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 
Abstract—Transpiration cooling combined to regenerative 

cooling is a technique that could be used to cool the porous walls of 
the future ramjet combustion chambers; it consists of using fuel that 
will flow through the pores of the porous material consisting of the 
chamber walls, as coolant. However, at high temperature, the fuel is 
pyrolysed and generates solid coke particles inside the porous 
materials. This phenomenon can lead to a significant decrease of the 
material permeability and can affect the efficiency of the cooling 
system. In order to better understand this phenomenon, an 
experimental laboratory study was undertaken to determine the 
transport and deposition of particles in a sintered porous material 
subjected to steady state flow. The test bench composed of a high-
pressure autoclave is used to study the transport of different particle 
size (35 𝜇m, 42 𝜇m and 50 µm) of silicone carbide (SiC) initially 
present at 0.25% of the overall volume of water into the grade 30 of 
bronze (thickness = 3 mm). The variations of SiC mass, which is 
trapped into the material, had been observed for Pin = 2 bar and ṁ = 4 
g/s. The results, for the different conditions, are analyzed and 
compared. The effect of accumulation of particles has been noticed 
for the three sizes of particles. The increase in mass for different 
lapses of time has been also emphasized to notice the behavior of the 
plot of accumulation. This study focuses on the impact of the 
diameter of the injected particles on the reduction of the permeability. 
It is expected to be used by aerospace engineers in order to study the 
efficiency of the transpiration cooling technique. 
 

Keywords—Experimental study, permeability, porous material, 
suspended particles.  

I. INTRODUCTION 

RANSPORT of particulate suspensions and colloids in 
porous medium with particle capture occurs in numerous 

processes of chemical, petroleum, and aerospace engineering. 
For example, in future hypersonic flights, the transpiration 
cooling technique can serve to cool the walls of the 
combustor, which are porous [1], [2]. However, the coking 
activity due to the pyrolysis of the coolant fluid (endothermic 
fuel) generates ultrafine particles (carbon coke) [3], [4]. As the 
suspension (fuel and coke) flows through the porous material, 
suspended particles under the influence of various forces 
move towards material’s porosities where they accumulate. 
Particles suspended in the fluid with sizes larger than the pore 
throats in the porous media may deposit on the surface of the 
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media, forming a cake. Accumulated mass reduces 
continuously the porosity of the material. It yields an 
increasing pressure drop of the material. This leads to a 
decrease in the permeability of the material over time [5]. 
When the pressure drop achieves the critical level, the material 
is blocked and must be replaced. In order to keep the porous 
material permeable, which guarantee long usage and an 
acceptable efficiency of the transpiration cooling method, one 
should produce an optimized porous material by examining 
experimentally the evolution of its permeability over time.  

Many investigations on particles flow mechanism through 
porous media are available in the literature [6]-[14]. The 
process of suspension transport in porous media accompanied 
by particle capture in the pores is called deep bed filtration 
[15]-[19]. According to the clean-bed filtration theory, the 
flow of suspended micro-particles through porous media can 
be characterized by two important phenomena, the transport 
and the attachment [20]. The transport is defined as the 
movement of the particles to the grain surface (porous 
material) and is quantified by the single collector efficiency 
factor. The accumulation of the micro-particles inside the 
porous media is defined as the attachment phenomenon. The 
attachment of the particles to the grain surface is quantified by 
the collision efficiency factor. The other important process is 
aggregation, which occurs when suspended particles clump 
together and form different clusters [21]. These phenomena 
are the result of several forces and mechanisms depending on 
particle density and size [22]. Many studies in laboratory 
columns have been conducted in order to investigate the 
different parameters governing the transport of particles in 
natural porous media and artificially created porous materials 
[20], [21]. Other studies propose to use sintered porous 
materials for the strut structure in a scramjet combustion 
chamber to protect it from ablation [23]. Nevertheless, the 
literature survey indicates that the mechanism of particle 
intrusion into sintered porous materials is not known in 
sufficient way.  

This paper presents an experimental laboratory study on the 
process of transport and deposition of micro particles in 
sintered porous material under moderate flow conditions. The 
effect of the size of the injected particles on the particles 
accumulation and deposition and permeability reduction is 
studied. 

II. MATERIALS AND METHODS 

A. Experimental Bench 

In this study, an experimental setup is developed in order to 
evaluate the filtration properties of a sintered porous material 
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injected with ultra-fine solid particles (Fig. 1). It consists of a 
pressurizing autoclave connected to a permeation cell via 
stainless steel tube. The high-pressure autoclave (equipped 
with an agitator) of 2 liters is used to mix a fixed 
concentration of micro particles with water. The regulated 
injection pressure of the mixture towards the permeation cell 
is ensured by a bottle of pure nitrogen, which is connected to 
the autoclave. The permeation cell, made of stainless steel, has 
a length of 50 mm and an external diameter of 40 mm. This 
cell is divided into a high-pressure chamber at the inlet and a 
low-pressure chamber at the outlet. It contains the studied 
porous material, which is inserted in the middle of several 
seals to insure the tightness and avoid the leakages inside the 
cell. Three pressure sensors measure respectively the inlet and 
outlet pressures of the cell, as well as that prevailing in the 
autoclave. In addition, a mass flow meter (Coriolis) is placed 
upstream of the cell. All sensors are connected to a data 
acquisition system (about 1 Hz, 16 bits and 48 channels) that 
helps recording the transient variations in measurement during 
the experiments. Several valves control the pressure in the 
autoclave and the flow rate. At the exit of the permeation cell, 

an empty reservoir is placed in order to collect the exfiltrated 
suspended particles from the porous material. For each 
experiment, a well-known mixture of suspended particles is 
injected at an initial fixed flowrate and for a certain time (t). 

The porous material sample has a diameter of 30 mm 
(active diameter of 16 mm). It is weighted before each 
experiment. After the experiment, the sample, with its external 
cake (i.e. deposition of particles at the surface of the material), 
is dried in a natural convection oven (Memmert UN55 Plus) at 
120 °C for 2 hours and then weighted (mt) using a precise 
mass balance (KERN ABT-100 5NM). Then, the sample is 
weighted again after the cake is wiped in order to determine 
the mass of particles trapped (accumulated) inside the 
porosities of the sample (ma). The mass of the wiped cake (md) 
is then measured. These data are needed to determine the 
evolution of the permeability of the material sample over time. 
It should be noted that at the end of each test, all the 
components (autoclave, tubes and permeation cell) of the 
bench are cleaned before starting the next test. The 
methodology to determine the variation of the material 
permeability is detailed in the following section. 

 

 

Fig. 1 Schematic diagram of the cell test 
 

B. Darcy’s Permeability Determination 

Darcy’s permeability of a material can be determined by 
several methods [24]-[27]. Many equations relate the 
permeability of a porous medium to the physical and 
geometrical properties of the solid skeleton such as porosity 
and tortuosity. However, it is complicated to determine the 
relationship to be used since it demands a meticulous 
knowledge of the porous structure and the connections inside 
the porous medium [28]. One of the most famous and simplest 
models for the permeability-porosity relationship is the 
Kozeny-Carman model [29], [30]. This model represents an 
attempt to describe permeability in terms of porosity. It is 
widely used in various fields such as ground water flow, 
chemical engineering, biochemical and medicine. In view of 
its practical limitations, the Kozeny-Carman equation has been 
frequently modified [31]-[35]. In this study, the Kozeny-
Carman equation [29], [30] is used to determine the variation 

of Darcy’s permeability of the material due to accumulated 
particles inside its porosities. The theory proposed by Kozeny-
Carman equation assumed that the porous medium is a bundle 
of capillaries of equal length and diameter and the flow is 
laminar and steady [36]. This equation can be written as: 

 

Kୈ ൌ
ୢౝ

మ

ଵ଼଴
ൈ கయ

ሺଵିகሻమ            (1) 

 
where d୥ is the average grain diameter and ε is the porosity of 
the material. The porosity (ε) is a macroscopic property of a 
porous medium. This property is defined as the pore volume 
(Vpore) of a representative sample divided by its bulk volume 
(Vb). As it was mentioned, particle accumulation can change 
the pore morphology and consequently the porosity of porous 
media and the local pressure gradient. The change in porosity 
can be evaluated as: 
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ε ൌ ε଴ െ ୫౗

୚ౘൈ஡౗
                  (2) 

 
where ε0 is the initial porosity and ρp is the density of the 
accumulated particles.  

If one assumes that the particle accumulation on the outside 
of the grains forms a relatively smooth surface on the grains, 
then a filter grain’s effective diameter increases as the extent 
of accumulation increases. In this case, the change in the 
effective grain diameter (dg) can be expressed [21] as:  

 

ୢౝ

ୢౝబ
ൌ ቀ ଵିக

ଵିகబ
ቁ

ଵ
ଷൗ
                (3) 

 
where dg0 is the initial grain diameter. 

At the end of each experiment, the permeability of the 
material is calculated function of its initial properties and the 
accumulated mass particles inside the porosities of the 
material. 

III. RESULTS AND DISCUSSION 

A. Characterisation of the Porous Media and Particles 

A metallic disk porous sample (Bronze) with a thickness of 
3 mm has been considered. This sample comes from the 
supplier Sintertech Poral®. SEM visualization has been done 
on the sample (Fig. 2). The sample is composed of spheres 
with diameters ranging from 250 to 350 µm. The average 
value (dg=300 µm) is taken in this study. The open porosity of 
the sample is estimated around 34%. The density (ρm) of the 
material is 8800 kg.m-3.  

Three different diameters of silicon carbide (SiC) particles 
were used: 35 μm, 42 μm, and 50 μm. These solid particles are 
chosen because they are immiscible to water, available in 
different diameters and safe to use. Their density is equal to 
3210 kg.m-3. In this study, the concentration of SiC in water is 
fixed to 0.25% (3.75g of SiC particles mixed to 1.5L of 
water). Moreover, the autoclave is pressurized in order to have 
an initial inlet mass flowrate of 4 g/s. 
 

 

Fig. 2 SEM observation of the Bronze porous sample 

B. Reliability Study 

The reliability study is ensured in two ways. Indeed, the 

initial calculated Darcy’s permeability of the Bronze porous 
sample (4.26×10-11 m2) using (1) is in good agreement with 
the value given by the manufacturer (4.76×10-11 m2). This 
means that Kozeny-Carman equation can be applied in our 
case study. Moreover, each test is repeated at least three times 
in order to validate the reproducibility of the experimental 
results. The calculated maximum standard deviation for all the 
tests is less than 0.005, which is very satisfactory. For 
example, Table I gives the results of the repetition of a test 
where 3.75 g of SiC particles (35 µm) is mixed to 1.5 L of 
water in the autoclave that was pressurized in order to have an 
initial inlet mass flow rate of 4 g/s. The experiment plays out 
for 1 minute. The total mass (deposited on the surface and 
accumulated inside the porosities) and the accumulated mass 
(ma) are found to be equal respectively to 0.21494±0.00259 g 
and 0.18617±0.00254 g. 

 
TABLE I 

REPRODUCIBILITY QUANTIFIED ON PARTICLE MASS WEIGHT 

Test Total mass, mt (g) Accumulated mass, ma (g)

Test 1 0.21446 0.18538 

Test 2 0.21262 0.18902 

Test 3 0.21775 0.18413 

C. Effect of Particles Sizes and the Mass of Particles 
Accumulated Inside the Pores on the Darcy’s Permeability of 
the Material 

The measured mass of accumulated particles inside the 
porosities and the mass of the deposited cake for three 
different average diameters (35 µm, 42 µm, and 50 µm) of SiC 
particles at the end of each experiment are given respectively 
in Figs. 3 and 4. In comparison, the mass of the deposited 
particles on the surface of the porous material is proportionally 
greater than the mass of particles accumulated inside the 
porosities of the material for particles having a diameter of 42 
μm and 50 μm. Fig. 3 shows that an increase in the particle 
diameter will lead to a decrease in the mass of deposited 
particles. It can be seen (Fig. 3) that, for both particles 
diameters of 42μm and 50μm, the stabilization time of the 
accumulated mass approximately corresponds to that for 
which the particles cake mass increases linearly (Fig. 4). This 
expected result shows that the developed test bench provides 
realistic results. It should be noted here that each test has been 
repeated at least three times. The maximum standard deviation 
value is less than 0.005. 

 

 

Fig. 3 Variation of accumulated particles mass function of time for all 
particles diameters 
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Fig. 4 Variation of deposited particles cake mass function of time for 
all particles diameters 

 
Fig. 5 gives the evolution of the calculated Darcy’s 

permeability of the studied material using Kozeny-Carman 
model (1) for all particles diameters. It can be observed that 
the Darcy’s permeability decreases until a certain critical time 
tc and, thereafter, the permeability will remain constant. This 
is due to the accumulation of particles inside the porosities of 
the material and to the deposition of the particles on its 
surface. 

The critical times values for particles having average 
diameters of 35 µm, 42 µm and 50 µm are respectively 240 s, 
180 s, and 90 s. The critical time decreases linearly when the 
average diameters of the particles increase. 

 

 

Fig. 5 Variation of calculated Darcy’s permeability of the material 
function of time and of particles diameters 

 
As the test time in the laboratory is not representative in the 

real configuration, the replacement of the time factor by 
another physical factor is necessary. In this study, the 
evolution of the porosity (ε) and the Darcy's permeability are 
studied as a function of mass of the deposited cake (Figs. 6 
and 7). So, it is possible now to predict the porosity and the 
Darcy’s permeability of the studied material by knowing the 
mass of deposited cake and the diameter of the injected 
particles. Like Fig. 5 and for all particles sizes, it can be 
observed that the porosity and the Darcy’s permeability 
decreases until a certain critical md and, thereafter, the 
porosity and the permeability will remain constant. By 
applying the Kozeny–Carman equation to the tests results, it 
was concluded that the coefficient of permeability of the 
material specimen was decreased 3–7 times its initial value 
during injection as the porosity decreased. This important 

result represents as an efficient indicator to better characterize 
the studied material  

 

 

Fig. 6 Variation of the porosity of the material in function of the mass 
of deposited cake and of particles diameters 

 

 

Fig. 7 Variation of Darcy’s permeability of the material function of 
the mass of deposited cake and of particles diameters 

 

 

Fig. 8 Variation of normalized Darcy’s permeability function of the 
solid material fraction for all particles diameters 

 
The evolution of the normalized Darcy’s permeability 

(𝐾஽ ൈ 𝑑௚
ିଶሻ as function of the solid material fraction (1-ε) is 

given in Fig. 8. For the three different average particles 
diameters, it is found that the normalized Darcy’s permeability 
data fit well (coefficient of determination equal to 0.99) to the 
following model: 

 
୏ీ

ୢౝ
మ ൌ 0.0077 ൈ eି଴.଴଴଻଼ൈఘ೘ൈሺଵିகሻ        (4) 

 
where ρm is the density of the studied material, kg.m-3. 
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This model from (4) has been reported (with other 
coefficients) in the literature [37]. This proves once again the 
relevance of the results found. This model should help the 
engineering to better study the efficiency of the transpiration 
cooling technique.   

IV. CONCLUSION 

In this article, a new test bench has been developed in order 
to better understand the effect of the flow of suspended micro-
particles through porous materials on its physical properties 
(porosity and permeability). The analysis of the obtained 
experimental data shows that the test bench gives accurate 
results. The obtained results should help the engineering study 
of material development and characterization to ensure 
optimum cooling efficiency. Other tests with different 
particles diameters, various mass flow rate and different 
material’s thickness will be tested. Several permeabilities 
determination methods will be also compared in a near future. 
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