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Abstract-An experimental study is carried out of gas Aow out of a porous plate into vacuum with ratio 
N = PO/Pm of stagnation pressure PC in the prechamber to that at infinity P, varying within 
2.3 x lo3 < N < 4.85 x 104. Permeability of the test porous plates was over the range SDarcy < K ,< 
30Darcy; the porosity ranged within 0.253 < II C 0.78. Flow structures, pressure distributions in jets, 
variation of stagnation pressure PO, on the exit section of a porous plate were studied. Introduction of 
new parameters [ = PO,/& and N, = Po,/Pm determining the flow pattern behind the porous plate was 
substantiated. The measuring technique for Mach numbers in jets behind a porous plate was considered. 

NOMENCLATURE 

Mach number; 
static pressure; 
stagnation pressure in prechamber; 
stagnation pressure behind the shock wave; 
total pressure head on the plate exit section; 
pressure in the chamber outside the jet; 
specific weight; 
= C&Y,, specific heat ratio; 
permeability; 
porosity; 
filling fraction diameter; 
porous plate diameter; 
porous plate thickness; 
= Po,/Po, recovery coefficient of the total 
pressure head; 
= PO/Pm, pressure-drop coefficient; 
= P,,/P,, pressure ratio on plate exit 
section; 
distance from plate exit section to the Mach 
disk; 
Mach disk diameter; 
numerical coefficients determined from 
experimental data; 
Reynolds number based on the Pitot tube 
diameter. 

long time a jet out of a porous plate was 
considered to achieve uniform subsonic conditions after 
disordered flow from micronozzles in metal ceramics. 
Few works are available on supersonic jets out of 
porous plates. Supersonic velocities are found in one of 
the earlier works [I] on outflows from porous plates at 
high pressure ratios PO/Pm. Large zones of supersonic 
flows in the downflow behind porous materials had not 
been earlier found and the possibility of such zones was 
ignored. A jet with the maximum Mach number 
(M = 3.5) was obtained in later work [Z]. A flow behind 
the plate was found to be sufficiently homogeneous and 
to have a small gradient that allows its usage in aero- 
dynamic experiments on external flow. Such a way of 
flow production may successfully compete with super- 
sonic nozzles in low-density gasodynamic installations. 

The possibility of obtaining supersonic jets with high 
Mach numbers behind the porous plates is demon- 
strated in [3,4]. 

The available few experimental data are incomplete 
and give a vague idea of flows behind a porous plate at 
large pressure drops. The structure of the resultant jets, 
the character of shock wave arrangement, isentropic 
core sizes and pressure distribution are not also studied 
enough. The effect of porous body characteristics on 
flow parameters is not considered in all enumerated 
works and the physics of gas expansion into vacuum 
from a porous plate surface is not sufficiently studied. 
It should be pointed out that the presence of such 
supersonic flows behind porous plates is of great 
importance for formulation of the heat-protection 
problem at high-rate injection. Therefore the necessity 
of further investigations in this field is quite clear. 

The present study was carried out on a low-density 
wind tunnel with the m~imum rate of gas pumping of 
57000 l/s over the pressure range of 1O-2-1O-3 torr. 
The installation (Fig. 1) is fitted with three-position 
remote-indicating traversing equipment, the displace- 
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FIG. 1. Schematic diagram of measuring equipment 1, 
porous plate; 2, standard vacuum gauge; 3, standard 
manometer; 4, 5, oil and mercury U-shaped manometer; 
6, gas vessels; 7, high pressure manometer; 8, reductor; 
9, manometer; 10, gas dehumidifier; 11, 12, gas filters; 13, 
rotameters; 14, thermocouple valve; 15, ionization valve; 
16, vacuum gauge BIT-2; 17, standard vacuum gauge; 18, 
vacuum gauge BT-2A; 19, thermocouple valve; 20, vacuum 
pump; 21, U-shaped manometer; 22, Pitot tube; 23, 

traversing device; 24, visulialization plates. 
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ments of which were recorded within O*Olmm by a 
cathetometer KM-8. The general gas flow was visu- 
alized following the glow discharge technique. A high- 
voltage transformer served as a power source. The 
output voltage was smoothly regulated from 0 up to 
10 000 V by variation of the input voltage of the trans- 
former from 0 up to 220V. The voltage sufficient for 
a glow discharge to be produced may thus be chosen 
depending on rarefaction degree and gas flow rate 
through the nozzle. One potential of controllable high 
voltage of the secondary winding is supplied to the 
chamber casing, the second one, to two parallel 
aluminium plates placed symmetrically about the flow 
axis. The plate surfaces facing the chamber walls are 
electrically insulated. A uniform electrical field is 
generated between the plates due to the high-voltage 
potential. Stable uniform Iuminescence of a glow dis- 
charge is formed between the plates, contrary to the 
case of different potentials on the plates. At a pressure 
of about 10 3 torr. 5000-6OOQ V is sufficient for a glow 
discharge; at higher voltages (the distance is 300mm) 
undesirable ruptures of the chamber walls may arise 
and luminescence may become unstable and non- 
uniform. Air (a working gas) was supplied to the pre- 
chamber through a flow system consisting of filters 
10, 11 and a dryer 12. Gas was heated by an ohmic 
pipe heater. The gas flow rate in the flow system was 
controlled by PC-3-type rotometers 13. The pressure 
of the stagnant flow was measured from the pressure in 
the prechamber by the following apparatuses used for 
different pressure ranges: (a) by standard manometer 
3, 0.6-class, with the measuring range O-4kg/cm2; 
(b) by U-shaped manometers 5,4 filled with dibutyl 
phthalate with the specific weight g = 1.041 g/cm3 at 
20°C or with mercury; (c) by standard vacuum gauge 2. 

The total pressure behind the shock wave was 
measured by a Pitot tube with plane face 22. A U- 
shaped standard manometer filled with dibutyl phthal- 
ate 21 was used for pressure measurements within the 
rangeO.l-5 torr. The U-shaped manometer fitted in the 
chamber was provided with independent vacuum 
pumping to eliminate the pressure effect in it. AT-2- 
type thermocouple valve 19 and BT-2A-type vacuum 
gauge 18 were used over the pressure range lo-‘- 
10m2 torr. These were calibrated according to the 
MacLeod manometer before every run. The displace- 
ment of the meniscus of the liquid column from the 
initial position was measured by the cathetometer with 
accuracy of 0.01 mm. In the experiments use was made 
of a head 5 mm O.D. with the O.D.-I.D. ratio of O-75. 
Measuring of the Mach number in a gas flow usually 
requires knowledge of the following parameters: the 
stagnant flow pressure PO (or the pressure in the pre- 
chamber), the total flow pressure behind the shock P& 
With the ratio Ph/P, known, the Mach number is 
determined from the Rayleigh formula for an isentropic 
Row [S]: 
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Substitution of PO, for PO in the Rayleigh formula is 
made because the gas flow in the plate is non-isentropic. 

To account for the flow non-isentropy effect, the 
Mach number was also determined from the ratio of the 
static pressure to that behind the shock wave [S] : 

p/p;, 

= 342-jl-1 ( J-~~y+lM2)y (2) 

The static pressure in the flow was measured by a 
conic gauge with an expansion angle of IO”. The 
correction for flow rarefaction was calculated by the 
parameter Re/M following the procedure described in 
work [6]. 

The pressure in the working chamber was measured 
by thermocouple 14 and ionization 15 valves and was 
controlled by a BIT-2-type vacuum gauge. For rough 
measurements of the rarefaction degree in a chamber a 
standard vacuum gauge 17 was used. 

Samples produced by sintering under pressure of 
bronze powders with fraction diameters within d = 
0.2+0,315mm were used as porous test plates. The 
thickness of test plates was within 3 mm < 6 < lOmm, 
diameters of plates, within 30mm < D < 60mm. 
Bronze porous plates with the permeabilities 5 <K < 20 
and porosities 20 < II < 50 were produced by a special 
technique. For producing plates with large per- 
meabiiities K > 20 and porosities II > 50 use was 
made of multilayer samples obtained by pressing a 
great number of net layers of brass wire. Using this 
technique the plates, 30mm < D < 60mm in dia and 
3 mm < 6 < 5 mm in thickness, were obtained. Per- 
meability and porosity of the resultant plates were 
within 20 Darcy < K < 30 Darcy, 0.50 < EI < 0.80, 
respectively. Porous plates with the parameters 
0.253 < lI < 0.78 and 5 Darcy < K < 30 Darcy were 
used in the experiments. The test plates were substituted 
for a nozzle at the prechamber outlet. The ratio of the 
pressure in the prechamber PO to the pressure at the 
infinity (for which the pressure in the vacuum chamber 
far enough from the flow zone was assumed) were 
controlled within 2.3 x 103 < N c 4.85 x lo4 by vari- 
ation of the air flow rate in the prechamber and the 
pumping-out capacity during the experiments. The gas 
flows behind the plate were carefully investigated. The 
general flow pattern obtained by the glow discharge 
technique was photographed and then analysed. Be- 
sides, all the necessary quantities may be measured 
directly during the run with the help of special movable 
rules placed in the chamber. The stagnation pressure 
PO, at the exit section of the plate was measured by a 
Pitot tube allowing the stagnation pressure to be 
measured directly at the plate exit section. Pressure 
d~st~butions in fiows behind the plates were carefully 
measured by the above methods and equipment. 

As the experimental data have demonstrated, the 
flow behind the plate is a free under-expanded jet with 
barrel-shaped suspended shocks and the Mach disc (see 
Fig. 2). Besides, depending on permeability values K, as 
the pressure ratio N, at the plate exit section increases 
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FIG. 2. Pattern of outflow from porous plate (D = 30mm, 
K = 5 Darcy, N = 2.42 x 104). 

and the jet density decreases, the barrel-shaped super- 

sonic flow region becomes larger, the Mach disc (the 

central shock wave) is destroyed and transforms into an 
X-shaped shock wave with a subsequent supersonic 

flow. For example, in a flow out of a porous plate with 
permeability K = 30 Darcy the “Mach structure” 
becomes an X-shaped one with N, = 4.4 x 103. For a 

plate with permeability K = 5 Darcy with N, > 
6.4 x lo3 the flow structure was X-shaped. Measure- 
ments of stagnation pressure PA (Fig. 3) and the static 

pressure P distributions (Fig. 4) over the flow axis 
behind plates have revealed that the flow behind a plate 
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FIG. 3. Stagnation pressure distribution P; over the jet axis 
behind porous plate (D = 30 mm, K = 5 Darcy, 

N = 2.48 x 104). 

FIG. 4. Distribution of static pressure P over the jet axis 
behind the porous plate (D = 30mm, K = 5 Darcy, N = 

2.48 x 104). 

may be divided into four zones. In the first zone 1 mm 

in width, adjacent to the instantaneous flow expansion 

occurs. This is followed by the second zone, about some 
centimeters in width with uniform radial parameter 
distributions and a small gradient of the flow par- 
ameters over the axis. The adiabatic expansion and 

increase of the flow rate up to the values close to the 
maximum flow rates into vacuum occur in the following 

zone. Near the Mach disc there is a large zone with the 
least longitudinal and radial gradients of these 
parameters and with the most uniform parameter 
distribution, respectively. 

The greatest experimental difficulty with gas flows 

behind a porous plate presents the fact that due to 
strong viscous dissipation in a flow through the plate 

the flow deceleration parameters are unknown because 
in this case gas parameters in the prechamber cannot 

be taken as the flow deceleration parameters. For 
estimation of irreversible losses in a gas flow through a 

plate we introduce the total pressure head recovery 
coefficient [ defined by the formula 

i = P0,IPcl (3) 

where PO, is the total pressure head on the exit section 

of the porous plate measured by the above technique. 
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Fig. 5. Plot of total pressure recovery coefficient [ vs per- 
meability K of a porous plate. 

Variation of this coefficient as permeability function of 
the test plates { = f(K) is shown in Fig. 5. According to 
these results viscous losses in the test plates decrease as 
the permeability increases. Variations of the pressure 
drop in this case slightly influences {. 

Proceeding from the fact that viscous losses take 
place mainly in the gas flow inside a plate, we may 
conclude that properties of porous materials such as 

porosity lI, thickness 6, filling fraction size etc., and, in 
the end, permeability K influence only the irreversible 
losses inside the plate determined by coefficient < and 

the downflow behind the plate may be considered as a 
free gas flow from a source with a plane surface. 
Therefore, we may consider the external problem of a 
flow out of a porous plate surface as free gas expansion 
from a source with a plane transition surface with the 
diameter equal to the plate diameter into a medium 
with pressure of Pm. The total pressure on the plate 
exit section PO, should be taken as the stagnation 
pressure of this ideal source rather than the stagnation 
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pressure in the prechamber PO. The mathematical 
problem of a gas flow into vacuum was considered in 
Ladyzhensky’s work [7]. Proceeding from the above 
said it may be concluded that the downflow develop- 
ment behind the plate is almost completely determined 
by introduced parameter N, = F&P. All these require 
the substitution of the stagnation pressure in the pre- 
chamber in the Rayleigh formula by the total pressure 
PO at the plate exit section and treatment of experi- 
mental data based on parameter N, = P,,/P rather 
than on parameter N = PO/P. Qualitative agreement 
of Mach num~rs determined from formulas (1) and (2) 
verifies this method for a gas flow out of a porous plate 
into vacuum. This model describes most exactly the 
flow out of porous plates with a higher permeability 
(20 < K < 30 Darcy). For these plates Mach numbers 
calculated by formulas (1) and (2) coincide within the 
experimental accuracy. Incorrectness of the outflow 
model adopted may possibly be explained by the fact, 
that it neglects viscous losses outside the plate which in 
some cases may have real values. For slightly permeable 
plates the adopted model should probably include 
viscous dissipation in the mixing zone near the plate. 
Treatment of experimental data on the outflow 
geometry at the “Mach structure” on the basis of 
parameters [, N, and D made it possible to describe 
approximately the flow structure in the form of power 
relations : 

LM/D = m,N;' (4) 

DAZED = m2 N:“. (5) 

Coefficients m and n were determined from plots of 
these relations in logarithm coordinates (Figs. 6 and 7). 
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FOG. 7. Plot of dimensionless diameter of the Mach disc vs 
parameter N,. 

According to certain numerical values of these co- 
efficients expressions (4) and (5) are of the form in the 
present case : 

LM/D = O.l18N,o" (6) 

D&D = O*053N,o'5, (7) 

With the account of N, = P&P,, N = PO/P, and 
[ = P,,JP, expressions (6) and (7) may be transformed 
to 

LM/D = Od18&N) (8) 

DM/D = 0.053&N). (9) 

Thus, with the empirical relation { = f(K) obtained 
(Fig. 5) and gas parameters in the precham~r and in 
the working chamber and the characteristics of the 
porous plates known, the flow geometry behind the 
plate may be determined. 
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FIG. 6. Plot of a dimensionless distance to the Mach disc vs 
parameter N,, 

ETUDE EXPERIMENTALE DE L’ECOULEMENT DUN GA.2 A TRAVERS 
UNE PLAQUE POREUSE DANS LE VIDE 

Resume --Une etude experimentale dun tcoulement de gaz g travers une plaque poreuse dam le vide est 
effect&e pour des rapports N = P,/P, de la pression d’arret PO dans la chambre primaire a la pression 
B l’infini P,, qui varient entre 2,3.103 < N < 4,85. 104. La permeabilite de la plaque poreuse d’essai 
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se situe dans le domaine 5 Darcy < K < 30 Darcy et la porositb dans le domaine 0,253 < II 6 978. On a 
etudie la structure d’bcoulement, les distributions de pression dans les jets et la variation de pression 
d’arret PO, dans la section de sortie dune plaque poreuse. L’introduction de nouveaux paramttres 

[ = P,,/P, et iV, = PJP, qui determinent la structure de l’tcoulement derriere la plaque poreuse a tte 
justif&. La technique de mesure des nombres de Mach dans les jets derriere une plaque poreuse a 

ttC consider&e. 
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EXPERIMENTELLE UNTERSUCHUNG DER GASSTRGMUNG 
AUS EINER PORGSEN PLATTE IN EIN VAKUUM 

Zusammenhssung-Eine experimentelle Untersuchung der Gasstriimung aus einer poriisen Platte in ein 
Vakuum wird durchgefiihrt, wobei des Verhiiltnis N = P,,/P, vom Staudruch P,, in der Vorkammer 
zum Druck im Unendlichen P, innerhalb 2,3. lo3 < N < 4,85. lo4 variiert. Die Gasdurchllssigkeit der 
porosen Versuchsplatten lag im Bereich 5 Darcy d K < 30 Darcy die Porositiit lag im Bereich 
0,253 Q rr d 478. StrBmungsstrukturen, Druckverteilungen in Diisen, unterschiedliche Staudrucke PO, 
an der Austrittsseite einer poriisen Platte wurden untersucht. Einfiihrung neuer Parameter ( = P,,/P, 
und N, = Po./Pm, welche den Stromungszustand hinter der poriisen Platte bestimmen, wurde begriindet. 

Die Megtechnik fur Mach-Zahlen in Diisen hinter einer porosen Platte wurde betrachtet. 

3KCIIEPMMEHTAJIbHOE MCCJIEAOBAHBE HCTEYEHMII IA3A 
113 IIOPHCTOti I-IJIACTHHbI B BAKYYM 

AHHOTBUHI~ - npOBeneH0 3KClIepuMeHTaJIbHOC H3ySeHue UCTe'ieHuII l-a3a 113 ITOPuCTOZt lTJIaCTuHb1 B 

BaKYYM llpU U3MeHeHuu OTHOlUeHUll BaBJleHAII TOPMO)KeHUR PO B @OpKaMePe ii AaBiTeHuH) Ha6ec- 

KOHePHOCTU PaBHOrO N = Pa/Pm B UuTePBane 2.3 X lo3 < N < 4.85 X 104. IIvor-tuuaeMocrb uccnenv- 

eMbIX nopUCTbIXnnaCTuHu3MeHxnaCbinpenenax 5 Aapcu< Ki30 Aapcu, nop&TOcTb- O-2535 
II 5 0.78. HsyraJiocb CTpyKTypa TereHufi, pacnpeneneHue naunesuti B c~pynx, u3MeueHue TOPMO- 
W(eHUII P, Ha Cpe3e llOpuCTOt IIJlaCTUHbl. B pa6ore 060CHOBaHO BBeAeHBe HOBblX napaMeTpon 
5 = &$?a n N, = Po,lP m, onpenenaromsx xapaxrep re~emiri 38 nopucToi nnacruaol. PaccMarpu- 

BaCTCIl MCTOllUKLi H3MQeHUfl YUCCJI Maxa B CTpyflX 38 nOpuCTO# nnaCTUHo8. 


