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Abstract: Based on the thermal theory of Newtonian
mechanics, the pressure difference in the macro channels
will drive the gas flow until the pressure difference inside
is zero. However, the 12-year vacuum packaging experi-
ments in our laboratory showed that when the macro-
scopic channel is reduced to a critical size and reaches
the nanometer level, the gas flow inside the channel is
hindered, that is, the differential pressure cannot become
zero. To explain this paradoxical phenomenon, this study
analyzes the flow of air molecules in the channel by using
the De Broglie’s matter waves and Heisenberg’s uncer-
tainty principle. Based on the law of quantum mechanics,
when the diameter of the nanochannel is reduced to a
certain size, it has a localized high pressure in the
channel, which impedes the gas flow. This article intro-
duces quantum mechanics into nanochannel’s gas fluid
dynamics for the first time, expanding the new direction
of fluid mechanics.
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1 Introduction

According to the thermal theory of Newtonian mechanics,
when the gas components on both ends of a macroscopic
channel are identical, the gas flow in the macro channel is
driven by the differential pressure between the two sides of
the channel. The pressure difference drives the gas flow
until the pressure difference between the two sides of the
channel is zero. However, our lab found that after 12 years,
in the tube shell packaging experiments, the tube shell
still maintains a high vacuum inside, which is inconsistent
with the traditional theory, according to which the tube
shell vacuum cannot be maintained for as long as 12 years.
The prolonged holding of the vacuum indicates the hin-
drance of the gas flow in the channel.

As early as 1909, Knudsen experimentally studied
the resistance properties of gas flow within the micron
channel and pointed out the existence of a thin gas effect
within it [1]. In 2018, Scorrano et al. proposed a widely
applicable theoretical method for quantitatively predict-
ing the closed gas flow in the Knudsen and transition
zones. The channel sizes ranged from 2.5 to 250 nm.
The validity of their established volumetric gas flow
model was demonstrated by experimental measurements
[2-7]. In 2019, Zhang et al. established a nanoscale pore
model using molecular dynamics theory and simulated
the transition flow and slip flow of methane molecules
in carbon nanopores by molecular dynamics and found
that the pore walls composed of carbon atoms have an
adsorption [8-13]. In 2019, Baek and Akkutlu analyzed
the average free path of gas molecules in organic nano-
tubes using molecular simulation, Monte Carlo simulation,
and molecular dynamics and found that the nanoconfine-
ment effect significantly changed the properties of
the confined fluids and that the classical gas dynamics
theory overestimated the average free path of oil and
gas fluids under typical reservoir conditions [14-19]. In
2020, Hong et al. conducted experiments on laminar and
turbulent (including blocked flow) gas flow in smooth
microtubes under atmospheric backpressure and variable
inlet pressure conditions and investigated their local fric-
tion factors [20-26]. The theoretical methods used in the
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(a)

Figure 1: MD2A tube cap (a) and tube seat (b).

above studies were based on Newtonian mechanics while
the scales of the investigated nanochannels were all
above 2nm and did not consider the case of channels
below 1 nm. When the channel size is reduced to a certain
range, the laws of the gas flow in them may no longer
follow the laws of Newtonian mechanics.

In 1999, Markus Arndt demonstrated the quantum
effect of a fullerene molecule (Cgo) with 720 atomic
masses [27-33]. In November 2019, the team further
demonstrated the quantum effect of a short bacillus pep-
tide molecule by double-slit interference experiments.
This is a 15 amino acid length natural antibiotic with a
mass of 1,882 atoms [34-40]. And the vacuum tube shells
in this laboratory exhibit phenomenon that cannot yet be
explained by Newtonian mechanics, namely, the main-
tenance of a higher vacuum for 12 years.

In this article, we consider to distinguish the gas flow
in 1nm scale nanochannels from that above 1nm and
introduce quantum mechanics to analyze the gas flow
in microchannels below 1nm scale. Whereas there are
no studies to discuss the mechanism of the gas flow in
the nanochannels on the scale below 1nm, this article
further introduces the De Broyne matter wave of quantum
mechanics [41-46] and Heisenberg’s uncertainty prin-
ciple to analyze the gas flow in the nanochannels.

2 Experiment and analysis

In this study, the metal shell vacuum packaging is used
as an example to analyze the nanochannels that exist
inside it after vacuum packaging. As shown in Figure 1,
the packaged tube shell is commonly used for hermetic
packaging of electronic devices, where Figure 1(a) is the
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tube cap and Figure 1(b) is the tube seat. There is no
getter in the tube shell, and the internal space after
packaging is 2.1cm’.

In this study, resistance welding is used to weld
the abovementioned metal tube seat and tube cap in a
vacuum environment. After welding, the internal nano
capillary channels are shown in Figure 2.

Based on the above experimental measurement, the
vacuum packaging leakage model was established as
shown in Figure 3. The external air can leak into the
interior of the metal shell through the nano capillary
tube. In this study, the specific leakage situation of the
gas was first analyzed based on the characteristics of the
airflow through the capillary pores [47,48]. The leakage
rate of the gas (Q) is expressed as:
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Figure 2: Cross-sectional SEM image of a typical leakage hole in a
vacuum packaging shell.
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Figure 3: Schematic of vacuum packaging leakage model. This
schematic is intended to illustrate the path of the gas into the
vacuum packaging chamber, i.e., through the leakage hole into the
packaging chamber.

where d and L represent the diameter and length of the
capillary tube, respectively,  (Pas) is the viscosity coef-
ficient of the gas, M (kg/mol) represents the relative
molecular weight of the gas, T (K) represents the absolute
temperature of the gas, R is the ideal gas constant, which
is 8.31Pa m? mol"' K}, p, and p, are the pressures at the
inlet and outlet of the channels, and p represents the
average pressure in the tube.
The ideal gas law equation is shown below:

pV = nRT 2)

And the density per unit pressure p is introduced,
which can be expressed by:

m nM_nM M

P= V" PV mRT _RT 3

According to the equation above, formula (1) could
be simplified as
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As can be seen from (4) and (5), the gas leakage is
related to the capillary structural parameters and the dif-
ference between internal and external pressures. The gas
leakage rate is proportional to the third or fourth square
of the capillary channel diameter, d, and inversely pro-
portional to the capillary hole length L. Leakage rate can
be reduced by decreasing the diameter or increasing the
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length of the capillary tube. The gas leakage rate is also
proportional to the pressure difference at both sides of
the channels. Gas leakage stops when the pressure dif-
ference between the two sides of the channel is zero.

The above gas leakage is derived according to Newton’s
law. When the quality of vacuum welding is poor, it is
obvious that the outside air will quickly leak into the metal
shell. With the improvement in welding quality, the dia-
meter of the leakage hole will be further reduced.

In this study, a tuning fork crystal oscillator is used to
measure the change in air pressure inside the vacuum
cavity of a metal channel shell as the welding quality
improves. The MD2A shell was vacuum packaged in
2005 with a crystal oscillator inside the vacuum packa-
ging to measure the vacuum. The resonant impedance of
the crystal oscillator varies greatly with air pressure when
the X- and Y-cut quartz oscillator is operating in bending
oscillation mode. The direct digital frequency synthesizer
(DDS) module is used to output a sinusoidal signal of
analog scanning frequency, phase, and amplitude. The
sinusoidal signal is filtered by a low-pass filter (LPF) unit
and the final waveform is output to excite the crystal
circuit at the end. As the crystal oscillator is connected
to a resistor network, when the crystal reaches resonance,
i.e., the crystal oscillator behaves as a pure impedance.

Z=R+ijwl - j—— =R ©)
wC

The resistance of the crystal oscillator at resonance is
obtained by comparing the two voltage values at the front
and end of the crystal oscillator. In this measurement
system, the output is the voltage value.

In this study, the metal tube shell with the crystal
oscillator inside is vacuum welded using resistance weld-
ing equipment in a vacuum environment. The leakage
rate of the vacuum packaged tube shell is about 1078 to
10~° Pam?/s. This leakage rate indicates that there are
nanotubes in the metal tube shell after packaging, if there
are no nanotubes, the leakage rate should be about 107 to
107 Pam®/s. According to the previous theoretical calcu-
lation, it is expected that the vacuum packaged tube shell
will leak fast. However, after 12 years of test and observa-
tion, the vacuum inside the vacuum packaged channels
shell is maintained as shown in Figure 4; it is found that
the channels shell has been kept in vacuum for 12 years.
Although there are fluctuations, no significant reduction in
avacuum was observed. The 12 years of vacuum packaging
measurements show that when the diameter of the nano-
channels is reduced to a certain degree, although there is a
pressure difference of 1 atmosphere at both ends of the
channels, there is a hindrance to the gas flow in the channels.
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Figure 4: Relationship between vacuum holding voltage and time in
vacuum packaging shell. According to the experimental data, the
vacuum level kept fluctuating in a stable range until day 954 while
there was a significant decrease from the 954th day to the 961st
day, and continued to fluctuate in a stable range after the 961st day,
until the 5,355th day, when the vacuum level remained at 1.5512.
Data on the vacuum holding time of other packing shells are shown
in the Appendix.

Thus, the theoretical calculations are quite different from
the experimental results, which further shows that the
mechanism of airflow in the macroscopic channels will
no longer apply to the nanochannels.

3 Discussion

When the leakage holes of metal tube shells are small and
reach the nanometer level, this study introduces the
De Broglie’s Matter Waves and Heisenberg’s uncertainty
principle in quantum mechanics to analyze the air mole-
cular flow.

Similar to the diffraction that occurs when a particle
passes through a single slit, as shown in Figure 5, this
study assumes that air molecules will also diffract when
passing through nanochannels. The phenomenon exhi-
bits that they are a form of waves, as shown in Figure 6,
based on De Broglie’s Matter Waves. These molecules will
have momentum perpendicular to their original direction
of motion when diffraction occurs, and the momentum in
this perpendicular direction has uncertainty.

According to Heisenberg’s uncertainty principle, the
more accurately we know the position of an air molecule,
the less accurately we know its momentum. Then the less
accurately we know the momentum in the vertical
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Figure 5: Single-slit diffraction pattern of particles. In the process of
light propagation, when it encounters an obstacle or a small hole,
the light will deviate from the straight path of propagation and
travel around behind the obstacle. This study assumes that air
molecules will also diffract when passing through nanochannels.
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Figure 6: Section of nanochannels. This diagram demonstrates that
air molecules also pass through tiny tubes as they move from area 2
to area 1.

direction and the greater the resistance to the original
direction of motion of molecules after collision with the
wall of the channel. While it is not possible to exactly
know the motion of individual molecules, it is possible
to know the statistical pattern of the motion of many
molecules. Since the mean free path of air molecules
(A = 6.805 x 108 m) is greater than the diameter of the
nanochannels, most of the collisions in the vertical direc-
tion are particle-to-channels wall collisions, and the
horizontal direction collisions are particle-to-particle col-
lisions, as shown in Figure 7. The probability of particle
collisions in the vertical direction is much larger than
that of collisions in the horizontal direction.
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Figure 7: Schematic diagram of air molecular collision in the chan-
nels. This diagram demonstrates the possible movements of air
molecules from area 2 to area 1, one is to stop at area 2, the other is
to pass through a small pipe to area 1, and some will collide with the
sidewalls of area 2.

According to Heisenberg’s uncertainty principle

Mdp = -, )
4
where Ax represents the uncertainty of position and Ap
represents the uncertainty of the momentum.

The nanochannels model of the metal shell can be
simplified as shown in Figure 5, in which area 1 of the
channels is connected to area 2, and both are simplified
to cube structures. Air is filled inside the channels, and
air molecules can be set as microscopic particles in
quantum mechanics. The above nanochannels model is
packaged in a vacuum environment of 10 Pa.

In area 1, we have the equation (8):

h
AqAp; 2 —, (8)
4

where Ax; represents the uncertainty of the position of the
air molecules in area 1, and Ap; represents the uncer-
tainty of the momentum of these molecules.

It can be deduced from equation (8) that

Apy > = 9
P1 47TAX1 ( )
In area 2, we have equation (10):
h
AXzApz > —, (10)
41T

where Ax, represents the uncertainty of the position of the
air molecules in area 2, and Ap, represents the uncer-
tainty of the momentum of these molecules.

It can be deduced from equation (10) that

Apz > (11)

4h
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Since the volume of area 2 is larger than that of area 1,
we can get the expression: Ax, > Ax;, which also means A > B.
Then we can obtain Ap; > Ap,. It means that the uncer-
tainty of the momentum of air molecules in area 1 is larger
than the uncertainty of the momentum of air molecules in
area 2. As areas 1 and 2 are connected, the air molecules
inside can flow with each other, then the momentum
uncertainty of areas 1 and 2 will change. If some air mole-
cules flow from area 2 to area 1, the uncertainty in the
momentum of these molecules will be counted with
the original molecules in area 1, and the uncertainty in
the momentum of the molecules in area 1 will be reduced
with high probabhility. As the flow continues, the momentum
uncertainty of the existing molecules in area 1 will continue
to get smaller until it reaches A — the minimum value of the
momentum uncertainty of the molecules in area 1. At this
time, there will no longer be a batch of air molecules flowing
from area 2 to area 1. If any, the momentum uncertainty
quantity of molecules in area 1 will be further reduced,
making it lower than A, which is contrary to Heisenberg’s
uncertainty principle.

The gap between the molecules of gas under vacuum
at room temperature is very large, and the molecular
spacing reaches more than 10 times the order of magni-
tude of the molecular diameter, and the interaction force
between the molecules is very weak and can be ignored.
In addition to the collision of gas molecules with each
other and the collision with the wall of the leaky hole, it is
regarded as a completely elastic collision. The pressure
on the wall at the collision can be calculated by using the
momentum theorem, then we can obtain:

P nmvz’
3V

where n is the total number of leakage gas molecules, v is
the rate, and V is the volume of the leakage hole.

Consider the average kinetic energy of the gas
molecules,

(12)

(13)

Since the average kinetic energy of the gas molecules
is proportional to the thermodynamic temperature,

3
F = KT
k73

(14)
It can be seen from equation (14) that the energy is
discontinuous and the temperature is also discontinuous.
By combining equations (12-14), pressure can be
described as follows

2
p- nmy- _ 2nEy _ nKT, (15)
3V 3V 174
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where K is Boltzmann’s constant and T is the thermo-
dynamic temperature. From formula (15), it can be seen
that the pressure is also discontinuous when n and V are
constant.

Think about the 1-D case:

axp [BMEV R 16)
n 4
P AL (17)
n 4

Since the ratio of n to V is constant when packaged in
a vacuum chamber, then we can obtain

RELLONNG IS
n 4

According to Heisenberg’s uncertainty principle,
when the uncertainty of position becomes smaller, the
uncertainty of momentum will increase, and the uncer-

(18)

tainty of /P will increase when momentum is repre-
sented by pressure P. The uncertainty of pressure P will
increase, and the mean value of pressure P will increase,
making the gas at that location be the local high pressure,
thus blocking the passage of the gas flow. The 12-year
vacuum packaging experiments have shown that when
the diameter of the nanochannels is reduced to a certain
level, there is a hindrance to the gas flow in the channels
despite a pressure difference of 1atm between the two
ends of the channels. According to the previous analysis,
the hindrance is caused by the local high pressure. The
local high pressure in area 1 is caused by the quantum
effect of gas in the nanochannels of area 1. The local high
pressure in area 1 will not drive the gas flow into area 2 of
the channels and the pressure is quantized. This localized
high pressure is the result of the accumulation of air
molecules in a small space, which interact with the atoms
of the channel wall to form adhesions. Even if adhesion
occurs, the air molecules are not stationary.

4 Conclusion

This article introduces quantum mechanics into nano-
channels gas fluid dynamics for the first time, expanding
the new direction of fluid mechanics.

(1) Twelve years of vacuum packaging experiments show
that when the diameter of the nanochannels are
reduced to a certain level, there is a hindrance to
the gas flow in the channels even though there is a
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pressure difference of 1 atmosphere between the
two ends of the channels.

(2) When the diameter of the nanochannels is reduced to
a certain degree, the gas flow in the channels is
fluctuating.

(3) When the diameter of the nanochannels is reduced to
a certain degree, the gas is locally at high pressure at
the minimum diameter.

(4) Leakage rate detection values indicate the presence
of nanochannels after the packaging of the metal shell.
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Appendix
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Figure Al: Relationship between vacuum holding voltage and time in

No. 72406 vacuum packaging shell.

1.65

72411 5Pa
i T 10Pa
1.55
E
>
§1.45 s
>
135 ¢
125 PR T T N S T S T T ST T SN T S ST T S I S S T SO TN ST S S W |
0 1000 2000 3000 4000 5000 6000

Measuring Times (Day)

Figure A2: Relationship between vacuum holding voltage and time

in No. 72411 vacuum packaging shell.
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Figure A3: Relationship between vacuum holding voltage and time
in No. 72416 vacuum packaging shell.
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Figure A4: Relationship between vacuum holding voltage and time
in No. 72419 vacuum packaging shell.
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Figure A5: Relationship between vacuum holding voltage and time in
No. 72420 vacuum packaging shell.
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