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Rare� ed Gas Flow into Vacuum Through Thin
Ori� ce: In� uence of Boundary Conditions

Felix Sharipov¤

Universidade Federal do Paraná, 81531-990 Curitiba, Brazil

A rare� ed gas � ow through a thin ori� ce is studied, based on the direct simulation Monte Carlo method. Mass
� ow rates have been calculated over the whole range of the Knudsen number in the case of out� ow into vacuum.
The diffuse-specular interaction between gas and surface was assumed. It has been found that the dependence of
the mass � ow rate on the gas–surface interaction law is very weak. A comparison with experimental data available
in the open literature has been performed.

Nomenclature
a = ori� ce radius
k = Boltzmann constant
PM = mass � ow rate

m = molecular mass
P = pressure
T = temperature
W = reduced mass � ow rate
® = part of diffusely re� ected particles
± = rarefaction parameter
³ = ratio of the speci� c heats
¸ = mean free path
¹ = shear viscosity

Introduction

T HE problem of rare� ed gas � ow through an ori� ce has many
practical applications. However, in spite of the great practical

importance, there are very few papers about these � ows.
The solution of the problem is determined by two main

parameters: the Knudsen number Kn D ¸0=a and the pressure ratio
P1=P0. Here, P0 is the up� ow pressure, P1 is the down� ow pressure,
¸0 D .¹=P0/

p
.¼kT=2m/ is the mean free path at the pressure P0,

¹ is the shear viscosity of the gas, T is the gas temperature, and m
is the mass of gaseous particles.

In the case of the small pressuredifference,that is, when P1 ¼ P0,
the dependence of the mass � ow rate through an ori� ce and slit
on the gas–surface interaction law is very weak. This was proved
experimentally1;2 and theoretically.3 However, no information is
available about such an in� uence in the case of the large pressure
difference, that is, when P1 ¿ P0.

The aim of the present work is to carry out a direct numerical
simulation of the rare� ed gas � ow through a thin ori� ce over the
whole rangeof Knudsennumbers in the case of out� ow into vacuum
(P1=P0 D 0). To study the in� uence of the boundary condition on
the mass � ow rate, the diffuse-specular kernel of the gas–surface
interaction is assumed. The numerical results will be given in terms
of the reduced mass � ow rate de� ned as

W D PM= PM0 (1)

where PM is the mass � ow rate at any Knudsen number, whereas PM0

is the mass � ow rate in the free molecular regime � ow (Kn D 1),
which is calculated analytically.4
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Consideran ori� ce in an in� nitely thin partitionthat separatestwo
semi-in� nite reservoirs.One of them containsa monatomic gas at a
pressure P0. The other container is maintainedunder a high vacuum
so that it can be consideredthat P1 D 0. We are going to calculatethe
reducedmass � ow rate W as a function of the rarefactionparameter
±, which is inversely proportional to the Knudsen number:

± D
p

¼
¯

2Kn D
p

¼a
¯

2¸0

Short Review
In spite of its great practical importance, this problem has not

been investigated in detail. As noted in the Ref. 4 review, a number
of papers5¡8 offeredasymptoticformulasfor thequantityW near the
free-molecular regime (± ¿ 1) in the case of out� ow into vacuum
(P1=P0 D 0). However, there is no agreementbetween them, and the
range of their validity is very small. Some numerical data for the
transition regime (± ¼ 1) at P1=P0 D 0 can be found in the work by
Shakhov.9 However, the presentationof the data is very poor. For the
small pressuredifference,that is, when jP0 ¡ P1j ¿ P0, the problem
can be solved analytically in the hydrodynamic regime (± ! 1).
Corresponding results were obtained by Roscoe10 and Hasimoto.11

Thus, theoretical results on the ori� ce � ow are restricted by the
small ranges of the rarefactionparameter ± and of the pressure ratio
P1=P0 .

Borisov et al.1 and Porodnov et al.2 provide experimental results
for the small pressure difference (jP0 ¡ P1j ¿ P0) in a wide range
of rarefaction ±. These data show that the reduced mass � ow rate
W does not depend on the type of the gas in the whole range of the
rarefaction parameter ±.

Some experimental results on the mass � ow rate through an ori-
� ce in the case of out� ow into vacuum(P1=P0 D 0) are presentedby
Liepmann.5 However, in the transition regime of the � ow (± » 1),
the dispersion of experimental points is rather large, which makes
the data unreliable. At the same time, his theoretical result in the
hydrodynamic regime (± ! 1) is very interesting. When the ori-
� ce as a nozzle was considered, to which one can apply the Euler
equation,Liepmann obtained the following expression for the mass
� ow rate:

W D A.³ /
p

2¼³ [2=.³ C 1/].³ C 1/=2.³ ¡ 1/ (2)

where A is a coef� cient to be obtained from an experiment. For in-
stance, for argon gas (³ D 5

3 ), the constant A is equal to 0.812,which
corresponds to the � ow rate W D 1:476. The expression given by
Eq. (2) shows that in the case of out� ow to vacuum (P1=P0 D 0) the
hydrodynamic mass � ow rate signi� cantly depends on the molecu-
lar structure of the gas, whereas for a small pressure difference, the
mass � ow rate W does not depend on the gaseous species.1;2

Fujimoto and Usami12 reported experimental results on the mass
� ow rate throughshort tubes.The length-to-radiusratio of the short-
est tube was l=a D 0:025, which can be considered as an ori� ce.
They offered an empirical formula of the mass � ow rate based on
the experimentaldata for the interval 0:025 · l=a · 12:7 and for the
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small pressure ratio P1=P0 < 0:01, which can be considered as an
out� ow into vacuum. If one extrapolates their empirical equation
for the ori� ce (l=a D 0), one obtains

W D 1 C
¡
0:4733C0:6005

¯p
±
¢
.1 C 4:559=± C3:094=±2/¡1 (3)

Barashkin et al.13;14 also reported some experimental data on the
out� ow into vacuum through an ori� ce. In the transition regime
of � ow, their results are in a good agreement with those given
by Fujimoto and Usami.12 In the hydrodynamic regime, (± ! 1)
Barashkin et al. reported W D 1:501, which is slightly larger than
the value given by Liepmann.5 Experimentaldata for some interme-
diate values of the pressure ratio P1=P0 , but for a restricted range of
the rarefaction ±, are given by Sreekanth.15 Thus, the experimental
material on the ori� ce � ow is also poor.

Method of Solution
In the presentwork, the problem was solved by the direct simula-

tion Monte Carlo method.16 The hard sphere molecular model was
assumed. For the gas–surface interaction, the Maxwellian boundary
condition was used, that is, an ® part of the incident particle is re-
� ected diffusely and remainder .1 ¡ ®/ is re� ected specularly.The
region for the � ow simulation had the form of two cylinders with
radii R0 and R1 and lengths L0 and L1 in the up� ow and down� ow
containers, respectively. The sizes of the region were as follows:
L0 D R0 D 8a and L1 D R1 D 4a. The numerical grid was regular
with cell size equal to 1x D 1r D a=16 in the small region near the
ori� ce and twice as large in the remainder of the region. The time
incrementwas 0.01 of the mean free time. The number of simulated
molecules � uctuated during the calculation, but it was maintained
at about 106 . To simulate the collision, the so-called non-time count
method (Ref. 16, p. 219) was used.

In every time step, the number of particles passed through the
ori� ce from the up� ow container to the down� ow one, and the
number of particles that passed the ori� ce in the opposite direction
were counted. The mass � ow rate was calculated from the number
of particles that passed through the ori� ce in both directionsduring
105 time steps that corresponds to the time interval equal to 103

mean free times.
To estimate the numerical error, test calculationswere carried out

for four values of the rarefaction parameter ±: 0.1, 1, 10, and 100.
In these calculations, the number of model particles was increased
up to 5 £ 106, the cell size was decreased twice, the size of the cal-
culation region was increased as L0 D R0 D 12a and L1 D R1 D 6a,
and the time increment was decreased to 0.002. An analysis of the
test calculationsshowed that the variation of the mass � ow rate due
to these parametermodi� cations does not exceed 0.5%. This can be
considered as numerical error for the data presented here.

Results and Discussion
The calculations were carried out for the rarefaction parameter

range 0:05· ± · 100. To study the in� uence of the gas–surface in-
teraction on the mass � ow rate, three values of the parameter ®
were regarded: 1) ® D 1, which corresponds to completely diffuse
scattering, 2) ® D 0:5, which corresponds to the half diffuse and
half specular re� ection, and 3) ® D 0, which describes the totally
specular re� ection.

The reduced mass � ow rate W is presented in Fig. 1 as a function
of the rarefaction parameter ±. One can see that for the values of ±
smaller than 0.05 the mass � ow rate W does not differ from unity
within 1% at any valueof theparameter®. In the range30 · ± · 100,
the mass � ow rate W is practically constant. Its variation does not
exceed 0.5%. At the same time, in this interval of ± the largest in-
� uence of the gas–surface interaction on the mass � ow rate W is
observed. The value of W corresponding to the completely diffuse
re� ection (® D 1) is larger by only 3% than that for the totally spec-
ular re� ection (® D 0). The difference between W for ® D 1 and
for ® D 0:5 is less than 1%. In reality, it is impossible to reach the
totally specular re� ection. To the author’s knowledge, the smallest
value of the parameter ® D 0:65 was reported in Refs. 17 and 18
for an atomically pure surface and for light noble gases. However,

Fig. 1 Mass � ow rate W vs rarefaction parameter ±: ¤, ® = 1;
M, ® = 0:5; , ® = 0; ——, empirical formulas12; – – –, experimental
data5; and –·–, experimental data.13

in practice, one deals with diatomic gases interactingwith contam-
inated surfaces. In such situations, the accommodation coef� cient
® is close to unity. Therefore, the real in� uence of the gas–surface
interaction on the mass � ow rate does not exceed 1%.

The experimental result by Liepmann5 in the hydrodynamic
regime (± ! 1) is given in Fig. 1 by the dashed–dotted line. The
correspondingresult by Barashkinet al.13 is presentedby the dashed
line. The small disagreementbetween experimental and theoretical
results could be because in both experimentsthe partitionwas not as
thin as is assumed in the present theoretical calculation.Moreover,
the down� ow pressure,which always exists in any experiment, also
slightly decreases the mass � ow rate.

AsFig. 1 shows,a signi� cantvariationof themass � ow rateoccurs
in the range 0:1 · ± · 20. In this range, the theoretical results are
comparedwith the empirical formula (3) by Fujimoto and Usami,12

which is presentedby the solid line. Note that the empirical formula
and the numerical simulation results are in a good agreement. The
systematic understatement of the empirical formulas is explained
by the same arguments that were used earlier: The thickness of the
partition is not zero, and the pressure in the down� ow container is
not zero.

The distributionsof the numberdensity, temperature,and stream-
lines for the diffuse re� ection (® D 1) were presented in a previous
paper.19 An analysis of the data for the other values of the accom-
modationcoef� cient (® D 0 and 0.5) showed that the � ow� eld is not
affected by the gas–surface interaction law. Therefore, the � ow� eld
is not given here.

Conclusions
The out� ow of rare� ed gas througha thin ori� ce into vacuum has

been calculatedby the direct simulation Monte Carlo method in the
range of rarefaction parameter ± from 0.05 to 100 for the diffuse-
specular scattering of gaseous particles on the surface. It has been
found that in this range of ± the reduced� ow rate W varies from 1 to
1.5. Outside of this range, the variation of the mass � ow rate is very
small, that is, within 1%. The numerical data are in good agreement
with the experimental data available in the open literature.

The largest in� uenceof the boundaryconditionson the mass � ow
rate is observed in the hydrodynamic regime. Analyzing the exper-
imental values of the accommodation coef� cient ®, we concluded
that this in� uence does not exceed 1% in practice. As was noted in
Ref. 3, this feature of the ori� ce � ow allows us to test accurately
kineticequations,intermolecularpotentialmodels, numericalmeth-
odsetc., comparingtheoreticalresultsbasedon the diffusescattering
with experimental data for any kind of gases and surfaces, even if
the real scattering is not diffuse.
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