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ABSTRACT

A device focusing on measuring flow in the molecu-
lar flow regime through nanochannels is presented. The
apparatus is based on pressure driven flow, which is im-
portant for microelectromechanical (MEMS), nanome-
chanical -electrical systems (NEMS) and a wide range
of other applications. The device is tested in the slip
flow regime, but also flow in the Knudsen regime in par-
allel nanochannels can be measured. Knudsen numbers
at the inlet between 0.08 and 0.23 are tested experi-
mentally in this paper and is compared with theory. In
addition, the functionality for Kn >10 is also discussed,
based on theoretical work. The setup had been tested
for a channel with 362± 5µm diameter and a length of
2 mm validating its ability to measure a wide range of
flow regimes in different kind of samples. Argon gas is
used for measuring the flow through the microchannel.

Keywords: Knudsen regime, slip regime, nanofluidics,
microfluidics, experimental apparatus, diffusion.

1 Introduction

Flow regimes are defined on basis of the Knudsen
number:

Kn =
λ

D
. (1)

In this work the experimental Knudsen numbers are
between 0.08 and 0.23, often named the “transition”
flow regime, but also the molecular flow regime for Kn
>10 is briefly discussed. This study was motivated from
the wide range of applications where these regimes are
applicable. Some of the main applications where slip
and molecular flow regimes are important are mentioned
below.

Chemical reactors for rarefied gases exhibit effects on
catalytic reaction in micro scale of both temperature and
concentration slip. The increase of the surface to vol-
ume ratio for micro-scale combustion makes for higher
thermal efficiency. That is an advantage for power gen-
eration, chemical sensing and fuel conversion [1].

In solid oxide fuel cells (SOFCs) both Knudsen and
bulk diffusion mechanisms are taken into account in an-
ode diffusivity models. The characterization of anode
parameters including pore size, porosity and diffusivity

are critical when modelling fuel cells incorporating mi-
cro and nano-structured electrode materials, and Knud-
sen diffusion is important for the gas transport meaning
that the total effective diffusivity in fuel cells is affected
by the electrode pore size. In fact, in many micro- and
nano-porous materials, the effective diffusivity is deter-
mined mainly by Knudsen diffusion [2].

Another application is shale. Pore pressure in shale
gas reservoirs is crucial. Such reservoirs have a large
fraction of micro and nano pores, with the majority
nano sized. The transport of gas through the pores and
the permeability is an important research topic in the
oil and gas industry, especially during the last decade.
Shale gas reservoirs have a very low permeability but
they are characterised by an organic-rich deposition and
they have the tendency to create clusters of mineral-
filled natural fractures. Knudsen and slip regime must
be considered for modelling the diffusion through shale
gas reservoirs [3].

Materials like Hydrotalcites (HT) and activated car-
bon (AC), have interesting properties. These materials
have been attractive sources of green engineering ma-
terials for solving environmental problems originating
from industrial wastewater and gas pollution. HT and
AC have been used as membranes for separating spe-
cific gases from gas mixtures. The effectiveness of mem-
brane separation processes is measured by the values
of permeability and separability factor. The latter is
affected by a number of parameters like porosity, gas
molecular characteristics surface area etc. Pressure and
diffusion volumes are also part of the operational pa-
rameters, making flow regimes an important parameter
in the process [4].

Carbon separation membranes for gases is also a
potential application. Nanosized porous carbon mem-
branes can be used in hydrogen recovery from raw coal
gasification gas streams which can be used in coal lique-
faction plants. These membranes have nano sized pores
in the range from 1 to 10 nm. Gases are separated
by Knudsen diffusion through the carbon membranes
which have been modified with a layer of organic poly-
meric precursor on the microfiltration layer obtained by
pyrolysis. The gas separation factors depend on sev-
eral parameters including the transmembrane pressure
drop [5].
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Finally, In the last several years MEMS and NEMS
devices have become very popular due to the low cost
and high efficiency. These devices can be micro and
nano sensors -actuators -reactors etc. The understand-
ing of the flow through micro a nano channels and the
prediction of the flow rates theoretically and experimen-
tally is a challenge [6, 7].

Motivated by the above, this work focuses on an ex-
perimental method for measuring gas diffusion through
micro and nano channels. Here an apparatus is intro-
duced where the pressure-driven transport of a gas can
be measured for a wide range of flow regimes, including
slip and Knudsen.

2 Theoretical work for the design of
the apparatus

Figure 1 shows the principle. A turbopump pumping
at a volumetric rate of 66 l/s irrespective of its inlet
or outlet pressure is attached to the receiver chamber.
Once the molecular flow through the channel and the
turbopump are equal, equilibrium is established in the
receiver chamber and the pressure remains constant at
peq.

Suppy!
chamber

Receiver!
chamber

Turbo-!
pumpGas!

supply Channel

Figure 1: Principle sketch

As mentioned, the main focus here is on flow in
the intermediate regime. Two different theoretical ap-
proaches to finding the flow through the channel were
used for design purposes.

• The first is to apply the “Knudsen equation” [8,
9], which is, also in practice [10], applied to the
entire range of Knudsen numbers from Poiseuille
to molecular flow, considered by Roth [9] to be
0.009 < Kn < 1.

• The second is to apply a Maxwell slip condition at
the wall and solve the resulting equation to give
the flow rate (and pressure distribution, this, to-
gether with other details, will be published sepa-
rately) through the channel.

Using the first method, the conductance, C ≡ qpV /∆p
with qpV the “pV flow”, ppV ≡ d(pV )/dt = (dn/dt)RT
with dn/dt the molar flow and having used the ideal gas
equation with the symbols having their usual meaning,

was calculated from the Knudsen equation:

C =
π

128µ

D4

L
p+

1
6

(
2πRT
M

)1/2 D3

L

[
1 +

(
M
RT

)1/2 Dp
µ

]
[
1 + 1.24

(
M
RT

)1/2 Dp
µ

]
(2)

with M and µ the molar mass and viscosity of the gas,
p = (p0 + pL)/2 with p0 and pL the inlet and outlet
pressures and D = 2R and L the channel diameter and
length.

Then the equilibrium pressure peq was computed from:

peq =
C

S + C
p0 (3)

where S is the volumetric flowrate of the turbopump
and p0 is the pressure in the supply chamber [9].

Using the second method, the theory of Maxwell slip
[11], which, according to most literature, is applicable
in the range 10 × 10−3 < Kn < 0.1, was applied as an
approximation for design purposes. The final result for
the mass flow is:

ws =
π(p0 − pL)R4

8µL
ρ

(
1 +

4ζ0
Rp

)
. (4)

where ρ is the average gas density in the channel. ζ0 =
ζ/p, and ζ = 2−σV

σV
λ where σV is the fraction of molecules

impacting on the wall that are reflected diffusively (in
an arbitrary direction), found to be about 0.8 in prac-
tice [12]. λ is the mean free path in the gas, see below.

Also here the equilibrium pressure, peq in the re-
ceiver is found as the pressure at which the molar flow in
through the channel equals that out through the pump
(in practice allowing for leakages):

peq =
wsRT

M S
(5)

The equilibrium pressure has been theoretically cal-
culated using both the above methods for different start-
ing pressures. The same equilibrium pressures have been
determined also experimentally and the results are pre-
sented below.

Argon is used as an inactive gas for measuring the
flow through the microchannel the mean free path for
Argon has been found as:

λ =
KB T√
2πd2p0

(6)

KB is the Boltzmann constant, T is the temperature,
d is the collisional diameter of the gas molecules (Ar)
and p0 is the pressure in the inlet. All experiments have
been made in ambient temperature considering the flow
as isothermal.

As the equations show the inlet pressure p0 deter-
mines not only the equilibrium pressure but also the
discrimination of the flow regimes (Eq. 1).
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3 Introducing the experimental setup

The setup as is shown in Fig. 2 consists of two vac-
uum chambers of 2 liters each. Pressure gauges with
different ranges are connected to each chamber. The
system contains a pre vacuum line connected to both
chambers and a turbopump, which pumps with a rate
of 66 l/s, connected with the receiver chamber.

Before the experiment starts both chambers are pumped
down to a pressure of 10−2 mbars. The receiver cham-
ber is then further pumped down to a pressure of 10−8

mbars. Argon is allowed to slowly flow from the Argon
cylinder, controlled by a pressure regulator and a man-
ual valve. The channel is situated in between the two
chambers and the equilibrium pressure is recorded by
the gauge at the receiver chamber.

The channel used for this experiment is shown in
Fig. 2. This is in a blank copper gasket appropriate
for vacuum sealing. The channel had been made with a
drill of 350 µm with a ± 20 µm divergence as shown in
the photo taken in a stereo microscope.

Figure 2: Experimental apparatus for pressure-driven
channel flow.

3.1 Experimental results and discussion

Table 1 shows the experimental results for the equi-
librium pressure in the receiver chamber. Argon was
released from the argon cylinder so as to reach different
inlet pressures, p0. The pressures in the supply chamber
were recorded by a capacitance diaphragm gauge cali-
brated for argon[10] and in the receiver chamber by a
hot cathode ionization gauge.

At the pressures used the Knudsen numbers, Eq. (1)
are such that the flow from the inlet through most of
the channel is in the “transition” regime. Right at the
end of the channel the flow regime becomes molecular

Figure 3: Blank flange with a channel of 362 µm di-
ameter and 2 mm length (the thickness of the gasket).
Sample for slip regime. Image from a stereo microscope
with 7× magnification

flow, but this short section does not affect the flowrate
much.

The experimental results show very good agreement
with both theories, specifically, the predicted values based
on Maxwell slip, which was used as an approximation
for design purposes, agree with experiment even though
the flow is in the transition regime.

Figure 4 shows how the receiver pressure varies with
time, as it moves toward the equilibrium pressure, and
how the pressure varies along the channel, with a supply
pressure of 1.5 mbar, according to Maxwell slip theory.
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Figure 4: Left: Receiver pressure as a function of time
(eqm. press.: 6.9× 10−5 mbar). Right: pressure profile
in the channel. Calculations based on Maxwell slip.

4 Molecular flow regime

Taking into consideration the theory for molecular
flow, channel configurations have been designed so that
the same setup can be used for measuring the Knudsen
flow through nanochannels. The expression for molec-
ular flow in terms of molecules per second through a
capillary tube of radius R is:

G = πR2nu = −16R3

3mũ

dp

dx
(7)

where n is the number density of gas molecules, u their
velocity along the channel, m the mass of the molecules
and ũ the mean speed of molecules [13].

216 TechConnect Briefs 2015, TechConnect.org, ISBN 978-1-4987-4729-5



Table 1: Experimental and theoretical equilibrium pressures (in mbar) for slip regime.

Supply Press. Experimental Maxwell slip Knudsen eqn.
1 2.6× 10−5 4.27× 10−5 4.04× 10−5

1.5 3.8× 10−5 6.90× 10−5 6.56× 10−5

2 5.8× 10−5 9.87× 10−5 9.41× 10−5

2.5 7.1× 10−5 1.32× 10−4 1.26× 10−4

3 1.05× 10−4 1.68× 10−4 1.61× 10−4

In a similar way to what was outlined in the previous
sections for one microchannel, the equilibrium pressure
can also be measured in this setup in several nanochan-
nels or in a bigger channel structure.

Taking into consideration the pressure range limita-
tions imposed by the experimental equipment and pre-
dicting the equilibrium pressure from theory, it has been
calculated that, in order to achieve a measurable equi-
librium pressure for the molecular-regime flow through
nano-sized square channels of width 100 nm and length
20 µm, 2000 planar channels are required. For this case,
the equilibrium pressure according to (7) has been pre-
dicted to be 1.103×10−8 mbar for a 70 mbar pressure in
the supply vessel.

5 Conclusions

In this work the functionality of an apparatus for
the measurement of Knudsen flow though nano and mi-
crochannels has been tested experimentally in the tran-
sition regime. Both theories used agree to a satisfactory
degree with the experimental results. The differences
between theory and experiment can be caused by small
changes in the diameter along the channel, small changes
of the ambient temperature and, of course, the error
of the pressure gauges. Flow in the molecular regime
has also been analysed theoretically to design a chan-
nel structure that can be analysed in the setup. One
important advantage of this system is the wide range
of regimes that can be measured, made possible by the
fact that it can generate and measure very low pres-
sures. Further research will include measurements of
gas transport through nanochannels and various min-
erals in order to achieve a more clear understanding of
several technologically important applications, particu-
larly in the energy industries.
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