3 /  K (ρr S ρs)      (9) 

where ρr is the relative density, S is the specific surface area (m2.g-1) and ρs is the skeletal density 

(≈ 2 g.cm-3 ) [2, 9].  The Carman Kozeny relation [25] is usually used for porous materials for 

which an empirical constant (K) close to 5 is accepted [9]: 

 However, Primera et al. [26] showed that for some silica xerogels and aerogels, the  K value can 

vary between 1.7 and 17, which clearly differ from a value of 5. 

  Scherer proposed an expression of the Carman Kozeny equation that relates the permeability  to 

the pore size of gels [22]: 

2
r w w(1 ) / 4D r K     (10)  

where ρr is the relative density, rw is the characteristic pore size that governs permeability  [27], 

and Kw is the so-called Kozeny constant. However, in the case of gels (broad pore size 

distribution) Scherer explains that rw is close to the hydraulic radius. Moreover, Kw is not 

constant but a function of ρr [20]. Over the range of density used in the Scherer study [28], it can 

be approximated by: 

   w r r2.03 2.56 , 0.08 0.4.K          (11) 

Thus, from the relative density and the hydraulic radius, it is possible to estimate the permeability  

of the aerogels.  

Another empirical approach is proposed in [28] on partially dried silica gel by aging, a 

power law dependence on density:         

 D = D0 (ρ/ρ0)-n        (12) 

where D0 and ρ0 are, respectively, the permeability  and the density of the sample before aging. 

For the samples Scherer studied n was found to be ≈2.46 [28].  

 



3) Results  

   3a) Relaxation methods with aerogels  

The permeability  measured by thermal expansion and three-point bending for silica alcogels is 

usually in the range of 0.06-20 nm2 [12,20]. In the case of aerogels, it is difficult to measure the 

permeability  by thermal expansion, three points bending or impregnation techniques based on 

the behavior of a liquid inside the porosity.  It would be necessary to refill the porosity with a 

liquid but generally, the dried aerogel cracks during the filling.  To solve this problem, 

permeability  can be measured on a “re-wetted” aerogel [13,22].  With these samples, the 

supercritical heat treatment is not followed by evacuation of the superfluid, so the solvent 

invades the gel during cooling.  This procedure allows to prepare materials, full of solvent, for 

which the solid network has undergone the same heat treatment as for classical aerogels and 

consequently the same structural changes, associated with the supercritical drying.  

 

Sample Permeability  (nm2) Sample Permeability  ( nm2) 

Neutral alcogel 2.9 Base alcogel 8.5 

Neutral rewetted aerogel 3.9 Base rewetted aerogel 9.8 

Table 1: Permeability  of base and neutral silica alcogels and rewetted aerogels 

 

The results showed a small increase in permeability  after supercritical drying [13].  

Regardless of the catalyst used, the re-wetted aerogel permeability  was low, in the range 3-

10 nm2 (table 1). 

 

 3b) Impregnation methods 

3b1) Sintered aerogels   

The impregnation method was successfully applied on aerogels strong enough to resist 

capillary stresses during the liquid impregnation step. Thermal treatments allow the aerogels to 

be converted into porous glasses and the final density of the sintered aerogels will depend on the 

thermal treatments applied [2]. In the temperature range 1050–1075 °C, the pore volume is 



completely collapsed and the bulk density is close to 2.2 g.cm−3 i.e. the silica glass density. 

Experiments performed at 800 and 950 °C, as a function of time, allow a precise control of the 

density by sintering. It is thus possible to synthesize partially sintered aerogels in the density 

range 0.25–1.4 g·cm−3. 

 

 

 

 

Figure 6: Changes in D versus the silica aerogel bulk density 

 

For example, figure 6 shows changes in permeability  as a function of the bulk density for 

partially sintered silica aerogels [1,2].  This figure clearly shows that D decreases considerably 

with sintering.  As explained above, sintering proceeds first by collapsing the smallest pores, then 

at high density, the mean pore size becomes so small that permeability  tends to 0. These results 

are qualitatively in agreement with the empirical Carman-Kozeny relation (see 2a5). According 

to this relation, because of the decrease in the mean pore size and the increase in relative density, 

D decreases. So a compromise in density needs to be found for the use of sintered aerogels as 

host matrices. Bulk density has to be high enough to obtain a matrix with acceptable mechanical 

properties but not too high, to have significant permeability  and pore size. This compromise 

corresponds to a bulk density in the range 0.8-1 g cm-3 [2]. 



 

  3b2) Composite aerogels  

 Composite aerogels are synthesized by adding silica particles (pyrogenic silica aerosil OX 

200 DEGUSSA)   in the gelling solution. Details on the synthesis are given in references [1, 16, 

29]. First, a wet composite gel was obtained by hydrolysis and polycondensation reactions of 

organosilicate compounds (tetraethylorthosilicate, TEOS) dissolved in ethanol. TEOS was 

hydrolyzed with 15 moles of water (HCL 10-2M) per mole of TEOS under stirring for 1 hour to 

favor hydrolysis. Pyrogenic silica was added under stirring and the pH was adjusted to 4.5, 

leading to gelation in a few minutes. The weight of the pyrogenic silica as a percentage of the 

total silica weight, ranged between 0% and 55%. 

To consolidate the gel structure, the samples were aged for seven days at room temperature. 

The nanocomposite wet gels were then transformed into aerogels by supercritical drying with 

ethanol (305 °C, 13 MPa). The bulk density varies between 0.25 and 0.45 g·cm−3 

The permeability  of the composite aerogel set has been measured by the impregnation 

method [23,24] and Fig. 7 shows changes in D as a function of the aerosil content.  These data 

clearly show the improvement of the permeability  for aerosil content higher than 50 % despite 

the higher bulk density. 

In contrast to sintered aerogels, the permeability  of composite aerogels increased with an 

increase in the aerosil content and hence an increase in density [24] (Figure 8). This 

counterintuitive result (with respect to the Carman-Kozeny relation) is due to the fact that while 

the addition of aerosil particles increases the density, it also increases the mean pore size [24]. 

The net result is an increase in D. The composite aerogel set combines improvement of the 

mechanical properties, and an increase in mean pore size and hence in permeability . This 

method is easy to use, produces host matrices with a large porous volume that is accessible and 

can be rapidly impregnated by standard liquids such as water or ethanol. [23,24].  

 

 

 



 

Figure 7: Liquid permeability  of nanocomposite aerogels versus aerosil content. Adapted 

from [24]   

 

 

 

 

Figure 8: Liquid permeability  of nanocomposite aerogels versus bulk density.  Adapted 

from [50] 



 

 

 

  3c) Gas permeability   

 Another way to determine the permeability of an aerogel is using the gas permeability  

technique. Ideally, permeability  is a property of the porous structure and does not depend on the 

kind of pore fluid. Intrinsic permeability  describes the mobility of fluid within a porous material 

and is only related to the pore geometry of the porous material. Consequently, permeability  

measured by any gas (Dgas) should be same as intrinsic permeability  measured by liquid (D). 

However, in pores with a diameter comparable to the mean free path of the gas molecules, the 

additional flux due to gas flow at the pore walls (the slip flow of gas) actually increases the gas 

flow rate.  We will show in the following that this slippage effect increases the apparent 

permeability . 

  

 3c1) Composite aerogels  

Although permeability  should not depend on the pore fluid, experimental data on comparable 

gels showed that when measured with gas [4], permeability  is systematically higher than liquid 

permeability  [10,23]. A previous study on composite xerogels [16] showed that both liquid and 

gas permeability  increased with an increase in aerosil content, while D ranged from 3 to 9 nm² 

,Dgas ranged from 80 to 175 nm² for composite xerogels [16].  

 

 

Aerosil content (%) Porosity Dgas  (nm2) Hydraulic diameter (nm) 
0 0.88 1095 77 
5 0.87 1260 80 
10 0.87 1450 96 
15 0.87 1440 111 
25 0.87 2090 138 
35 0.87 2100 169 
45 0.85 1675 132 
55 0.83 2093 133 

 

Table 2: Porosity, gas permeability  and hydraulic diameter of composite aerogels versus 

aerosil content.  



. 

 

These results on aerogels confirm data in the literature. The comparison of Fig 7 and table 2 

shows that Dgas is two orders of magnitude higher than D.  Previous studies showed that, under 

confinement, the physical properties of fluids deviate from their bulk value [30,31]. In such tiny 

pores, the effects of the interaction between the pore walls and molecules become significant, 

and fluid properties such as critical properties, phase behavior, solubility, and viscosity change 

dramatically [32-35]. In microporous media, permeability  differed with pore size and this 

phenomenon was attributed to gas slippage [36-38]. 

 

4) Correction factors for slip regime and transition regime. 

Gas slippage is defined as the condition in which the mean free path of the gas molecules is no 

longer negligible compared to the average pore radius. Flow under confinement deviates from 

Darcy type flow, as gas molecules slip on the surface of the pores. This phenomenon causes an 

increase in Dgas [37].  The additional contribution to gas transport results from the frequent 

collision of gas molecules with the pore walls. The Knudsen number (Kn, the ratio of the mean 

free path of the gas to the pore diameter) [39], classified gas flow in four flow regimes: the 

continuum flow regime (Kn < 0.001), the slip flow regime (0.001 < Kn < 0.1), the transition flow 

regime (0.1 < Kn < 10) and the free molecular flow regime (Kn >10). We now discuss the slip 

and transition flow regimes that correspond to the present materials. In slip flow, the Klinkenberg 

model [37] approximates a linear relationship between measured gas permeability (Dgas), liquid 

(intrinsic) permeability (D), reciprocal mean pressure (Pm), and the Klinkenberg factor (b): 

 

      Dgas = D (1+b/Pm)      (13)  

     

The slippage effect increases Dgas, but at high mean pressures, the slippage effect is suppressed 

and gas permeability  is reduced until, at infinite mean pressure, the mean free path is reduced to 

zero. Gas is consequently considered to behave like a liquid, and gas and liquid permeability  

should be the same.  

 The transition regime is referred to as a flow regime where both slip and diffusion flows 

can occur. This is a flow regime in which the traditional fluid dynamics equations could be 

applied, i.e., Darcy, with Knudsen’s correction:  



      Dgas = fc D         (14) 

      

where fc is the Knudsen correction factor  (40).  At room temperature and at 900 hPa, the mean 

free path of N2 is 64.9 nm. The microstructure of nanocomposite silica gels is an assembly of 

aggregates and pores (5-200 nm) (29) and the hydraulic diameters of the nano-composite 

aerogels (80-170 nm) (table 2) are in the range of the N2 mean free path.   

 

Aerosil weight 
(%) Kn 

Klinkenberg factor 
b (MPa) 

Knudsen factor 
fc 

 

0 0.83 5.71 72  
5 0.80 10.8 71  
10 0.66 10.8 135  
15 0.57 9.88 124  
25 0.46 11 137  
35 0.38 9,86 123  
45 0.48 7.09 87  
55 0.48 5.45 69  

 

 

Table 3 :  Knudsen number (Kn), Knudsen correction factor (fc) and Klinkenberg factor 

(b)versus aerosil content.  

 

In the set of samples studied, Kn ranged between 0.48 and 0.83, i.e. in the range of the transition 

regime and at the boundary of the slip regime. Consequently, for these materials, gas slippage in 

either the transition or the slip regime can be expected and we analyze the data with the Knudsen 

factor correction but also with the Klinkenberg approach. Figures 4 and table 2 allow us to 

calculate the experimental Knudsen correction factor (fc) and the Klinkenberg slip factor (b) 

(table 3). The correction factor fc is high, in the range 70-140, and the calculated b factor varies 

in the range 5–11 MPa. The resulting values decrease with an increase in the concentration of 

pyrogenic silica, confirming that factor b varies conversely to pore radius [32]. 

 

4a) Knudsen correction  

 When the Knudsen number corresponds to the transition regime, different researchers 

have proposed equations to calculate fc [40, 48,49] (see table 4).  Tang et al. (48) suggested: 

      fc = (1+ A/ Pm +B/ Pm 2)      (15)  

 



     where A= C1 (8 μ /dh) (πRT/2)0.5       (16) 

      and B =   C2 (8 πRT (μ /dh)2,      (17) 

 

μ is the dynamic viscosity of the gas (Pa.s), and  dh is the hydraulic diameter (Table 2). C1 and C2 

are respectively in the range 1-1.46 and -0.5- 5π/12. 

 

Florence et al [18] developed a second order equation in which fc depends on the Knudsen 

number:  

 fc = [1 + α(Kn) Kn] (1 + 4Kn/1+Kn),   

 (18) 

 A correlation is provided to calculate α the rarefaction coefficient α: 

      α = α0 1 + AKnB,      (19)  

(where A = 0.170, B = 0.4348, and α0 = 1.358);  

 

Ziriani et al. (40) proposed the following relation: 

 fc = [1 +α0 (1 + AKnB ) Kn] [1 + 4Kn/(1+Kn)]   (20)  

 However, the experimental fc values (Table 3) are very high: 70-140, i.e. 30-50 times higher 

than the model predictions found in the literature [18,40,48,49].   

  

 

Sample Equations transition regime (fc factors  ) References 

Theoretical formulation fc = 1+ A/Pm +B/Pm2 48 

Data in the literature and from 
industrial sources 

fc = (1 + α(Kn) Kn) (1 + 4Kn/(1+Kn))  18  

Data in the literature and from 
industrial sources 

fc = (1 + α0 (1 + AKnB ) Kn) (1 + 4Kn/(1+Kn)) 40 

Data in the literature and from 
industrial sources 

fc = (1 + 6B1 Kn  + 12B2Kn2) 49   

 

 



Table 4: Overview of existing Knudsen factor correlations. 

A = C1  (8 μ / Dh)  (πRT/2)0.5  and B =   C2 (8 πRT (μ/ Dh)2 . Dh is the hydraulic diameter, R is the 

gas constant, T is the temperature, Pm is the mean pressure and μ the dynamics viscosity of the 

gas. The coefficient C1 and C2 are respectively in the range 1-1.46 and 0.14 -5π/12 (48) . α is 

dimensionless rarefaction coefficient. α = α0 1 + A Kn B, where A = 0.170, B = 0.4348, and α0 = 

1.358.  (40,53).  

  The coefficient B1 and B2 are respectively in the range 1-1.146 and -0.5- 1 (56- 57) 

 

4b) Klinkenberg approach  

 

If we consider a Klinkenberg approach, some authors [41-46] proposed empirical equations to 

calculate b; they are known as Klinkenberg’s first order equations (see table 5): 

      b = A (D) –B          (21)  

where A and B are empirical values that make it possible to fit the experimental data, and for 

different permeability  ranges of between 10-12 and 10-22 m2.   

In addition to these empirical relationships, some authors used theoretical approaches 

(17,18,47). Florence et al. [18] developed a theoretical formula linking b to the ratio (D/ ϕ ), with 

an exponent equal to −0.5. 

    b = β (D/ϕ ) −0.5   (22) 

 β  is a parameter that depends on the type of gas used . 

 

 Civan [17] proposed a similar expression but also using the tortuosity factor τ: 

b = μ(πRT/τ Vg) -0.5. (D/ ϕ ) −0.5   (23) 
 where Vg is the gas molar volume, T is the temperature, R is the universal gas constant, and μ is 

viscosity (Pa.s). 

  

The empirical equations traditionally used to estimate the b factor are far from the 

experimental values (10 times lower). Permeability  estimated using the different theoretical 

equations that include porosity and tortuosity still differed from measured permeability  by a 

factor of 5 . 

 

 More recently, Song et al [47] proposed a relationship that made it possible to calculate b for 

fractal materials: 



b = 1.25 (8μ (3+λ–Df )/(2+λ–Df))(32 τ (4-Df /(2-Df)) (1-ϕ)-0.5 (πRT/(2M)) -0.5(D/ϕ) −0.5 + 0.23 (8μ 

(3+λ–Df )/(2+λ–Df))(32 τ (4-Df /(2-Df )) (1-ϕ)-0.5(πRT/(2M)) (D/ϕ) (1-(max/min)1+ λ–Df)           (24) 

 

λ and Df are the fractal dimensions for tortuosity and for pore space. The predictions of the Song 

et al model are in a quite good agreement with the experimental data [51]. So, introducing fractal 

features [47,51,52] clearly improves the accuracy of the prediction.  

 The paradox of these porous structures is that they are highly porous but poorly permeable and 

most of the empirical and theoretical models proposed in the literature for the transition or the 

slip regimes are not able to account for the marked discrepancy between experimental 

permeability when measured with gas or with liquid. Further theoretical models and 

investigations are needed to describes the slip and transition regimes in fractal and highly porous 

media like aerogels.  

 

 

Sample 
Equations slip regime ( Klinkenberg factors) 

(Pa) 
References 

Sedimentary rocks 
 

b = 0.15 (D) –0.37     41 

Oil-field cores b =  0.189 (D) –0.36     42 

cores ranging b = 0.11 (D) –0.39     43 

tight gas sand samples b = (D) –0.33     44 

Suite of cores from a sea gas 
reservoir. 

b = 0.14 (D) –0.38     45 

10 core samples from tight 
gas sand field 

b =0.011 (D/ ϕ) –0.53     46 

Data in the literature and 
from industrial sources 

b =0.0094 (D/ ϕ) –0.5 18 



theoretical formulation 
including tortuosity 

b =β(D/ ϕ) –0.5 17 

theoretical formulation 
including fractal features 

b =X (β/µ)√(2/τ )(D/ ϕ) –0.5 52 

theoretical formulation 
including fractal features 

b=X (D/ ϕ)−0.5+Y (D/ ϕ)(1-(max/min)1+λ–Df) 

 
47 

 

 

Table 5: Overview of existing Klinkenberg factor correlations. 

 

: liquid permeability ; : porosity;  β: correlation coefficient = μ(πRT/τM) -0.5.    is the 

tortuosity, M is the gas molar volume, T is the temperature, R is the universal gas constant and μ 

is the viscosity.  X = (8μ (3+λ–Df )/ (2+λ–Df)).(32 τ ( 4-Df /2-Df ) (1- ϕ )-0.5   where λ and Df  are 

the fractal dimensions for tortuosity and for pore space.   

Y = A(8μ (3+λ–Df )/ (2+λ–Df)).(32 τ ( 4-Df /(2-Df) ) (1- ϕ )-0.5  (πRT/2M) -0.5    

and  Z= = B(8μ (3+λ–Df )/ (2+λ–Df)).(32 τ ( 4-Df /(2-Df)) (1- ϕ )-0.5 (πRT/2M).  Based on 

experimental estimation results, A and B are taken as 1.25 and 0.23, respectively (54) 

 

5.  Conclusion 

 The permeability  of aerogels is a key parameter for many applications and synthesis 

processes (drying, SCD, doping, impregnation) but surprisingly only a few studies are available 

in the literature. It is probably difficult to measure the inner flow because of the low permeability  

and mechanical properties of aerogels. The fluid in the pores exerts stress on the network and can 

result in the fracture of the solid network of aerogels. Consequently, different alternative methods 

like thermal expansion, the three-point bending technique, and impregnation are proposed 

depending on the range of permeability  and the mechanical properties of the gels. The 

permeability  values we obtained with these techniques were 1 – 20 nm² for classic silica gels and 

up to 65 nm2 for composite aerogels.  

The permeability  of composite gels was measured with nitrogen and water on the same 

specimens. Results showed that the gas permeability  was 20-30 times higher than liquid 

permeability . The problem of predicting intrinsic permeability  from gas permeability  is based 



on the "gas slippage" theory. However, this study shows that it is generally not easy to 

extrapolate the intrinsic permeability  of aerogels from gas permeability  and slippage models 

because it requires knowledge of a set of porous features like porosity, hydraulic diameter, 

Knudsen number, tortuosity, etc., thus limiting the applicability of these semi-empirical models.  

The use of the aerogels not only as an end material but also as a host matrix is an 

interesting alternative. However, the properties that are required for a silica aerogel as a host 

matrix are completely different from those usually required, which are a large pore volume and 

specific surface area, low thermal conductivity or sound velocity and consequently poor 

mechanical properties. When the aerogel is to be used as a host matrix, the main properties 

required are high mechanical stability and a large mean pore size (high permeability ).  Different 

kinds of aerogels to be used for different purposes thus require different research approaches to 

propose a synthesis process able to achieve these objectives.  In practice, a “good host matrix 

aerogel” is a compromise between the classical aerogel and porous glasses.  

Aerogel has specific properties thanks to its very high porosity, filling and/or sintering the 

porous structure are other ways to exploit the advantages and increase the range of applications 

of aerogels in the future. 
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