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1. INTRODUCTION

There are many applications where known small flows of gas are required, for
example, in leak detection, calibration of leak elements, low flow metrology, vacuum
measurements, or other fields such as gas permeation experiments, where the flow rate
could be below 10® mol/s (~ 10* Pa-m%s), but often this means even several decades
below. (Ehrlich & Basford, 1992; Tison, 1993) The simplest way to generate very low gas
flows would be by using a single leak element (capillary type preferably), with suitable
calibrated conductance, through which the gas flows with rates adjusted by varying its inlet
pressure. (Tison, 1993) However, this has a main drawback when wide range of flows are
needed: changing the inlet pressure by orders of magnitude will cause changing of the flow
regimes, so the conductance of the leak element will need to be measured as a function of
pressure, which is a difficult task in practice.

Over time, (Bergoglio et al., 1995; Wangkui et al., 1996; Hedlund & Pendrill, 2006;
Hidalgo & de Segovia, 2008; Detian et al., 2011; Detian et al., 2013) but even recently,
(Avdiaj & Setina, 2017; Guo et al., 2019) a multitude of methods have been proposed and
devices have been built, with increasing efforts to reduce the lower limit of flow-rates, but
also to improve the measurement accuracy of these ultra-low flows. Thus, more and more
complex and costly solutions have resulted.

However, most methods and devices have been developed to set flow standards for
metrology, while in certain particular research applications, new or adapted methods and
devices appear to be more suitable. Such particular case is when the injection of very low
flows of hydrogen and/or deuterium directly into the permeation cell is the option for
calibration of the measurements of hydrogen isotopes permeation fluxes, in permeation
experiments performed in very different modes. (Bidica et al., 2020) An important aspect
in this case is that, depending on how the experiment is conducted, very different
conditions may occur in the permeation cell, as for example high vacuum - in the case of
permeation to vacuum, or a wide range of pressures - in the case of permeation to another
gas. Thus, the simplest way of using a single leak (of calibrated conductance) is not
appropriate; besides the disadvantage due to change of the flow regimes as the inlet
pressure is increased (which leads to pressure dependent conductance), also wide ranges of
pressure (instead of high vacuum) at the outlet of the leak would make the task even more
difficult. Therefore, a new method has been proposed to accomplish this purpose, and this
work presents the concept of this method (including the corresponding mathematical
model used to characterize the flow), but also the results of the experiments performed to
test the feasibility of the method.

2. THE CONCEPT OF THE METHOD

The concept is based on two leak elements of constant conductance through which a
so-called reference flow is initially established, as well as on a variable leak valve through
which well-controlled flows (and over a wide range) are eventually generated in order to
be injected into the permeation cell. In figure 1 it is presented the flow diagram of the
proposed set-up for generating very low flows. Being guided by this diagram, the
understanding of the method concept should be easy.
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Figure 1. The flow diagram of the proposed set-up for generating very low flows

The key elements, marked by red color in fig. 1, are:

- (L) —first leak element of constant conductance Cp,;

- (Lg) — second leak element of constant conductance Cg;

- (LV) — variable leak valve for generating very low flows (to be injected into the
permeation cell);

- (Pa) — first pressure gauge (of capacitance type);

- (Pg) — second pressure gauge (of capacitance type);

- (Pc) — third pressure gauge (of capacitance type);

- (SL) — standard flow leak (used to calibrate the generated flows).

It is also important to distinguish the following three key compartments (gas
chambers):

- Compartment A — consisting of the reservoir (R,) and its connection tubes with
flow controller (FC), isolation valve (V;), metering valve (MV), the first leak element (La),
and the first pressure gauge (Pp);

- Compartment B — a pseudo-chamber of a very low volume consisting only of the
tubes connecting the first leak element (L) with the second leak element (Lg), the variable
leak valve (LV), and the second pressure gauge (Pg);

- Compartment C — another pseudo-chamber of low volume consisting only of the
tubes connecting the variable leak valve (LV) with the third pressure gauge (Pc) and
isolation valves (V,), (Vs), (Ve), and (V7).

The test gas is supplied to the compartment A by means of flow controller (FC), and
the pressure level — which is measured by the gauge (P») — could be maintained constant
by adjusting the metering valve (MV) so that the incoming flow from (FC) is balanced by
the outgoing flow toward vacuum. Being driven by the constant pressure P4, a small part
of gas from compartment A will also flow through the first leak element (L,) into
compartment B, where the gas accumulates over time but also flows further through the
second leak element (Lg) toward vacuum, as being driven by the momentary gas pressure
Pg in the compartment B — which is measured by the gauge (Pg).
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Note: During this procedure, only the isolation valves (V,) and (V) are opened,
while all the other isolation valves, and also the variable leak valve (LV), are completely
closed.

As the pressure Pg increases, the gas flow-rate F,, passing through the leak element
(La), decreases, while the flow-rate Fg, passing through the leak element (Lg), increases.
So, the gas is accumulating into compartment B until the gas pressure Py reaches steady
state. This could be modeled by the following material balance equation for the
compartment B:

Vg dPB{:t}_ E
RT dt 4 'F (1)

where: Vg is the volume of compartment B, T is the temperature of gas in compartment B,
and R is the ideal gas constant.

According to theory of gas flow at very low pressure (vacuum) through capillary
tubes, the two gas flow-rates Fo and Fg depend on the conductances of the two leak
elements but also on the pressure drops across each leak, respectively: (O'Hanlon, 2003)

F.A: CA.{:PA_P_E}J (3)
Fg = (g Pp. 4)

Note: As the outlet end of the leak element (Lg) is connected to high vacuum
system, in eq. (4) the pressure drop across (Lg) was approximated with Pg.
Introducing equations (3) and (4) in eq. (1), it results:

dPg(t) RT . .
=—|Cy Py —(Cy+ Cgl- Pglt)l.
i 7 [Ca® Py —(Ca+ Cp)- Pp(t)] @)

If the gas flows under molecular flow regime through both leak elements, according
to aforementioned theory the two conductances C, and Cg are independent of gas pressure.
Equation (1) can be easily integrated in this case, and its solution has the following form:

Py(t) =P, - cAiAcﬁ {1 — exp [—{:CA +Cg)- R?:- :]}
®)

The steady state value of the gas pressure Pg, accumulated inside the compartment
B, for a given pressure Py, kept constant inside the compartment A, is:

P p CA
BE=fa"" & [ ~ ¢
CA+C.E' (6)

This is a consequence of equal flow-rates through both leak elements, Fn = Fg,
where they are defined in equations (3) and (4). For the next steps, this state of equilibrium
will be seen as the "reference state™; consequently, the flow through both leak elements
will be the “reference flow”, F and also the gas pressures inside compartments A and B,
P, and Pg"™, respectively, which satisfy eq. (6).
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Opening the isolation valve (V,) and closing (V) will allow assessing the reference
flow-rate, F™, by measuring the pressure rise in compartment C. Calibration of pressure
rise measurement is made when, similarly, the pressure rise in compartment C is measured
for the flow-rate supplied by the standard flow leak (SL), i.e. standard flow-rate, Fs.

Note: All the time the entire system has to be kept at constant temperature; this is an
essential condition both for constant gas flow parameters (pressures, leak conductances,
flow-rates) and for accuracy and reproducibility of pressure rise measurements.

Once the reference flow established, from this point on the goal is to generate the
flow rates of interest to be introduced into the permeation cell. This is accomplished by
slowly opening of the variable leak valve (LV), then leaving it open at a certain position.
The gas will begin to flow through (LV) at a rate, denoted by F,, which depends on the
opening position of the variable leak valve (which can be characterized by a conductance
C,), but also on the gas pressure in compartment B. As a consequence, the pressure in
compartment B (which is initialy at the reference value Ps") starts to decrease. This could
also be modelled by the material balance equation for the compartment B under new
conditions:

Vg dPg(t) _
RT dr 4

~fa ke @)

Using the expressions of the flow rates through all the leak elements as functions of
their conductances and pressure drops, equation (7) becomes:

dPg(t) RT . .
—— =— €y Py —(Ca+ C+ () Pglt)l.
i 7 [Ca-Py—(Ca+ Cs )+ Pg(t)] )

Integration of this equation with the initial conditions given by the so-called
“reference state” (i.e. Py = PA™, and Pg(to) = P5"™, where both reference pressures satisfy
eqg. (6)) will lead to the following solution:

Ci+C C . RT
A 8 a exp | —(Cy + CB+CI}-F-IH

Pyt =P"E'f-{ + - .
5() = By Ca+Cpr+C, Ca+Cz+C, A ®)

Then, the new steady state value of the gas pressure in the compartment B, that is
reached due to the generated flow-rate F,, will be:

Pe :p”gf.ﬁ
P ©)

Because the quantity of interest is not the conductance C,, but the generated flow-
rate F, established at this new equilibrium, we can replaced C, by the ratio F,/Pg and the
following relation can be obtained:

Fo = (Ca+Cp) (B = Paiy). (10)

Thus, the generated flow rate of interest, F,, is proportional to the difference
between two steady state levels of gas pressure measured by the same pressure gauge (Pg)
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inside the compartment B. With the hypothesis of constant conductances C, and Cg (i.e.
molecular flow regime), this expression shows us that F, can be linearly determined by the
“fall” in the steady state level of pressure Pg, from the reference level, F’Bref, down to a
corresponding new level, Pgy). We can denote this “fall” in pressure level by 6,Pg, so that
eg. (10) takes a new linear form:

F.= {:CA + CB}' 8. Pg. (20”)

Every value F, of the generated flow-rate can also be assessed by pressure rise
measurement in compartment C, if isolation valve (Vs) is closed (and also the other
isolation valves, (V4), (V) and (V) are kept closed), or it can be supplied to the
permeation cell by opening the isolation valve (V).

The main goal of this method is to generate known flow rates of hydrogen and
deuterium in the range 10*-10® mol/s which are necessary to be introduced into a
permeation cell, used in experimental studies of hydrogen isotopes permeation, in order to
calibrate the permeation flows. Sizing of the leak elements to the appropriate conductances
and also choosing the right levels for pressures, in order to match the desired flow range,
have to take into account equations of the model described above, especially eq. (10°).

Note: Essentially, this method is only based on steady state conditions of flow, so
solving time-dependent equations would not have been strictly necessary. However, we
chose this more complex approach for some reasons. On one hand, the equations (5) and
(8), expressing the time evolution of pressure Pg, could help us in future work to assess the
system parameters (especially the volume of the compartment B in accordance to
conductances of the two leak elements), and to optimize them, as regarding the time
required to reach steady states. On the other hand, these equations will help us to verify the
correctness of the molecular flow hypothesis adopted in the above theoretical model, by
fitting the experimentally measured (momentary) values of pressure Pg, with the
theoretical evolution given by the above equations.

3. EXPERIMENTAL TESTING OF THE FEASIBILITY OF THE METHOD

To test the feasibility of this method, a temporary set-up was assembled as in the
flow diagram presented in figure 2, where the two leak elements of constant conductances
were replaced by two variable leak valves, (LV,) and (LVg), because they provide the
higher flexibility needed for the task of these tests. The variable leak valve used for
generating the flow-rates Fx of interests was denoted as LV, in fig. 2. All three variable
leak valves are of the same type: all-metal gas dosing valve, manually actuated, suitable for
UHV applications, maximum conductance with molecular flow of 0.05 I/s, controllable gas
flow from 1x10™° mbar-I/s to 5x10° mbar-l/s, operating pressure 1x10™° mbar to 1.5x10°
mbar.
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Figure 2. The flow diagram of the set-up used for feasibility testing experiments.

Another difference from the original configuration (fig. 1) is the lack of the standard
leak device, which was not available at the time of these tests. However, just measuring the
pressure rise in compartment C would have been sufficient for the purpose of these tests to
get a relative comparison of flow-rates, so it would not have been strictly necessary to
calibrate these flows. In spite of that, the flow controller (FC) used for feeding the test gas
was also used to calibrate the pressure rise measurement in compartment C, thus giving a
more complete figure on the results of these tests. This flow controller (which was factory
calibrated for hydrogen gas) were capable to control flow-rates from 0.014 mi(n)/min
(minimum controllable) up to 2 mi(n)/min (i.e. approximately 1x10® mol/s to 1.5x10°
mol/s). But because even these quite low flow-rates were higher than the ones purposed to
be tested, a reservoir of about 50 cm® capacity (Rc) had to be connected to the
compartment C.

All the connection tubes, reservoirs and valves were wrapped around with electrical
heating tapes and then thermally insulated so that to assure a stable temperature of the
entire system (and thus, stable conditions of flow) during experimental testing.

As regarding the pressure measuring devices installed on the testing set-up, all three
were vacuum gauges of capacitance type; the gauges (P,) and (Pg) are identical and have a
measuring range from 1 Pa to 10* Pa, while the gauge (Pc) has the range between 10 Pa
and 10 Pa.

Before the experimental tests, entire system (i.e. reservoirs, valves and connecting
tubes) was heated to 100°C and degassed for about 40 hours under high vacuum, then it
was cooled down to 35°C and maintained at this temperature all along experimental
testing.

The first step was to “calibrate” the pressure rise measurement in compartment C, by
measuring the rate of pressure increase for certain flow-rates of gas provided by flow
controller (FC). Thus, the test gas (hydrogen) was fed into compartments A and B, at
certain flow-rate values set on (FC), and let it flow into compartment C and toward
vacuum, by keeping leak valve (LV,) fully open, and so the isolation valves (V3) and (Vy)
kept open, while (LVg) was only slightly open. By restricting the flow through (LV3), a
much higher level of pressure can be realized in compartments A+B compared to compartment C,
so that, when pressure in compartments A+B is steady, the measurement of the pressure rise is
practically limited to the volume of compartment C only. Flow controller (FC) was set first to 0.015
ml(n)/min. (1.12x10°® mol/s). Leak valve (LVg) was adjusted so that to create a steady state
pressure of about 5000 Pa in compartments A+B; this value was chosen in the middle of the
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measuring range of gauges (PA) and (PB) so that there is availability for both increases
and decreases of this pressure level for the following procedural steps. That was in the very
next steps, the flow-rate set on (FC) was increased to 0.020, then to 0.024, and then to
0.028 ml(n)/min., and the stationary pressure level in compartments A+B increased
accordingly until it approached the maximum of the measuring range of the gauges. For
each of the four values of the flow-rate set on (FC), and when the pressures P, and Py were
at steady state, the isolation valve (V3) was closed, hydrogen gas was accumulating in
compartment C and its pressure increase was measured. The measured rates of pressure
increase in compartment C, expressed in Pa/s, versus the corresponding flow-rates of
hydrogen provided by (FC), expressed in mol/s, are presented in figure 3. The linear
regression given by the four points (solid blue squares in fig. 3) was then used to convert
every rate of pressure increase in compartment C, measured in units of Pa/s, into units of
flow-rate, mol/s (like in case of the distinct point, the empty red circle in fig. 3, which
represent a flow-rate rate measurement made in the next procedural step of these
experimental tests).

1 -
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Figure 3. Calibration of the pressure rise measurement in compartment C.

As already mentioned above, the flow-rates purposed to be generated within these
tests were much lower than the minimum flow-rate provided by flow controller. Thus, the
next goal was to adjust both leak valves (LV,) and (LVg) to much lower conductance, so
that to create much lower flow-rates of hydrogen gas through them for steady pressures of
thousands of pascals in compartment B, and pressure drops across (LV,) of 1000 Pa at
most. To do that, the pressure of hydrogen gas in compartments A+B was decreased back
to about 5000 Pa, then the leak valve (Vg) was gradually closed so that the flow-rate
through it (assessed by measuring the pressure increase rate in compartment C) was about
one order of magnitude lower than the minimum flow-rate provided by (FC). Secondly, the
leak valve (V) was gradually closed until the pressure of hydrogen gas increased to 6000
Pa and remained stable at this level. During these adjustments of the two variable leak
valves, the gas flow rate through them was also gradually decreasing, and thus the metering
valve (MV) had also to be gradually opened so that to maintain the desired steady level of
hydrogen pressure in compartment A. This procedure proved to be by far the most difficult
and time consuming, many other fine adjustments being necessary until true steady state
pressure levels in compartments A and B were obtained eventually, as well as a constant
flow-rate, at one-tenth of minimum supplied by (FC), for hydrogen gas through the two
leak valves. Finally, the following values have been obtained: P, = 6000 Pa, Pg = 5500 Pa,
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for a flow rate Fo = Fg = 1.13x10° mol/s, which was calculated from the direct
measurement of pressure increase in compartment C (dPc/dt = 5.13x10 Pa/s) and using
the calibration curve presented in fig. 3 (also this measurement is represented by the point
marked with empty red circle in fig. 3).

The openings of leak valves (LV,) and (LVg), which were set-out above, remained
unchanged (fixed positions, so constant conductances), and the next experimental test was
intended to verify the hypothesis of molecular flow of hydrogen gas through the two leaks,
at these fixed conductances and for this pressure range. Thus, starting from the value of Py
= 6000 Pa, the pressure in compartment A was then gradually changed to lower stationary
levels (by gradually opening of the metering valve (MV)), down to P, = 1000 Pa. For each
new steady level of P,, the pressure in compartment B decreased until also new steady
level of Py was obtained, and for each new pair of steady pressures P, and Pg the resulting
flow-rate of hydrogen gas through both leaks (LV,) and (LVg) was assessed by measuring
the rate of pressure increase in compartment C. Then, the obtained valued of the flow-rates
were correlated with the corresponding pressure drops on both leaks, P, — Pg and Pg,
respectively, in order to verify the theoretical linear relations given by equations (3) and

(4) from above. These correlations are graphically presented in figures 4 (a) and (b),
respectively.
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Figure 4. Experimental correlations between the flow-rates through both leaks and the
corresponding pressure drops.

A good linearity was obtained for both leaks, which indicate that molecular flow
regime could be well approximated with these conditions of flow. This could also be
confirmed by the correlation between Pg and P, — Pg, presented in figure 5, which is in a
very good agreement with theoretical linear relation given by equation (6) from above.

6000 -
5000 -
y = 10.579x+ 200.01
4000 - R? = 0.9997
§ 3000
o® 2000 -
1000 -
0 . . . . . .
0 100 200 300 400 500 600

P -Pg [Pa]
Figure 5. Experimental correlations between the pressure drops on the two leaks.
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The slops of the linear regressions of the experimental data presented in figures 4 (a)
and (b) determine the conductances of the two leaks, Cx = 2.379x10™ (mol/s-Pa) and Cg =
2.249x10™ (mol/s-Pa), respectively, and their ratio is Ca/Cg ~ 10.578, almost equal with
the slope of the linear regression of data presented in fig. 5, which also determines the ratio
CalCg.

The two variable leak valves, (LV,) and (LVg), were kept fixed at the same openings
(i.e. the same constant conducatnces) for the next experimental tests where the low flows of
interests, F,, are generated by gradually opening of the variable leak valve (LV,). However,
because small deviations from the linear behavior can be observed in fig. 4 for pressure Py
above 4000 Pa, these tests were performed by setting-up the hydrogen pressure in compartment
A (i.e the “reference pressure” PA™) at 3000 Pa. Consequently, the steady pressure established
in compartment B (i.e the “reference pressure” Pg"™) was 2756 Pa.

First opening of the leak valve (LV,) was done so that the generated flow, F,, would
produce a ,.fall” of about 5 Pa in the pressure level Pg (from the reference level Pg"™ to the
new steady level Pg,, 6,Pg = Pg™ — Pg,). The experimentally obtained firs “fall”, 6,Pg, was
about 4 Pa. The corresponding flow rate F, was assessed by measuring the rate of pressure
increase in compartment C, and then converting it in mol/s units; the resulted value was
7.82x10™? mol/s. The tests were continued in the same manner to produce higher flow-
rates values F, for higher o,Pg (i.e. lower steady levels in pressure Pg). All the obtained
results are graphically presented in figure 6, where the generated flow-rates F, are
correlated to the corresponding falls 6,Pg in pressure level Pg.
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Figure 6. Experimental correlations between the generated hydrogen flows F, and the
corresponding "falls" ¢,Pg measured for the hydrogen pressure level in compartment B.

These results have shown a good linearity, in very well agreement with equation
(10) from above. Also, the slope of the linear regression, 2.364x10™* (mol/s-Pa), which
represents the sum of the two constant conductances, C, + Cg, is very close to the sum of
their values individually determined above, C, = 2.379x10™** mol/s-Pa and Cg = 2.249x10"
3 mol/s-Pa, within the tests performed at for a higher pressure range. The small difference
could be explained by the fact that C, increases slowly at higher pressures.

To further explore the validity of the above described model based on molecular
flow hypothesis, but this time for non-steady conditions of flow described by eq. (5), a last
experimental test was performed. Thus, the variable leak valve (LV,) was fully opened in
order to evacuate the compartment B, so that the initial condition Pg(0) = 0 Pa could be
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well approximated. Then (LV,) was completely closed as fast as possible so that the
generated flow-rate F, could be supposed zero. While the variable leak valves (LV,) and
(LVg) were kept at the same openings as in previous tests (i.e. the same conductance
values are supposed) and the pressure level in compartment A was maintained at the steady
level P, = 3000 Pa, the time evolution of pressure Pg where monitored at every second.
The momentary measured values of Py are presented in figure 7 (the points marked by
empty blue squares) in comparison with the theoretically evolution Pg(t) (the red line)
which was calculated according to eg. (5) where the following input data were used: P, =
3000 Pa, C, = 2.379x10™*? mol/s-Pa, and Cg = 2.249x10** mol/s-Pa — as parameters, and
Pg(0) = 0 Pa — as initial condition. This comparison has shown a good agreement of the
model prediction (eq. (5)) with experimental data, confirming once again the validity of the
model with molecular flow hypothesis.
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O Experimental
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Figure 7. Comparison between time evolutions of Pg as given by experimental measurements (blue
empty squares), and theoretical model (red line), respectively.

4. DISCUSSIONS AND CONCLUSIONS

A new method to generate very low gas flows has been proposed in this paper. Its
main goal is to generate very low and known flow rates of hydrogen and deuterium in the
range 10™"3-10® mol/s which are necessary to be introduced into a permeation cell, used in
experimental studies of hydrogen isotopes permeation, in order to calibrate the permeation
flows. However, this method can be also used in many other applications.

Briefly the method is based on two leak elements of constant conductance through
which a so-called reference flow of gas is established between two steady levels of
pressure (measured in two compartments separated by the first leak element), as well as on
a variable leak valve (with its inlet connected to the second compartment) through which
well-controlled flows (and over a wide range) can be generated. These generated flows can
be very well determined by the changes in the steady level of pressure measured in the
second compartment. A complete description of this mechanism, and also the associated
mathematical model based on molecular flow regime, were presented in this paper.

The feasibility of the method, and also the theoretical model, were experimental
tested in many ways (using hydrogen gas) on an experimental set-up where variable leak
valves were used instead of the two fixed leak elements on which the concept of the
method is based (this providing more flexibility for this kind of testing experiments).
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The experimental results of the tests performed within this work are presented in the
paper and demonstrate, on one hand, the validity of the theoretical model of flow (based on
molecular flow regime), and, one de other hand, that this method can be very well used for
generating very low and known flows, with the purpose (at least) of calibration of the
permeation flows measurements. The range of hydrogen flow rates generated during the test
presented here were approximately from 10™ to 10® mol/s. However, this range could be
extended down to 10™ mol/s by an adequate dimensioning of the conductances of the leak
elements and also by decreasing the pressure range, this being the goal of a future work.
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