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Abstract

Identification of species in the gaseous phase of hydride materials and their mixtures (e.g. LiBH,; —
MgH,) is crucial for understanding the reactional mechanisms and diffusion kinetics of hydrogen
across the different interfaces of phase segregation. This phase separation makes the characterization
by conventional gas analysis techniques complicated and some analytical information could not be
accessible. To overcome this surface/interface related issue, the study of the evolution of the gas phase
emitted by the complex hydrides during ball-milling is considered. In this respect, an experimental set-
up is designed by coupling a milling reactor with a mass spectrometer through a capillary tubing and
an effusion Knudsen cell. A gas flow study (from molecular to viscous regimes) is performed in order
to propose a suitable architecture of the entire device (ball-mill, capillary tubing, pipes, effusion cell
compartment and pumping system) compatible with the mass spectrometric detection in terms of
effused flow and molecular beam. Simulation of the flows and definition of their regimes nature at
each stage of the pipes and vessels system is addressed as function of geometric parameters, upstream
pressures, and pumping capacity on the downstream side (effusion cell). The study highlights the
advantage of using a capillary tubing for the connection and ensure an optimal detection. Different
working pressure conditions are demonstrated and associated to its length, meanwhile the diameter of

the capillary has been demonstrated to be too sensitive to be varied.
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1. Introduction

The study of the chemical reactions of decomposition or recombination of the complex hydrides is of
utmost importance to reach sustainable and efficient energy storage materials [1,2]. Among the
possible rate-limiting steps, the two models presented in Fig. 1 where the desorption of MgH, could be
limited by the formation of Mg layers around the particles, and vice-versa during the absorption of
hydrogen [3-5]. The following equilibrium reaction (solid-gas) illustrates a case of a simple reaction of
a metal hydride (MgH,):

MgH  (s) «—> Mg(s) + H,(9) (1)

Vapor pressure measurements of compounds under mechanical constraints, i.e. during the milling
process, can contribute to the understanding of interface effects on the rate of formation of the gaseous
species. The desorption Kinetics can be increased by reactive milling meanwhile the H, pressure moves
toward equilibrium. Similar behavior is predictable for absorption under milling, where hydrogen
intensities that can be measured by mass spectrometry decrease in time. For more complex hydrides
such as LiBH, (s), in addition to hydrogen it is expected that BH; (g) and LiH (g) gas molecules can be
observed [6,7], as well as more complex species B,H,(g) already reported using mass spectrometry

during heating [6,8].

In order to carry out measurements of vapor pressures under “mechanical activation” at slow
reactional kinetics and quasi-equilibrium, a design study of the coupling of the milling reactor to a
mass spectrometer is necessary. This consists of connecting a ball-milling device working at
atmospheric pressures to a mass spectrometer in which the ionization chamber is maintained under
vacuum (UHV). The mass spectrometer was selected to be associated to the milling reactor, through
an especially designed effusion cell, for the following main reasons:
o A great sensitivity of detection can be reached for a dynamic pressure range of 10®° — 10 bar
in the effusion cell, depending on the observed species nature
o A high resolution of about 800 at 10% valley which is reached with our single magnetic prism
is sufficient to separate almost completely all the observed species
o A reliable shutter of the molecular beam is essential to ensure optimal detection of
condensable vapors especially for “permanent” gases (H,, N, and Ar) and highly volatile
species (as HF and H,0).
o Effusion cell and “ion source” housings are well insulated — fitted with a special restricted

molecular beam device developed by Chatillon and co-workers [9] - and equipped with large



pumping capacities, respectively 1300 and 800 I/s which correspond to 900 and 450 I/s at the

level where the molecules are produced or ionized.

The study of the gas flows in a system of tubings and enclosures linked in series are the principal topic
of this study. For that, it is essential to review the key theoretical concepts so that to enable achieving
our goals:

o Dimensioning of the device; if one compares with commercial devices [10], their compactness
has intermediate adjustments which facilitate the adaptation to any enclosure but they present
the disadvantages to be neither reproducible nor to allow quantitative measurements. Thus
fixing the device with multiple sections will allow us the possibility to match the various
aspects of the calculation theory with an adequate geometry.

o Obtaining a better flow and pressure control in the whole device according to the
spectrometric experimental final conditions, with possibility of calibration of the instrument
for quantitative measurements, in terms of gaseous flow consumed or produced during

mechanical millings.

To make our flow calculations close to the planned experiments, we must explain the relation with the
hydrides mechanism commonly called “absorption/desorption”. As described in the literature [11,12],
HP-DSC measurements coupled to Sievert apparatus — for kinetic study goal - have allowed to observe
the reaction of dehydrogenation of LiBH, or NaBH, destabilized by MgH, according to two following
stages while heating at 465 °C.

MgH, (s) + 2LiBH ,(s) «—>Mq(s) + 2LiBH ,(s) + H, (g) «—> M@B, (s) + 2LiH(s) + 4H,(q) 2

X-rays diffraction - performed after experiment - showed that this reaction is much more complex by
revealing the existence of several other possible phases. These phases are probably formed during the
process of reactivation of the powders by milling or when heating at high temperature. The above
reaction supposes the appearance of the only hydrogen in the gas phase, whereas at mentioned
temperatures other vapor pressures can be also important. Consequently, different species resulting
from milling, such as H,, B,Hs (e.g. borohydrides), H,O and HF (in case of fluorinated doping agents)
are expected. It is thus necessary to analyze very small gas flow continuously sampled from the
milling reactor, meanwhile the milling conditions and parameters can be varied. For an amount of 2.5
g of MgH, sample, about 0.095 mole of hydrogen can be released at 300°C (2.1 L under normal
conditions). Knowing that under the present spectrometric conditions the release of hydrogen could be
complete in approximately 26 hours, it is important to calculate the real conditions which will enable
to optimize this flow in the final effusive stage. The milling reactor is designed to be adjustable in term
of pressure and temperature, as well as flow capabilities for different gaseous species. According to the

set geometry, it can allow to carry out measurements close to equilibrium in addition to kinetic studies.
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Here, we describe more precisely the architecture of the experimental device, as well as the inlet
system to carry out such connection and to ensure precise and reliable measurements. Gas flow

determination in each section is based on the appropriate flow equations depending on geometry.

) (1)

Figure 1. Model of rate-limiting steps, during hydrogen (i) desorption and (ii) absorption.

2. Methodology and preliminary data

2.1. Description of the milling reactor, inlet system and
connection to the effusion cell

For gas introduction two systems can be considered: -(i) a capillary tube or —(ii) a micronic nozzle
with supersonic beam already used by Chatillon and other recent works [13,14]. The nozzle is used
when one wants to avoid vapor condensations in the capillary tubes. A simple capillary tube is the
system more convenient for non-condensable gas when not reactive species must be detected. The
capillary tube has also the advantage of allowing a certain distance between the milling device and the
spectrometer to avoid the transmission of the milling vibrations.

The gas sampling system from the mill to the spectrometer must ensure a very small gas flow in the
effusion cell. As the capillary flow is somewhat higher than the usual effusion flow, it is decided to
provide the effusion cell with a vacuum pumping to ensure a suitable pressure in the range of 10 to at
least 107" bar (knowing that our limit for detection is about 10™ bar in the effusion cell). The pressure
in the effusion cell produces a molecular beam directed to the ionization chamber (Fig. 2). A mobile
shutter located on the way of the molecular beam allows at any moment to distinguish the molecules
of the molecular beam coming directly from the effusion cell orifice from those identical existing at
steady state in the pumping flow of the ion source. The molecular beam could be also disturbed by
phenomena related to physicochemical interactions of the gas species with the different walls. Morland
et al.[9] proposed the use of a restricted collimation device to optimize the molecular beam sampling.
This type of measurement makes possible to monitor directly the pressure of a permanent gas, contrary
to the commercially available assemblies which take into account the residual signal only by
interpolating before and after introduction (the so-called “blank™) without knowing in fact the

evolution of the real background during the measurements.
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Figure 2. Distribution of the total pressures in the whole experimental device: effusion cell connected to the mill
through the capillary tube and the system of regulation of pressure of the effused beam toward the mass
spectrometry. Different pressure regions throughout the capillary tubing with a choked exit is also illustrated.

From this analysis and a preliminary calculation, we consider the coupling between the ball-mill and
the effusion cell by a long capillary tube (1-3 m) with a diameter of about 1.5 to 0.15 mm and an
orifice characterized by a choked exit in the effusion cell. The orifice of the effusion cell has the
standard size (2x2 mm: diameter x length) used in the present spectrometer with a continuous
production of the molecular beam. A primary pump connected directly to the effusion cell is planned
to ensure the Knudsen conditions at the cell orifice (p, < 10 bar). The whole device will be
maintained at temperature higher than 100 °C to avoid condensation and adsorption phenomena
especially for water along the capillary tube. Considering that the experiment requires a continuous
contribution of hydrogen in the mill, a flow or pressure controller fitted with a dosing valve will be set
up on the input line for the introduction of the gas (H, + Ar). This unit will also allow a calibration of
the pressures or flows of gas used as carrier gas. Total pressure measurements will be also monitored
in the effusion cell using a Baratron® capacitance gauge. This will help to calibrate the mass
spectrometer knowing the total pressure by applying the Knudsen formula displayed below. The ball-
mill (vibrating type) is made of stainless steel. This material was chosen for non-reactivity with certain
number of hydride compounds. The connection to the effusion cell is made using a flexible-tube then
followed by a thin capillary-tube. The ball-mill is constituted from five distinct pieces (Fig. 3a): a vial,

air tight lid, plate holder, hollow space for hot air circulation and a single ball.



112 mm

Figure 3. (a) Cross section and photographic image of the ball-milling device. (1) vial; (2) airtight lid fitted with

a “Viton® gasket; (3) plate holder; (4) hollow space for hot air circulation; (5) ball of 20-30 mm diameter. (b)

Schema of the cross section of the effusion reactor-cell. The corresponding photographic (below) and 3D (right
side) images are also shown.

The inner shape of the vial has a quasi-ellipsoidal cavity wall. The shape allows the getting back of the
ball at the right balance during milling. The inner diameter at the top of the vial is 64 mm with a height
at middle of 35 mm. All the parts of the ball-mill are machined from standard stainless steel “304 L”,
except the main part of the vial has been built from stiffer stainless steel “630 AISI”, heat treated at
1050 °C then re-heated at 480 °C for hardness increasing. The procedure was made and certified by a
supplier who provides a hardness of 44 HRC (1472 MPa) compared to a standard stainless steel which
is around 500 MPa. As for the other parts, the external part of the vial was made of stainless steel “304
L” without any treatment to ensure a good connection with the plate holder. The airtight lid is attached
to the vial by screws. The tightness is ensured by a FPM O-ring (i.d. 2 mm, temperature range -20°C to
+204°C) placed in a groove. Two holes (i.d. 5 mm) were drilled in the lid and welded to stainless steel
tubes. One of them will be used for pumping or gas flow inlet, while the second is the outlet for
gaseous analysis. The vial is fixed to a cylindrical plate (15 x 150 mm) by four screws. A hollow space
was machined in the plate for air heating system. A circular wall of 2 mm thickness encloses the vial
for air heating with connection to the plate to allow homogeneous heating of the whole mill. The ball

is made of a steel material. Different ball sizes (20-30 mm diameter) were tested depending on the
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energy which would be transmitted to the material to be milled. A hole of 3 mm is drilled in the
bottom wall of the mill for K-type thermocouple insertion; hence the temperature could be measured at
5 mm below the sample.

Gas inlet system supplies dihydrogen, argon and their mixtures. The gas flow can be adjusted in the
desired proportions by a system of valves and mass flow controllers. The gas pipes are connected to a
primary vacuum pump for evacuation either in the pipes system or in the milling-reactor as it’s
illustrated in the synoptic schema of the pipes (Fig. S1). The connection from the ball-mill to the
effusion cell (Fig. 3b) will be progressively made by flexible-tube of 1 m length (i.d. 1.5 mm) directly
welded to the ball-mill aiming to the absorption of the vibrations during milling. The tube is followed
by thin capillary-tube 1-3 m length (i.d. 0.15 mm) to ensure gradual decrease of the pressure from
atmospheric pressure in the ball-mill to convenient vacuum (< 10 bar) in the effusion cell of the mass
spectrometer. The connection between the two tubes is made of a Swagelok® screw connector. The
capillary is inserted in a heatable larger tube (0.d. 25 mm) after its coiling in spiral form before its
connection to the cell by suitable nozzle.

2.2. Gas flow theory and flow calculations in the input lines

When a gas flows inside a tube, there are 3 different configurations of flow regimes: molecular,
transition and viscous regime. In the case of pressure gradient through a cylindrical tube, the Knudsen

number K,, allows the determination of the gas flow regime. It is given by the following formula:
K. =— 3)

where d is the diameter of the exit orifice and A is the mean free path of molecules in the gas, given by
the expression:

RT

A=—rem——
ﬂ\/ENAGZp

(4)

R is the ideal gas constant, p the pressure, T the temperature, N the Avogadro number and o the Van
Der Waals diameter of the considered molecule [15].

The various gas flow regimes in a tubing are thus defined according to the Knudsen number K,:

- If K, < 3, the flow is molecular, i.e. only the collisions with the walls are taken into account,

- If K, > 80, the flow is viscous,

- If 3 < K, < 80, the flow corresponds to the transition regime (intermediate between molecular and
viscous).

The viscous regime can be laminar or turbulent. The distinction between these two types of flows can

be determined according to the Reynolds number (Re):
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where Q is the molar flow, M is the molar weight of the considered fluid, # its viscosity at the
considered pressure and temperature T and d the diameter of the tubing.

- if R¢ > 2200, the flow is turbulent (Q 21,73.103.(&).d in S.1. units)

- if Re <1200, the flow is laminar (Q < 9,42.102.[&).d in S.1. units).

W Viscous laminar regime

In our case the choice of the pipes and orifices will be made so that the flow regime could not be
turbulent. This feature is connected to the maximal flow which will depend on the size of the chosen
capillary. According to Santeler [16], a pressure drop is stated in the presence of a system of pumping
down to the vacuum - as in our case — and laminar viscous flow is the predominant regime which can
be fixed by the type of tubes and its orifices. He considered a static local pressure instead of a total
pressure (Fig. 2) for the evaluation of the gas behavior in systems with molecular and viscous flows.
This enables the author to avoid taking into account the mean velocity of the gas line in the pressure
value and to consider that the pressure depends on the direction of the measurement related to that of
the flow. Thus it allows to develop a series of simple equations for the calculation of the pressure
drops in the systems with several compartments and through a large range of pressure from
atmospheric pressure to ultrahigh vacuum [16]. If the length to the diameter ratio of the tube is
sufficiently large, then the viscous-laminar flow is governed by the Hagen-Poiseuille law which is
given by the following formula:

Qvis = Kvis(pz2 - p12) (6)

4

na
where K = T67RT

Quis is the molar viscous flow in mol/s, | and a are respectively the length and the radius of the tube,
and 7 is the gas viscosity in poiseuille (1 Pl = 1 Pa.s). Note that Eq. 6 is applied between the two
pressures p, (ball-mill pressure) et p; (pressure at the capillary exit) corresponding at each ends of the
tube and not between the two compartments p, and p, (effusion cell pressure). Thus, the Hagen-

Poiseuille equation applies only for a tube, but not for its orifice.

B Molecular regime

In the case of a molecular effusion regime, where only the collisions with the walls are taken into
account through an effusion orifice or a tube, the effused total flow (Qme) is obtained by the Hertz-

Knudsen relation [17] corrected by a factor known as the Clausing coefficient (Eq. 7) which is the
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probability of transmission of the molecules by an orifice of specified form (generally cylindrical)
compared to an orifice ideally thin [18].
s.C.Ap

—_ == 7
Qna 27MRT 0

where s = za’ is the section of the orifice, C is the Clausing coefficient and Ap the difference in
pressure between the two sides of the orifice (the two compartments in this regime).

The Clausing coefficient was discussed by Santeler et al.[19] and confronted with more recent work of
Cole [20]. By comparing the various published coefficients and their resulting errors (up to 12% for I/d

= 2), we proposed to use the relation where the maximum error is only 0.6%:

1
C= 3l (8)
1+ —
8a
where I'=1 1+L3I is the equivalent length of the orifice which depends on | and a respectively
3+ —
Ta

the length and the radius of the orifice. Note that in Santeler’s calculations, the exit orifice of a tube is

the only one which is considered.

W Choked flow from laminar to molecular transition

This sonic flow state has the role to restrain the passage from viscous laminar flow to molecular flow
(i.e. between the capillary end orifice and the effusion cell i.e. lower pressure compartment) without
loss of the operating vacuum. Henry [21] defines the conductance of an orifice in thin wall separating
two tanks of pressures po and p; (po < p1). He pointed out that gas flow through this orifice undergoes a
contraction, then a succession of relaxations and compressions (shock waves). Afterwards,
rearrangement of Wantzel-Zeuner formulas (Eq. 9) and of the equation of the mass flow G of the gas
(Eq. 10), he proposed the formula (Eq. 6.11) of isentropic flow which travels through the orifice.

y-1

w2=2rP 1{&} ! )
v=1p Py
G = sUyp, (10)
1 1
Po |" | 2y 1 Po |7
—spl P2 = g [P 11
© pl(pj y-1RTM (pJ o



where Uy and po being respectively the velocity and density of the gas at the pressure po.
C
Y= C—p is the heat capacities ratio (5/3 = 1.67 for a monatomic gas and 7/5 = 1.4 for a diatomic or
polyatomic gas) and Q is the flow in mol/s.
By considering the flow evolution when po/p; ratio decreases or pumping rate increases (Fig. 4), a

maximum is observed for a critical ratio:

B[ 27y, (12)
Py y+1

The critical ratio r., defines the condition of sonic flow as the gas velocity at the exit is equal to the
local velocity of the sound for the pressure p;. In the sequence of pressure values going from the
atmosphere (or more) to the vacuum in the system of introduction between the milling device and the
spectrometer, it is important to correctly locate this phenomenon by an adequate geometry. Indeed the
sonic regime has the following principal advantages:

* limit at least the maximal gas flow by only the diameter of the tube orifice

» ensure the proportionality between pressure and flow and thus to relate directly the flow value to that
of the only upstream pressure measurement

* obtain down to the orifice a molecular regime adapted to the effusion cell in a mass spectrometer.
Fig. 4 represents the variation of the output flow of the gas as a function of the po/p; ratio through a
tube. Flow is known as subsonic for pressure ratios close to unity which corresponds to an adiabatic
pressure drop. For an optimal flow, the ratio r. is known as sonic where the velocity of the particles is
equal to the local velocity of the sound. Our computed values correspond well to the theoretical curve
in the field of the supersonic flow obtained for weak pressure ratios. According to Eqgs. 9-11, the
sudden flow change is due to a fast reduction in the density compared to a slow increase in velocity
[16]. According to the type of the sampling system, the gas velocity through the exit orifice of the
capillary towards the downstream vessel (the effusion cell) could not exceed a limiting threshold that
corresponds to sonic regime. If the pressure po decreases under this critical ratio, Eg. 11 is no more
applicable (dashed lines inset Fig. 2) because the only force able to push the molecules out of the
orifice is then that contained in the gas, and the maximal flow corresponds at the own molecules
velocity (cf. Kinetic theory of gases) to escape the exit plan of the orifice toward the ideal vacuum (no
molecule of the compartment of pressure p, comes back to shock the molecules leaving the orifice).
For all values po/p; < r, the flow according to the Eq. (11) has a maximum and constant flow, called

critical flow which corresponds to the choked flow, such as:

chitical =P 'Cchoc (13)

By considering the total pressures, if the difference in pressure between p, et p; is important, the
molecules are ejected as “shocked” at the exit of the tube for a ratio po/p; < 0.53. According to the

geometry of the orifice at the exit, made up of a cylindrical tube emerging freely in a rather large
10



volume, this pressure ratio corresponds to a threshold limit after which a pressure decrease po will not

affect any more the value of the exit flow [22,23].
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Figure 4. Flow — pressure ratio diagram (sonic flow) according to equation 12 for choked flow during the
viscous-molecular transition.

The expression of the conductance Cgo. can be simplified to:

¥

Copos = S- y[ﬁj“.ﬁ (14)
Cenoc depends only on molecule type (its molar mass and monoatomic or polyatomic nature) and on
temperature. The flow Q.iicar at the orifice remains proportional to the pressure p; before its exit. It is
the principle of proportionality which is used in the flow controllers in general. Note that for this
choked flow no molecules can come backwards in the tube. The expression of the critical flow (Qcriticar)
in the orifice, imposed by the shock effect of the gas particles could be reduced to the Eq. 15 by
eliminating the pressure p; in relation (6) by substitution from the Eq. 13. This formula was also
included in the work of Santeler [16] for a tube with a choked exit by considering the total pressure:

2
Cloc 2K, p
N 14| ——vs™2 | 9 15
chmcal 2Kvis Cchoc ( )

B Transition regime

The transition regime is an intermediate regime between molecular and viscous-laminar and which
corresponds to a Knudsen number between 80 and 3. For a compressible flow DeMuth et al.[24]
developed a model which combines the expressions of the two other flows, molecular (Qnq) and
viscous(Qyis). They use the Knudsen number (K,) to combine these flows, in particular for values

between 2 and 45 according to the expression:
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Qtrans = Qvis (1 —Ca™"" )+ Qm olca_Kn (16)

The experimental constant of DeMuth Ca= 1.05, represents the inverse of the probability that a
molecule after collision with another molecule will not be hit against the walls of the orifice. The use
of the Knudsen number in this relation has a physical significance where the molecular percentage of
flow represents the number of molecules able to go upward the tube after collisions (molecular
regime) on the walls. The remaining percentage is the contribution of viscous flow. This model
considers an asymptotic regression of the molecular regime towards an isentropic regime, generally

viscous-laminar, where the pressure ratio is maintained constant.

2.3. Computing the different flow modes

In order to quantify the flows in the whole device, from the mill to the mass spectrometer calculations
were carried out using VBA language under Excel Macros. The final program is given in the
Appendix (Suppl. Info.). All the units are in S.I. unit and flows Q are in molar flow (mol/s).

The viscosity (in PI) of dihydrogen was obtained starting from a polynomial regression of = F (T)
from the data of the CRC [18]:

My, =—1.0893-10" xT? +2.7796-10° x T +1.59-10°° (17)

Note, the choke constant Cgo. (Eg. 14) depends on the nature of gas by its mass. This will be
calculated for each type of gas. The shock becomes limiting when the ratio satisfies py/p; < r. This
latter case is set as criterion where the pressure po (effusion cell) can be always much lower than p,.
Due to the complexity of the calculation, Santeler [16] proposed a practical method to solve systems
with multi-elements inter-connected between them. He supposed that each tube and its exit are
calculated as two different elements which allows to define a flow regime at each stage. For example,
the tube could work in laminar flow and its exit in “shocked” regime if the downward pressure
corresponds to the molecular vacuum, which is the case for a capillary connected to a pumped effusion
cell in this study.

The strategy of calculation consists in choosing a section of the system with an imposed pressure at the
entry. The flow will be calculated starting from the pipes dimensions. Then each section will be solved
by iteration in order to obtain the pressure at the entry of the following section. A simplified schema is
given in Fig. 5 illustrating the reasoning sequences.

In the suggested equation, three principal flows will be distinguished: the viscous flow in the capillary
Quis, the pumping flow Q,ump that is connected to the effusion cell and the effusion flow Qs (towards

the spectrometer). At the effusion cell level, the flows are described by the flow steady-state balance:

Qeff = Qvis - qump (18)
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The computational solution is based on the sign change of the relation Qp,, — Quis + Qs -

Because the choice of primary pump is imposed by the offer of different suppliers, this condition must
be the beginning of iteration calculation first without taking into account the effusion flow. For that we
have proceeded by dealing with each section apart as presented below.

Pumping system

Qcqp at fixed
geometry

Turbulent laminar
flow

o ifRe S
Y 1200

Change
dimensions

Fromviscous laminarflow to shocked exit

no yes
]
Transition regime Viscous laminar flow
yes
| 7 -
I ]
without with
effusion flow effusion flow

loop while
Quis=Qpump P === == e e e e e

P1, Po. Ps,
vasv qump- QeH

Molecularand transition
flows

P1, P3, Quis = Qoump

Figure 5. Simplified algorithm used for the solving of the flow equations

2.3.1. Connection between the ball-mill and the capillary

The total pressure p, in the ball-mill, is also the pressure at the entrance of the capillary. Two flows are
expected; viscous-laminar flow in the capillary tube, followed by the choked flow at the exit, both
being connected by p; (Fig. 2) which will be the parameter of calculation in order to equalize the two
flows.

Knowing that the pressure p; should be lower than p, (and higher than p, which is very small), we
define p; = p, / step, where the step in the interval [p; ; po] is such as: step = (p, - po) / 10. In the
program, a loop determines the value of p; using the flow equations in particular the Hagen-Poiseuille

relation (Eq. 6) and the choked flow formula (Eqg. 15). By solving the following flows equality:
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Qvis - chitical =f( pl) =0 (19)
We deduce a direct expression for the calculation of p; which depends only on the pressure p, for a
given gas species and temperature:

2
pl — Cchoc 1+ 2Kvis p2 -1 (20)
2Kvis Cchoc

The mill and the capillary are not linked in a direct way but by an intermediate tube which will be used
as vibrations absorber of the movements of the mill. This quite large (i.d. 1.5 mm; length 1 m) tubing
has been checked to have no effect on the calculations results (negligible pressure gradient).

Table 1. Flow calculation in the section: mill — effusion cell

p, (mbar) p. (mbar) Qca,,(mol.s‘l) D (Sccm)  tresigence (S) KnNeap
10000 113,2 5,162.10” 10,89 0,10 3322,6
7943 71,40 3,257.10° 8,65 0,12 2633,2
5012 28,43 1,297.10° 5,46 0,19 1656,0
3981 17,94 8,182.10° 4,34 0,24 1313,9
2512 7,141 3,257.10° 2,74 0,39 827,6
1995 4,506 2,055.10°° 2,17 0,49 657,0
1585 2,843 1,297.10° 1,73 0,61 521,6
1259 1,794 8,182.10” 1,37 0,77 414,2
1000 1,132 5,163.10” 1,09 0,97 328,9
794 0,714 3,257.10”" 0,87 1,23 261,2
631 0,450 2,055.10"" 0,69 1,54 207,4
501 0,284 1,297.107 0,55 1,94 164,8
398 0,179 8,182.10°® 0,43 2,44 130,9
316 0,113 5,163.10°® 0,34 3,08 103,9
251 0,071 3,257.10°® 0,27 3,87 82,6
200 0,045 2,055.10°® 0,22 4,88 65,6
100 0,011 5,163.10°° 0,11 9,73 32,9

The first calculated results (Table 1) show that in our case, the flow in the capillary will be always
higher than the maximum effusion flow (2.43-10° mol/s obtained for an effusion maximum pressure
of 10 bar) as soon as the upward pressure exceeds 2 bar. But assuming the optimal conditions for
measurements with the effusion cell, po will lie between 10° and 10°® bar. The effusion flow shall then
then not exceed 2.43-10" mol/s. In this case, the upward pressure in the mill should not be lower than
400 mbar so that the condition of choked flow could be maintained. However, connecting an
additional pump to the effusion cell part is necessary for the evacuation of the excess flow arriving
from the capillary when the upstream pressure is larger than 400 mbar. This result seems to be less

satisfying when the upstream pressure is lower than 250 mbar, because the flow regime in the capillary
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moves from viscous to transition and the residence time becomes higher. This feature can distort our
mass spectrometric analysis of the vapor phase when containing reactive species because interactions
with the capillary can take place. On one hand, this is dependent on the affinity of the constituents of
the vapor phase with respect to the capillary. Moreover, certain molecules can have short life times as
it is the case for the boron hydrides B,H, species. The problem can be avoided while working with
upstream pressures higher than the mentioned thresholds. Excess flow introduced in the effusion cell

must be evacuated by a primary pump.

2.3.2. Flow balance between the capillary and the
effusion cell with additional pumping

In order to choose the suitable characteristics of the primary pump the first approach is to look for the
pumping of the total flow resulting from the capillary without taking into account the effusion flow.
Thus the flow entering the effusion cell - depending only on the capillary upstream pressure p, - must
be entirely evacuated by the primary pump connected to the effusion cell. The pressure p; at the pump
entry and the effusion cell pressure po will depend on the capacity of the pump (volumetric flow as
expressed according to ps). From the pump data provided by the manufacturer (Alcatel 2015 SD), a fit
was performed giving the volume flow versus the inward pressure of the pump (Fig. S2): D in m¥%h = f
(ps/ Pa). Three areas are fitted as following for which the maximum deviation is 12% from the pump

flow characteristics:

if p,>1 ; D =1.4191xlog(p, )+6.3424
if p,<(1.7838/7027); D=0
else ; D=7.027x p,-1.7838

(21)

A scanning of the pressure p; (from 10? to 10 Pa with a step in power of -0.001) allows to determine
the flow D or flow Qpump (EQ. 21 and Eq. 22) and the steady state pressure p, in the effusion cell (Eq.
23). The conductance between the effusion cell and the pump depends on the fixed geometry and on
the p3 value. The calculation is performed for molecular and transition regimes. In the latter case, the
problem is solved by iteration using the formula developed by DeMuth (Eq. 16). The flow regime in

the effusion cell-pump entry section is at each time determined by the Knudsen number K.

qump =D- p, /(3600RT) (22)
Qpum
Po=Pst % (23)

cell
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Ceen is the cell conductance related to its pumping tube deduced starting from the Eq. 7 for a molecular
regime, such as:

sC

C ., =22
el J2nMRT

(24)

Now it is possible to find the suitable p; (and the corresponding pressure po) which corresponds to the
capillary flow for an imposed p,. To calculate the steady-state pressures ps (pump entry) and po
(effusion cell) as a function of the upward constant pressure p,, we solved for each value of a variable
pressure ps the equality of flows between the capillary and the pump entry (loop with precision
criterion). Various pressures p, will be considered in a second loop. The results are presented in Fig. 6,
showing that the flow resulting from the capillary is directly evacuated by the primary pump. The
indicated molecular and viscous flows parts are deduced from transition flow equation. For a pressure
upstream of 1.6 bar, the Knudsen number in the cell takes the value 2.8, corresponding to the
beginning of the change of the flow regime (molecular to transition). The flow curve obtained is in
agreement with the model suggested by DeMuth, i.e. a quasi-asymptotic transition flow to both

molecular and viscous regimes.

log (p / bar)

= = p, (choked orifice)
* P, (effusion cell)
— p, (primary pump entry)|

log (gas flow / mole.s™)

-7 Y — = Viscous flow
P  + + Molecular flow
Ve —— Transition flow

T T T T T
-0,50 -0,25 0,00 0,25 0,50 0,75 1,00
log (p, / bar)

Figure 6. (2) Gas flow regimes in the effusion cell pumping line, and (b) the various pressures in the effusion cell
at the pump entry as a function of the upstream pressure p, at the capillary entrance (without taking into account
the effusion flow in the flow balance)

In the present case, the acceptable maximal upstream pressure p, is approximately 3 bars, and is

limited by the maximum pressure allowed in the effusion cell. This limit is directly dependent on the
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choice of the primary pump and its connection line to the cell. The pressure p; remains 10 times higher
than the pressure po, and the exit of the capillary remains choked. By comparing the two pressures po
and ps, the difference between these two pressures reflects an adaptable functioning of the additional
pump upon the pressure p,. Note, the slope changing is due to the pumping mode (Fig. S2): from
quasi-linear mode to logarithmic mode. At this point, it was also observed the most important relative
error.

In this part, we have considered a line of direct flow (from the capillary to the pump evacuation)
without taking into account the effusion flow towards the mass spectrometer. Doing so it enables us to
choose the capacity of the primary pump for low and high upstream pressures (p, from 100 mbar to 10
bar). At high pressure, we noted that its role is to evacuate the main part of the flow. Note that the flow
in the capillary becomes of transition type below an upstream pressure equal to 250 mbar. For the next
section where the effusion flow is introduced in the set of equations, the pressure range of p, will be
varied between 3000 and 250 mbar.

2.3.3. Flow optimization throughout the effusion cell

The real working of the entire flow-lines must take account of all the flows: capillary, effusion cell and
pump. The evaluation of the optimal pressure ps and the pressure po (effusion cell) will be made
starting from the steady state of the flow i.e. the relation: Qe = Quis — Qpump. The test was carried out
using various loops to determine the pressure ps corresponding to each value of p,, and based on the
inequality: Qpump + Qerr — Quis > 0, which means that the pump must evacuate at least the excess flow
injected by the capillary to the effusion cell. It is also a condition to avoid condensation phenomena on
the walls of the cell such as water vapor.

Moreover, for taking into account the transition flow which can occur indeed at the level of the
connection tube between the cell and the primary pump entry, the equation of the transition regime is
used. The calculation of the pressure p, cannot be done any more simply as in the preceding part
because the relation between these two pressures is more complex. Initially we calculated for each
imposed pressure ps two values pomin and pomax respectively from the only molecular flow and the
only viscous flow equations. By varying p, between these two limits, one can find the exact flow at the
pump entry. Thus Quans (transition flow) is used to compute the flow in the tube section between the
effusion cell and the pump. Results also show that the molecular flow regime enters in the transition
regime in the pumping line for an upstream pressure p, above 2 bar (Fig. 7). On the other hand, below

350 mbar, the pumped flow becomes very weak.
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Figure 7. Variation of the flow regimes in the effusion cell-pump line as a function of the pressure p,.

The intersection of flows represents equal contributions of viscous and molecular flows in the
transition flow equation at the Knudsen number equal 14. At the pressure p, of 1.9 bar, we observe the
beginning of the transition flow. Below this pressure, a slight deviation is observed between the
transition flow and the real pump flow. This is probably due to the application of the DeMuth model
for Knudsen numbers between 3 to 80 (as cited in the literature) instead of 2 to 45 in the case of the
DeMuth model determinations. As the contributions of viscous and molecular flows are always

appearing in the transition flow relation, the latter can be applied for the full pressure range.

3. Results and discussion

3.1. Choice of the capillary tubing

The program provides a set of output data that we have used in this paragraph to build the
experimental device. In the case of hydrogen gas, it can be noted that an increase of the capillary
length (from 1 to 3 m) makes it possible to work with low pressures py in the effusion cell and high
upstream pressures p, up to 4 bar. Regarding the diameter of the capillary, the calculation shows that
as small as possible diameter is needed. The commercially distributed capillary 0.15 mm inner
diameter fulfils satisfactorily the requirements fixed for our system of introduction. In our case, the
input pressure p, could vary from 0.1 to 2.5 bar for ideal working conditions of both the milling device
and the spectrometric measurement.

The capillary flow, in the case of N, gas, is equal to 3 Sccm (Standard cubic centimeters per minute)
for an upstream pressure of 2.5 bar with vacuum downstream. By using air, the manufacturer had
given an indicative value 2 to 3 Sccm for 1 bar upstream and vacuum downstream. In the case of H,,
this same volume flow is already reached with an upstream pressure of approximately 1 bar. The
apparent “fluidity” of H, is due to its low viscosity compared to N, which suggests working with low
upstream pressures in our experiments where the main gas is H,. In the followings the presented

results are for the case of hydrogen gas. For an adiabatic flow at the capillary orifice exit, the gas
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escape velocity is limited by the local sound velocity. At this stage, the pressures p:/po ratio should be
maintained lower than the critical ratio (r.) in order to avoid the transition regime and adiabatic
expansion. Besides, the choked exit for the gas can be established only if the pressure p; is in the
viscous regime as attested by the Knudsen number.

Fig. 8a shows the flow regime along the capillary represented by the variation of the Knudsen number
before the choked exit for various upstream pressures. For the last millimeters before the capillary exit,
the gas undergoes a very fast expansion which could affect the isentropic viscous regime at the exit.
This regime change becomes more noticeable below 0.5 bar. This is in agreement with our estimations
of the choked exit based on the calculation of the critical ratio.
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Figure 8. Variation of the Knudsen number upon: (a) the pressure along the capillary, (b) the diameter of the
capillary for an upstream pressure of 1 bar

As shown in Fig. 8b, a capillary of small size is more convenient for this study in order to avoid a
viscous flow of turbulent type. Although the flow regime in the capillary is in general viscous-laminar,
where the pressure p, is lower than 250 mbar, the transition regime occurs at the exit, corresponding to
a pressure p; equal to 0.07 mbar. This limit will be that of the lowest pressure p; corresponding to the
validity of our calculations. This p; pressure low limit, will give lowest p, limit. Below this pressure
limit, the capillary is working, but measurements will not be related to calculation. According to these
calculations, it appears that even for low upstream pressures the effusion flow is always negligible
compared to the flow issued from the capillary for an upstream pressure lower than 400 mbar. Below
this value near 320 mbar, the pump reaches its pumping limits because the pumping flow tends to zero
value. In that case, the pump may contaminate the effusion cell with backward flows.

We confirm our assumption that the use of an additional pump is essential in addition to the effusion
flow. The pressure in the effusion cell, measurable by the mass spectrometer, will depend on the flow
steady state. To be able to regulate this pressure for better optimizing the measurement conditions
(increase the Knudsen cell pressure up to ~ 10” bar) it is necessary to associate a valve with adjustable

conductance to the pumping line.
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3.2. Flows control in the effusion cell with a pumping system

Fig. 9 presents the variation of the logarithm of the different pressures as a function of the upstream
pressure p,. It highlights the variation of the difference between the two pressures po and ps in
particular for values of upstream pressures increasingly high. The same situation is observed in the
case of a device without effusion flow (Fig. 6). This fact is due to the increase of the pumped flow due

to the increase of the pressure gradient (Table 2) between the effusion cell and the primary pump.

log (p/ bar)

------ effusion cell (pg)
——pumpentry (p;)
-3,00 --= capillary exit (p,)

log (p,/ bar)

Figure 9. Variation of the different pressures as a function of the upstream pressure p,

Table 2. Pressure gradient between the cell and the pump

p> (upstream)/ bar Po (cell)/ bar p3 (pump)/ bar Ap / bar
10,00 4,74 10™ 4,34 10 3,9710°
8,91 3,90 10 35110 3,9710°
7,08 2,67 10" 2,28 10" 3,9110°
5,62 1,84 10* 1,48 10* 3,6110°
5,01 1,52 10* 1,19 10* 3,3110°
3,98 1,03 10* 7,77 10° 2,5110°
3,16 6,81 10° 5,13 10° 1,69 10°
2,51 4,46 10° 3,4110° 1,0510°
2,00 2,9110° 2,27 10° 6,40 10°®
1,58 1,89 10° 1,53 10° 3,6110°
1,00 9,70 10°® 8,49 10° 1,2110°
0,71 6,28 10°® 5,82 10° 4,57 107
0,50 4,07 10° 3,94 10° 1,32107
0,40 3,0410° 3,0110° 3,3910°®
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This graph confirms also that the pressure ratio po/p; is very small in the overall range of the upstream
pressures planned for our study (0.1-10 bar). This feature is in agreement with the required conditions
of choked flow at the capillary exit. Consequently, the molecular flow criterion in the effusion cell is
ensured. As the gas flow in the molecular regime is characterized by independent flows of opposite
directions [19], the partial pressures could be influenced by the presence of sources of gas in various
places of the gas line. Consequently, the pump can have selective pumping effects for certain gases.
To minimize these effects of back flow which could contain impurities, the use of a trap with liquid
nitrogen before the primary pump will allow to improve the vacuum and to avoid any undesirable

condensations in the effusion cell.
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Figure 10. Variation of the transition flow and its viscous and molecular components between the effusion cell
and pump entry according to the upstream pressure py in the effusion cell.

Comparing the various existing regimes as a function of the pressure in the pumping line between the
effusion cell and the pump (Fig. 10) using the transition flow formula, we observe that the flow enters
in the transition regime just before the pressure approaches the limit of operation of the effusion cell (=
10 bar). By analyzing the obtained flow values, we note that the contribution of viscous flow in the
pumping tube becomes negligible for upstream pressures p, lower than 1 bar which involves a pressure
po of about 107 bar. Fig. 11 shows the distribution of various flows in the “effusion cell” compartment
upon the upstream pressure p, as well as the flow evacuated by the pump. It is to be noted that for
upstream pressures lower than 0.4 bar the evacuated flow by the pump becomes negligible. The pump
reaches its pumping capacity limit at the corresponding pressure limit. At very low upstream pressures,
flow resulting from the capillary is completely evacuated by the effusive flow. For these conditions,

the valve of the pump shall be maintained close to avoid any contaminations.
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Taking into account the transition flow equation in the pumping line section brings a significant
correction to the pump pressure and consequently to the effusion cell flow in particular for upstream
pressures higher than 2 bar. The transition regime seems to occur also at the capillary exit (the few last
centimeters) for upstream pressures p, lower than 0.5 bar. Calculation of the Knudsen number for
various upstream pressures and according to the distance along the capillary, shows that the transition
flow could not be avoided. The choked flow at the exit of the capillary remains, however, available
because the viscous contribution is important and the ratio po/p; is very small. The transition flow
becomes more pronounced for low upstream pressures. A molecular flow is also established in the
capillary (near the exit) for upstream pressures lower than 100 mbar. The higher limit of the pressure
p, is approximately 4 bar, which corresponds to a pressure po near the threshold pressure in the
effusion cell when pumping. For ideal working conditions based on transition flow between the cell
and the pump entry, we suggest to work at upstream pressures lower than 2.5 bar.

log (gas flow / mol.s™)

—— viscous flow inlet
—— molecular effusion flow
evacuated transition flow ]
+ + calculated transition flow
(DeMuth et al. [14])

-9 T T —T T T T T T T

-10 -08 -06 -04 -02 0.0 0.2 0.4 0.6 0.8 1.0
log (p, / bar)

Figure 11. Relationship between different flows for an optimal mass spectrometric operating conditions.

3.3. Construction of the reactor to be coupled to mass
spectrometer

As the effusion cell assembly is expected to contain only gaseous species issued from the capillary
tube, therefore its conception is simplified and consisted on a cylindrical chamber (h=68 mm, d=30
mm) with a screwed lid fitted with an orifice (i.d. 2 mm). The cell device is made of two parts: the
main effusion cell and its pumping system (Fig. 12). Details on the cross section of the cell is given in
Fig. S3. It will be also useful to measure the total pressure in the effusion cell in order to regulate the
flow and calibrate the mass spectrometer. The upstream pressure of the capillary will be fixed using a
flow controller with variable pressures in the range 0.1 - 2.5 bar. As determined in the flow calculation
part, the excess flow is evacuated by the additional pump while only small amounts of the flow effuse

toward the ionization chamber for its analysis by the mass spectrometer. The arriving flow from the
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capillary with choked exit is deflected by two walls for allowing a scattered distribution of the flow
across the cell compartment (Fig. S3b). The evacuation exit of the cell has the same surface section as
for the pumping tube (@ 25 mm). The measurement of the temperature is performed directly in the cell
at two levels by means of two K-type thermocouples, while the pressure measurement in the cell is
made by a Baratron® capacitance gauge through a long tube (10 mm i.d.). The cell is surrounded by an
envelope for air heating circulation to obtain isothermal conditions (Fig. S3a). Baffles were welded
alternatively in the air heating compartment to allow the transmission of heat by convection. All parts
of the cell made of stainless steel, are welded and tested for air leaks. The cell is mounted on a vacuum
flange for its set up and connection to the spectrometer housing. Fig. 12 shows the final architecture of
the coupling of the milling device with the mass spectrometer.
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Diffusion pump (700 I/s) & filaments
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Po =l j=fl] «—— Pressure gauge
. .
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Diffusi 13001,
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Figure 12. Schema of the coupled instruments for mass spectrometry measurements when milling the hydrides

4. Conclusion
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The present milling reactor has been designed for two main purposes; — (i) analyse the gaseous species
that are desorbed or adsorbed from powder hydrides under mechanical activation. — (ii) provide an
access to kinetic constants which could be determined for the main decomposition-evaporation
reactions.

Flow calculations were performed in order to propose a suitable architecture of the whole device (ball-
mill, capillary tubing, tubes and pipes systems, effusion cell compartment, pumping system)
compatible with the mass spectrometric detection in term of effused flows. Flow simulation clearly
evidenced the importance to define the flow regimes at each stage of the pipes and vessels system.
This study highlights also the advantage of using a capillary for the connection between the mill and
the Knudsen effusion mass spectrometer. Different working pressure conditions are associated to its
length, meanwhile the diameter choice has been demonstrated to be too sensitive to be varied. Under
the present experimental conditions, steady-state flow will depend mainly on the real capacity of the
selected pump and thus will be adapted for optimal pressure which can be reached to form an
optimized molecular beam. Any upstream pressure variation will be compensated by the evacuating
pump in view of decreasing the effusion flow when the molecular beam is strong enough for mass

spectrometry analysis.
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