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Abstract-The effect of temperature on the flow of compressible fluids through consolidated porous media 
has been studied ex~~mentally. The work covers a temperature range of 255-1520 K at a pressure of 
1 atm. The porous medium was aluminum oxide ceramic with a porosity range of 38.1-49.8%. The gases 
studied were air, nitrogen, helium and argon. In particular the effect of the ‘slip’ correction term used to 
explain the change in permeability in the porous flow equations was studied. This permeability correction 
term depends on the mean free path of the gas and would be expected to increase with temperature. Also 
the observed permeability should be different for each gas, due to the molecular diameter dependency of 
the mean free path according to kinetic theory. Both of these expectations were found consistent with the 
microscopic assumptions. Plots are given showing the relationship of permeability and temperature for 
the four gases. Helium behavior departs from that of the other three gases. Also shown is how the porous 

material parameters vary with temperature. 

INTRODUCTION 

WHEN compressible fluids flow through consolidated 
porous media the flow equations are modified to 
include a term allowing for molecular slip in the pores 
of the solid media. When the pressure is low enough, 
or the pore size small enough, the mean free path of 
the molecules is of the same order as the diameters 
of some of the pores. Under these circumstances a 
greater mass flow rate than would be expected on the 
basis of pressure drop measurement occurs, as in the 
case of fluid flow through a capillary tube. The flow 
equation for the motion of fluids in a capillary 
tube is modified for slip flow by a correction term 
containing the mean free path of the gas. A similar 
correction term when added to the porous flow 
equation brings agreement with experiment when the 
constants are suitably adjusted. 

A number of investigators [l-5] have tested this 
correction term for the porous flow equation and 
found it to be consistent with experimental evidence. 
These studies examined the influence of pressure 
variation over a significant range, while the temper- 
ature remained constant at approximately 20°C. At 
constant temperature the mean free path of a gas 
varies inversely with pressure, as does the correction 
term, which is in accord with the experimental results. 
The phenomenon of slip flow and its effect on the 
porous flow equation is thus understood at room 
temperature. 

Of late, compressible flow in consolidated porous 
media has occurred in a number of applications. These 

include the mass transfer cooling of aerodynamic 
surfaces and turbine blades, flow in catalytic conver- 
ters, and gas injection into the arc region of high- 
temperature plasmas. In such applications an accurate 
characterization of the flow of compressible fluid 
through consolidated porous media at high temper- 
atures is needed, yet scant experimental data are 
available for predicting the temperature dependence 
of the flow parameters in porous flow. The only data 
available [2, 5-91 is in the range of 060°C. 

The purpose of this work is the measurement of 
the temperature dependence of the flow properties of 
a porous medium. The temperature ranged from 255 
to 1520 K at a constant pressure of 1 atm. 

THE FLOW OF FLUIDS THROUGH 
POROUS MEDIA 

The modern equations for flow through porous 
media date from 1856, when Darcy first studied water 
flowing through beds of sands. In differential form 
Darcy’s flow equation can be written as 

-kg = /IV (1) 

where dP is the differential change in pressure over 
lengths ds, P the dynamic viscosity, and V the fluid 
velocity. This equation defines the constant k, the 
permeability of the porous medium. The permeability 
is conceived to be a property of the solid porous 
medium, independent of the flowing fluid, and de- 
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A cross-sectional area of flow [m2] PO pressure of 1 atm 
B material parameter [m- ‘1 R gas constant [atm m3 kg-” K- ‘1 

Cc dimensionless constant in Fig. 6 r radius [m] 

ci constants with various units, sometimes s distance [m] 
temperature dependent (i = l-8) T temperature [K] 

k ~~eability [m’] li fluid velocity [m s-‘1 
k apparent permeability [m”] Z pressure parameter [atm kg mp3]. 
L length of test section [m] 
M molecular weight [kg mol- ‘1 Greek symbols 
m mass flow rate [kg s-r] A mean free path of gas molecule [m] 
P pressure [atm] P dynamic viscosity [kg m- ’ s- ‘J 

p density [kg me3]. 

pendent upon such properties as porosity, pore size 
distribution, and surface area, among others. 

For higher velocities and greater mass flow rates, 
it is found that another term must be added to Darcy’s 
equation to accurately represent theoretical and 
experimental data. Thus we obtain the Forchheimer 
equation 

dP pV -_= 
ds 

k + pBV” 

where n is a number close to 2 and p is the gas density. 
With this equation and the new material constant B 
it is possible to predict the flow of fluids through 
porous media over a wide range of flow conditions 
for both liquids and gases. The constant B, according 
to theory, should depend only on the porous medium 
and not on the fluid flowing through that medium 

WI. 
The two right-hand terms in equation (2) have 

been designated the viscous term and inertia term, 
respectively. Theory suggests that the second term 
can be associated with the pressure loss due to 
repeated expansions, contractions, and direction 
changes experienced by the fluid due to its complex 
motion and the orientation of the pores and channels 

ClOl. 
Thus equation (2) contains two constants which 

depend onty on the porous medium regardless of the 
fluid involved. The accumulated data indicate that 
this equation correlates a wide range of data for a 
variety of porous media. However, it was observed 
[lo] that the equation fails when applied to gas flow 
under certain conditions, e.g. larger values of k were 
obtained for gas flow than those obtained for liquid 
measurement and the k value varied for each gas. 
This difference was attributed to the ‘slip’ conditions 
present when gas flows through the small passages of 
low porosity media. Even at atmospheric pressure the 
slip phenomenon is observed for pore sizes small 
enough, i.e. of the order of the mean free path of the 
gas. The effect of slip in gas Sow is to reduce the 
pressure drop below what might be expected, giving 

k values higher than those for the no-slip condition. 
Slip is not observed for liquid Row, thus the lower 
values of k are obtained. Due to this slip phenomenon 
the actual permeability k should be replaced with an 
apparent permeability k’ defined by 

k’ = k(1 + C,1) (3) 

where I. is the mean free path of the gas molecules 
and C, is a constant. From kinetic theory 

where T is the temperature, P the pressure and M 
the molecular weight of the gas. Cz is a constant. 

This result has been frequently tested over iarge 
pressure ranges, but always near room temperature. 
Using equation (4) for a specific gas at different 
pressures but constant temperature permits equation 
(3) to be written as 

k’=k l++, 
( > 

(5) 

This formulation has been used in a number of ex- 
perimental studies with good results. 

This investigation studied the influence of temper- 
ature upon the apparent permeability, at 1 atm using 
four gases. The results are correlated, using the gas 
properties shown in equation (4), by means of 

In addition, the temperature dependency of B, the 
material constant in the second term of equation (2) 
was determined. 

Experimental work 
Test sections consisted of porous aluminum oxide 

in the shape of hollow circular cylinders. The gases 
tested flowed from the hollow interior radially out- 
ward through the porous walls. The ends of the 
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FIG. 1. Test section mounted in a controlled environment of a 
laboratory furnace. Gas enters the test section and flows radially 
outward through porous walls. The inlet tube and test section 

end plate are a non-porous ceramic. 

cylinder were non-porous so there was no flow in the 
axial direction (Fig. l), resulting in essentially one- 
dimensional flow with minimum edge effects. The test 
sections were mounted in the interior of a precision, 
high-temperature, laboratory furnace which provided 
a controlled temperature environment of f 1 K over 
a large temperature range. To extend the temperature 
range below room temperature some data were taken 
with the test sections mounted in the interior of a 
freezer unit. 

The physical properties of aluminum oxide are well 
suited for this type of experiment. The material can 
physically withstand the large temperature range used 
and will remain chemically neutral even at very high 
temperatures. Also, the thermal expansion is so low 
that there was only a very small expansion over the 
large temperature range tested. 

Eight test sections were used with a porosity range 
of 38.1-49.8%. Lengths of the test sections ranged 
from 0.0234 to 0.1134m. Outside diameters ranged 
from 0.0110 to 0.0161 m and inside diameters ranged 
from 0.0064 to 0.0123 m. 

The temperature for each test section varied from 
255 K to a peak temperature of up to 1520 K. The 
upper temperature for each test section was that 
associated with the section’s mechanical failure; diff- 
erences were noted in this temperature for the various 
test sections. The pressure was always very nearly 
1 atm with a measured high of 1.12atm inside the test 
section to a low of 0.95atm on the outside. 

The. gases used were air, nitrogen, helium, and 
argon. Mass flow rates ranged up to 
4.6 x 10-5kgs-1. 

Flow equations 
It was advantageous to replace the velocity in 

equation (2) by the mass flow, m. They are related by 
the simple relationship 

m=pVA (7) 

where A is the area through which fluid flows at any 
radius r. For the cylindrical test section of length L 

A = 2nrL. (8) 

Also 

and 

ds = dr (9) 

P 
P = RT’ 

Substituting equations (7)-(10) in equation (2) and 
letting n = 2 gives 

dP pR Tm BRTm2 --= 
dr kP2zrL + m’ 

(11) 

Separating variables and integrating at constant 
temperature and mass flow rate yields a pressure 
parameter Z 

P: - P; 

Z=RT= C,gm + C6Bm2 (12) 

where 

C,=&ln z 
0 

and 

c-=1 L-k 
( > 2n2L2 r 1 

(13) 

(14) 

are constants for a given test section, and r, and r2 

are the inner and outer radii, respectively. Equation 
(12) served as the working equation. 

Experimental procedure 
The apparent permeability and parameter B at 

various temperatures were determined by the follow- 
ing procedure. The temperature of the furnace control- 
ling the test section environment was set at the desired 
level. The gas being tested was allowed to flow 
through the system to purge it of any remaining gases 
from earlier runs. The flow system consisted of a high 
precision coiled-capillary mass flow meter, followed 
by a filter for removing contaminants that could effect 
the flow characteristics of the porous material, a non- 
porous entrance tube of sufficient length within the 
furnace to assure the constant uniform gas temper- 
ature required for each measurement, and a precision 
manometer. When steady state was reached and the 
system fully purged, data were recorded. The mass 
flow rate of the gas was varied and the pressure drop 
through the porous test section was recorded. The 
temperature of the furnace was then changed, and 
when steady state was again achieved, a new series of 
mass flow rate-pressure drop data was taken. 

With the temperature held constant the pressure 
parameter Z was plotted against the mass flow rate 
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Mass flow rate x IO7 (kg 5’) 

Fm.2. Zvsmassflowratefornitrogenat 1374K.Theapparent 
permeability k’of this test section-gas pair, at this temperature, 
is found from the slope at zero mass flow rate. Porosity, 45.7%. 

m. The plot for nitrogen, Fig. 2 is illustrative. A least- 
square mathematical curve representing the results is 
of the form 

Z = C,m + Cam’. 

The derivative of Z is 

(15) 

dZ 
dm=C,+2C,m 

and the first term, through equation (12) is equal to 

c,=c$ 

Thus knowledge of the slope of Z at zero mass flow 
rate (C,), the geometrical properties of the test section 
(C,), and the gas viscosity p, yields a value for k’ 

for each temperature. In addition, the regression 
fit of the curve provides the value of B at each 
temperature. 

RESULTS 

Results are shown in Figs. 2-6. Figure 2 is a 
typical curve obtained from plotting the data of one 
experimental run through one test section. A second- 
order curve fits the data with the two resulting terms 
providing information on the apparent permeability 

k’ and the material parameter B for this particular 
temperature. 

Values of k’ at various temperatures given in Fig. 3, 
show the dependence of the apparent permeability k’ on 
temperature for each gas. For air, nitrogen, and argon 
the results are quite similar, while helium stands apart. 
Scatter in the data of air and nitrogen is about f 3%, 
while the argon data is within 6%. Results for the other 
test sections are similar. 

Expressing the apparent permeabilities in dimension- 
less form, by dividing by the value for the same gas at 
300 K, gives the results shown in Fig. 4. Here the data 
scatter for air, nitrogen, and argon is about f 5% with 
the helium data within 11%. 

The variation of the material constant B with temper- 
ature is shown in Fig. 5. The value of the second term of 
equation (2) is only 2-8% of the first term. Therefore, the 
scatter in the results for B is much greater, being of the 
order of f. 15%. The data appear consistent for the three 
gases: air, nitrogen, and argon, but depart from the other 
three in the case of helium. The behavior of B with tem- 
perature for other test sections resembles that shown in 
Fig. 5. 

Because the relevant fluid properties are explicitly 
accounted for it is held that constant C., in equation (6) is 
a function of the solid material only and independent of 
the gas. If this is true, C, values obtained when using the 
four gases should fall on the same curve and vary only 
with temperature. Due to the low thermal expansion 
coefficient for the ceramic used (8.12 x low6 K-i) the 
total volume change over the temperature range 255- 
1520 K was only 1.03%. Thus the actual permeability 
of the porous media would be very nearly constant and 
essentially independent of temperature. This agrees 
with the manufacturer’s specifications [12] and with 
the limited data available in the literature Cl, 2, 63. 
Taking the permeability k as constant, the values of 
C., are plotted as a function of temperature in Fig. 6; 
C, is made dimensionless by dividing it by the value 
of C4 for nitrogen at 300K. The scatter in the data 
of C,, for air, nitrogen, and argon is +5% while the 
helium data varies by as much as 20%. Here Co is 
defined as 

C,, = (C.,)/(C, for N, at 300K). (18) 

The results for the three gases, air, nitrogen, and argon, 
which have non-polar molecules of about the same size, 
show good agreement. Helium, with its much smaller 
molecules, shows variation in flow characteristics from 
these other three gases. However, Figs. 4 and 6 suggest 
that if a material can be calibrated at room temperature 
with nitrogen or the actual gas of interest, the results can 
be applied at higher temperatures with a fairly high 
degree of certainty. The same might or might not be 
expected of gases with larger polar molecules, i.e. H,O, 
NH3, or larger. This would be a good area for additional 
future data. 
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FIG. 3. Apparent permeabilityforone test sectionshowinghow heliumdatadiffersfrom theothergases. Porosity, 
45.7%. Curves are typical for the sections tested. 
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FIG. 4. Apparent permeability (dimensionless) kh at T = 300 K. Porosity, 45.7%. 

CONCLUSIONS 

The results of this work indicate that for gas flow 
through a porous aluminum oxide solid at 1 atm pres- 
sure, the major feature of the flow can be represented 
by equation (2) if the apparent permeability k’ is used in 
place of k. The apparent ~~eabiiity, k’, for an indivi- 
dual gas can be obtained for any temperature from Fig. 
4 if it is known for that gas at 300 K. The apparent perme- 
ability for any gas can also be obtained from equation (6) 
andfromFig.6iftheporousmediacanbecalibratedwith 
nitrogen at 300 K and 1 atm pressure. 

For pressures other than 1 atm,~~tion (6) should be 
changed to 

1107 

k’ = ,(I+ c+&)) (19) 

where P is the pressure in atmosphere and P, is a press- 
ure of 1 atm. 
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EFFET DE LA TEMPERATURE SUR LA PERMEABILITE DUN MATERIAU POREUX 

RCum&-On etudie experimentalement l’effet de la temperature sur l’ecoulement de fluides compressibles 
i travers des mattriaux poreux consolidts. L’etude couvre un domaine de temperature 255-l 520 K a une 
pression de 1 atm. Le milieu poreux est une dramique d’alumine avec une porosite comprise entre 38,l et 
49,8%. Les gaz concern&s sont fair, l’azote, l’htlium et l’argon. En particulier est ttudib, l’effet du terme 
correctif de “glissement” utilist pour expliquer le changement de permtabilite dans les equations de 
l’tcoulement. Ce terme depend du libre parcours moyen du gas et devrait augmemer avec la temperature. 

Aussi la permeabilitb observte devrait etre differente pour chaque gaz, a cause de la dipendance du libre 
parcours moyen, vis-&vis du diambtre mokulaire, selon la thdorie cinetique. Les deux hypotheses sont 
trouvees en harmonie avec les hypotheses microscopiques. Des graphes sent don&s montrant la relation 
entre la permeabilite et la temperature pour les quatre gaz. On montre aussi comment les parametres du 

matbiau poreux varient avec la temperature. 

DER EINFLUSS DER TEMPERATUR AUF DIE PERMEABILITAT EINES PORGSEN 
MATERIALS 

Zuaarnmenfassung-Der EinfluB der Temperatur auf die Strijmung eines kompressiblen Fluids durch 
verdichtete poriise Medien wurde im Bereich von 255 bis 1520 K bei einem Druck von 1 atm experimentell 
untersucht. Das poriise Medium war keramisches Aluminiumoxid mit einem Porositltsbereich von 38,1 
bis 49,8%, die untersuchten Gase Luft, Stickstoff, Helium und Argon. Speziell wurde der EinfluD des 
“Schlupf”-Korrekturterms untersucht, der zur Erklarung der Anderung der Permeabilitlt in den porosen 
Striimungsgleichungen benutzt wird. Dieser Permeabilitiits-Korrekturterm hlngt von der mittleren freien 
Weglange des Gases ab, und man wiirde erwarten, daB er mit der Temperatur anwlchst. Auch sollte die 
beobachtete Permeabilitlt infolge der Abhiingigkeit der mittleren freien Wegllnge vom Mole- 
kiildurchmesser gemlI3 der kinetischen Gastheorie fur jedes Gas verschieden sein. Diese beiden Erwar- 
tungen wurden als vereinbar mit den mikroskopischen Annahmen befunden. Die Beziehung zwischen 
PenneabilitHt und Temperatur wird fur die vier Gase in Diagrammform dargestellt. Das Verhalten von 
Helium weicht von dem der anderen drei Gase ab. Es wird ebenfalls dargestellt, wie sich die Parameter des 

poriisen Materials mit der Temperatur andem. 

BJIMIlHME TEMHEPATYPbI HA l-IPOHMHAEMOCTb IIOPMCTOIO MATEPMAJIA 

.kIHOTaUHYI-3KCIlepHMeHTanbHO u3yqeHo BnuaHHe Tebineparypbr ua reqemie ra30a 9epe3 orsepneemee 
nopecrble cpenbI. OnbITbr npoBonHnucb B nuana3oHe TeMnepaTyp OT 255 no 1520 K npn aaenemin 1 
arM. B xa’lecrae nopecroti cpenbr Hcnonb3oaancn anH)MocHnHKaT c nopecTocTbIo 38,149,8%. Mccne- 
noBaHua npoBonenHcb Ha Bosnyxe, a30Te. remix x aprose. B uacruocrri, s3yqanacb ponb nonpaeoq- 

HOrO mesa, ywTbIBaIoluer0 cKonbxeHUe H ucnonbsyebioro nnx 06wmiewia bi3MeHekim 
npoHHUaeMocTu II ypaBHeHHaX, OnACbIBaIoIUI4X Te4eHue B IIOpHCTOM Tene. 3Ta nonpaaxa K npoHwUae- 

MOCTH 3aBHCHT OT CpenHerO IIyTe cBo6onHoro npo6era ra3a H npennonaraeTcn, YTO OHa BospacTaeT c 

yBeJIH’IeHIieM TeMIIepaTypbI. KpoMe TOrO, IlpOHuUaeMOCTb nOnEHa 6bITb pa3nWIHOfi LIJIa pa3HbIX ra30B 

HJ-3a 3aBHCWMOCTu CpenHero nyTu cBo6onHoro npo6era MoneKyn OT wx neaMeTpa. 06e ETA 3auucw 

MocTH cornacyIoTcn c nonoEeHuaMu KuHeTuqecKoiI Teopua. npencTaBneHbI rpadmrs, 3aaucuMocTH 

npoHHuaebIocTH OT TebmepaTypbI nna YeTbIpex ra30B. Ilosenewie renwa 0TnwaeTca OT noBeneHUa 

Tpex npyrux ra30B. lloKa3auo TaKxe, KaK H3MeHafoTca napaMeTpbI nopecTor0 MaTepHana c 

TeMnepaTypok 


