JOURNAL OF KTEX CLASS FILES, VOL. 18, NO. 9, SEPTEMBER 2020

Distributed measurement and modified
Navier-Stokes model of gas pressure profile
evolution in hollow-core antiresonant fibres

Elizaveta Elistratova , Thomas W. Kelly, Ian A. Davidson, Hesham Sakr, Thomas D. Bradley,
Austin Taranta, Francesco Poletti, Radan Slavik, Peter Horak, and Natalie V. Wheeler

Abstract—Recent progress in reducing the loss of hollow-
core fibres (HCFs) makes them great candidates for many fibre
applications. However, as the fibre’s optical properties depend on
the gas pressure and composition within the core and cladding
holes, it is essential to understand the gas dynamics at play
when the fibres are pressurised, vented or evacuated. Here, we
investigate the gas flow dynamics along the core of an HCF with a
more complex microstructure design, as is typical of recent state-
of-the-art HCFs. We use a novel distributed technique based
on optical time-domain reflectometry (OTDR). This technique
enables measurement of the evolution of the pressure distribution
within the hollow core during the gas-filling process over long
fibre lengths. Using these results, we show that the pressure
distribution inside the HCF can be simulated using simplified
Navier-Stokes equations and approximating the fibre core as a
simple cylindrical tube of ~ 0.7 times the fibre core diameter.

Index Terms—Hollow-core fibres, pressure profile, GDRI, gas
filling, gas flow, optical time-domain reflectometry

I. INTRODUCTION

OLLOW-CORE antiresonant fibres (HC-ARFs), such as
nested antiresonant nodeless fibres (NANFs) and double
nested antiresonant nodeless fibres (DNANFs), are state-of-
the-art HCFs which combine the usual benefits of HCFs such
as low nonlinearity, low dispersion, high damage threshold,
near-vacuum speed of light [1] with a record low loss [2], [3].
These fibres are being deployed in various applications [4], and
both control and long-term stability of their optical properties
are becoming increasingly important. Here, the gas within the
core and cladding regions of the fibre plays an important role.
When an HCF has been left with unsealed ends for a long
time, it is expected to have the same gas content at the same
pressure as the surrounding atmosphere. In normal conditions,
the internal gas composition would be air containing water
vapour and other possible contaminants (such as hydrogen
chloride gas [5]) at atmospheric pressure. However, for stan-
dard fabrication processes, the starting condition for an HCF
internal volume is not atmospheric pressure air and thus an
understanding of the time-scales and conditions required for
gas-content equalisation is needed. A recent study showed [6]
that as-drawn HC-ARFs (fibres whose ends are sealed immedi-
ately after fabrication) have an internal pressure significantly
lower than atmospheric, close to ~ 0.2 bar, principally due
to the temperature drop (~2000°C) between the fibre in the
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furnace and the final fibre combined with the extreme change
in hole size during the fibre draw. Upon opening the fibre ends
to the atmosphere, the pressure gradient pushes atmospheric
air inside, consequently creating a temporary pressure gradient
along the fibre until full equalisation with the surrounding
atmosphere has occurred.

Due to the possibility of contaminants entering the HCF’s
microstructure [7], and hence degradation of their optical
properties, sealing or enclosing the fibre ends is a strategy
which can be employed successfully. However, such fibres
must still be unsealed for further testing, use, or system
integration. It has been demonstrated that unsealing the fibre
ends and initiating a pressure equalisation process affects fibre
transmission properties [8]. As an HC-ARF’s core is usually
larger than the capillaries forming the cladding, and the gas
travels faster through a larger capillary, core pressure rises
faster to atmospheric than the cladding pressure. This creates
a transient core-cladding pressure gradient that is termed
gas-induced differential refractive index (GDRI) [9], which
temporarily improves the fibre transmission properties. This
could affect the loss measurements of HC-ARFs, in which
confinement loss is the dominant loss mechanism, if they
are carried out while the core and cladding pressures are
equalising.

Understanding the time periods involved in this process, and
opening up the possibility of exploiting the GDRI to improve
the fibre properties, relies on understanding the gas dynamics
inside the fibre; these control fibre filling and venting times.
Initially, the gas-filling dynamics were studied using early
HCF designs, where the core can be closely approximated
by a circular tube [10], [11]. In this case, an analytical
model can be derived to predict the pressure profile evolving
inside the fibre. However, as was shown in [12], a circular
tube approximation does not work well for recent HC-ARFs
due to a more complex core shape (see a cross-section of
the fibre used in this work in Fig. 1). Using numerical
modelling, it was demonstrated that the circular tube model
is insufficient to obtain simulation results consistent with the
gas flow measurements for such fibre geometries. Along with
a flow velocity maximum at the fibre core, local velocity
maxima were observed in the gaps between capillaries. Such
a phenomenon resulted in a lower overall mean velocity in the
fibre than in a fibre-core-sized tube.

Previous works studied the gas dynamics inside HCFs by
averaging methods, specifically using absorption spectroscopy
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[81, [9], [10], [12]. Such methods allow the average gas
concentration inside the fibre to be measured but not the
pressure distribution and its evolution over time. To measure
gas pressure or density distribution we would need to capture
how light is interacting with a segment dz along the fibre’s
length. Such a measurement is possible with OTDR.

In OTDR the fibre is characterised by measuring a backscat-
ter signal from each point along the length of the fibre.
This technique is routinely used with traditional solid-core
fibres to locate breakages and imperfections [13]. In HC-
ARFs, backscattering comes from three contributors [14]: the
Rayleigh backscattering from the bulk glass, backscattering
caused by surface roughness of the glass surface, and backscat-
tering from the gas inside the fibre core. At atmospheric
pressure, the glass and surface roughness contributions to
backscatter for typical HC-ARF designs are more than an
order of magnitude lower than that of the gas [14]. There-
fore, applying the OTDR technique to HC-ARFs can provide
information on the gas distribution inside the fibre. Although
backscattering from atmospheric air within an HC-ARF is
around 30 dB lower than from silica in the core of a solid-core
fibre, commercially available OTDR instruments have been
shown to produce measurable signals [13] if the issue of strong
back-reflection is carefully addressed.

Here, we demonstrate this novel experimental technique and
use it to measure the pressure profile of the gas inside the core
region of a NANF along the fibre length, while the fibre is
being filled with gas (or vented). We use these measurements
to further investigate the application of the cylindrical tube
model [10] for more complex HC-ARF structures, such as
NANFs. Based on the comparison between the experimental
and simulation results, we propose introducing a correction
factor - an effective diameter coefficient - that allows us to
simulate the pressure distribution inside the core and predict
fibre filling and venting times (as the time to pressure profile
stabilisation) using the simple tube model. The reported gen-
eral technique will be fully applicable to other HCF designs
not presented here (such as the “ice-cream cone” type [15])
but potentially with slight modification.

In this paper, details of the fibre under test are presented
in Section II. The cylindrical tube model used to simulate the
gas flow dynamics inside the HCF is described in Section III.
The experimental setup for distributed measurements of the
gas pressure evolution using OTDR is described in Section IV
and the results of the experiments, model comparison and the
model correction factor are presented in Section V.

II. STRUCTURAL AND OPTICAL PROPERTIES OF THE FIBRE

The fibre used here is a NANF [2], as shown in Fig. 1. The
fibre’s core is defined by 5 capillaries (outer capillaries) with
a nested capillary (inner capillary) inside each. The fibre core
diameter D, is 35 pm, the average outer capillary diameter is
37.1 pm with average thickness of 0.44 um, the average inner
capillary diameter is 18.9 um with average thickness of 0.39
pm, and the gaps between outer capillaries are on average 5.7
pm.

The fibre was designed for C-band operation in its first
antiresonant window [2] with a measured loss of 0.30 4= 0.06

30 pm

Fig. 1: SEM image of the NANF used in this work. Red:
”extended” fibre core area. Blue: fibre core area, and area of
the tube model, where D = D..

dB/km at 1550 nm. The loss of the fibre is close to the loss
of standard telecom fibre.

The length of the fibre sample in this study was chosen
as L = 435 m; this is considerably longer than fibres used
in previous reports of gas flow dynamics in HCFs (typically
lengths of 15 m or less have been investigated) and approaches
the fibre lengths used for some telecommunication applications
while keeping the experiment timescales manageable (gas
filling time scales with the square of the fibre length, see
Section III). The fibre was left exposed to the atmosphere post-
fabrication prior to our experiments for over a year. Therefore,
the initial conditions within the fibre’s microstructure were
expected to be similar to atmospheric conditions.

III. GAS FLOW MODEL

The flowing air inside the core of the NANF can be mod-
elled using the time-dependent laminar compressible Navier-
Stokes equations (for an in-depth explanation see Appendix
A).

It was shown in [10] and [16], that the Navier-Stokes
equations can be simplified to get a single equation for an
approximated pressure distribution inside of a cylindrical tube.
So, by replacing the complex shape of the fibre core with a
simple tube of diameter D we get an approximated pressure
distribution inside of a fibre:

op  D* 9 [ op

ot 3210z {pﬁz} ’
where p is pressure, u is dynamic viscosity of the gas, t is
time, and z is the spatial coordinate along the fibre length. We
will refer to Eq. (1) as the tube model in the remainder of the
paper.

Applying 9p/0t = 0 and boundary conditions p(z = 0) =
Py (pressure at the proximal end of the fibre) and p(z = L) =
Pr, (pressure at the distal end of the fibre), we get the steady-
state solution

(D

pe) =[P - 28— P, @

where L is the fibre length.
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Fig. 2: Numerical solutions of the tube model pressure equa-
tion (Eq. (1)) for an air-filled tube with a 35 pum hole diameter,
a 453 m length and initial internal gas pressure of 1 bar: (a)
filling/pressurizing from the distal end with a 6 bar pressure
source and the proximal end open to atmosphere, (b) post-fill
venting (outlets of both fibre ends at 1 bar), (c) numerically
calculated values of filling and venting times for different
filling pressures along with their fits with fitting parameters
a, b, and c. (d) Example of fitting pressure curves for various
D.ss (red) to a backscatter curve (blue). Shown for the case
of 11.75 hours after beginning pressurising air-filled NANF at
6 bar pressure from its distal end.

23 45 6 7 8 9 10
Pressure (bar)

Numerical solutions of Eq. (1) are shown in Fig. 2 for the
following scenario: a fibre (cylindrical tube with core diameter
D.), which has an initial uniform pressure distribution of 1 bar
along its length, is filled from its distal end (¢ = L) with air
at Pr, = 6 bar while the proximal end (# = 0) is kept open
to atmospheric air (at Py = 1 bar) (Fig. 2a) and subsequently
vented by removing the pressure source at the distal end (Fig.
2b).

During the process of filling, the gas pressure front grad-
ually moves from the distal to the opposite (proximal) end,
eventually taking the shape of the steady-state solution in
Eq. (2). The venting process starts with the distal end of the
steady-state solution dropping to atmospheric pressure and the
pressure profile across the fibre evolving by flattening to an
even pressure distribution.

Filling and venting times

We define the filling time as the time elapsed from when the
pressure is applied to the distal end until the length-average
pressure inside the fibre core reaches 95% of its maximum (the
average pressure of the steady-state). Similarly, the venting
time was defined as the time taken till the average pressure
inside the fibre core reaches 5% above its minimum (1 bar).

As can be seen in Fig. 2a, the maximum average pressure
inside the fibre is reached when the pressure distribution has
reached a steady state after > 20 hours. While in general the
value of averaged pressure alone does not guarantee that the
shape of the pressure distribution is indeed a steady state in
the experiment, this is essentially checked by fitting the model
to the experiment in section V(b). The levels of 95% (and
5%) were chosen as they are sufficiently high (low) to more
closely match the steady-state profile both in the model and
the experiment but not too high (low) to introduce additional
uncertainty due to rapid (fall) of the averaged pressure and
normalised backscattering function for filling (venting).

To define filling/venting time as a function of the filling
pressure P, the dimensionless counterpart of Eq. (1) was
solved for a range of pressures P = 2..10 bar:

ow_ 0 [ o
ot~ oz [paz] ’ )

where p = p/P,, z = z/L, t = t/Ky, and K, = Bﬁé‘ﬁj, P,
is the atmospheric pressure.

The results of the computation are shown in Fig. 2c
with solid blue and red lines for filling and venting respec-
tively. Both filling and venting times closely approximate an
exponential dependence on pressure so the equation y =
aexp(—P/b) + ¢ was fitted to them. The fitted curves have a
very good agreement with the numerical data as can be seen in
Fig. 2¢ (dashed magenta and green lines for filling and venting
respectively). Then, the functions for dimensional filling and
venting times (obtained by multiplying the fitted curves by
K},) of pressure P = 2..10 bar are:

32 L2 P
T = ——10.2 . - .04 4
fil Db, [0 930 - exp ( 307 + 0.0 96” , @
- 32ulL? P
Tven - D2Pa |:01935 + exp (752 + 01192>:| . (5)

As can be seen in Fig. 2c, the dimensionless filling time re-
mains about 0.1 units lower than the venting times throughout
the range of pressures from 3 to 10 bar closing that gap by
about a half between 2 and 3 bar.

Thus, the average difference between the filling and venting
time is
32uL? _ 3.2u L2
D2P,  D2P,

making the average difference between the filling and venting
time of a tube with diameter D = 35 um and length L = 435
m with air: T¢;; — Tyer, = 22.6 hours.

Egs. (4)-(6) should be valid for a range of p, L, D and P
as long as the flow is in hydrodynamic regime, laminar and
compressible (see Appendix A). Thus, the filling and venting
times would increase with the viscosity of gas y and square
of the tube length-to-diameter ratio (L/D.), and decrease
exponentially with the applied pressure P.

For a tube of 35 ym diameter and 435 m length, which ap-
proximates our NANF, the filling and venting times T}i 1L jvent)
calculated by Eq. (4) and (5) for 3, 4.5, and 6 bar filling
pressure are presented in Table 1.

Tfil - T’uen ~0.1-

(6)
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TABLE I: Filling and venting times evaluated from the exper-
iment and model, and effective diameter coefficient calculated
based on their values.

Tilt Xyz

99%

exp t

Tritijventy  Lfitjvent)’ kegy keyy
h h (prediction)  (fitting)

6 bar (fil.) 48.42 10.75 0.47 0.70
6 bar (ven.) 70.17 24.20 0.59 0.70
4.5 bar (fil.) 58.82 17.52 0.55 0.70
4.5 bar (ven.) 123.95 29.54 0.49 0.75
3 bar (fil.) 45.15 28.57 0.80 0.75
3 bar (ven.) 245.15 36.06 0.38 0.70

IV. EXPERIMENTAL SETUP

In order to measure the evolution of the longitudinal
pressure profile along the core of the NANEF, we used a
novel approach based on OTDR. The setup was based on
a commercial OTDR (LOR-200, Luciol Instruments S.A.) to
measure the localised scattering (and hence pressure) in an
HCEF, as shown in Fig. 3a. One of the key challenges here is
minimising end face reflections, so OTDR pulses at 1550 nm
were delivered to the NANF by a solid-core fibre with an 8°-
angle-polished mode-matching adapter and a simple four-layer
anti-reflective coating [13]. The solid-core fibre was carefully
butt-coupled to the NANF using a 5d alignment stage (xyz
and pitch and yaw). The mode-matching adapter at the end of
the solid-core fibre enlarged the diameter of the mode field to
match that of the NANF’s fundamental mode. Since the solid-
core fibre and NANF were not spliced, the space between
them allowed for the gas to exit the fibre, keeping this end
of the fibre at atmospheric pressure. The NANF was wound
on a bobbin ~ 318 mm in diameter, though we do not expect
that typical coiling diameters (> 100 mm diameter) have an
effect on filling/venting time. The distal end of the NANF
was secured in a custom gas pressure chamber attached to
a pressure gauge [9]. To fill the fibre, dry air was supplied
through the gas line to the pressure chamber. After filling, the
fibre was subsequently vented. For venting the fibre was not
removed from the gas chamber. To bring the gas chamber end
of the fibre to atmospheric pressure, the gas supply was cut off
and the valve (V1 in Fig. 3a) on the gas chamber was opened.
The OTDR pulses delivered to the NANF scatter from the gas
inside the fibre and the backscattered portion was captured
through the same delivery solid-core fibre and processed in
the OTDR unit.

The width of OTDR pulses was set at 100 ns to achieve a
high enough signal-to-noise ratio and fibre length resolution.
With this setup, we were able to measure backscattered signals
from a NANF filled with air at atmospheric pressure that were
10 dB above the noise floor and a fibre length resolution of
15 m.

An active auto-alignment system (Nanotrac, Thorlabs) was
installed to maintain the coupling over long periods (over a
week). The Nanotrac system monitored the fibre throughput
power changes via a photodiode (D in Fig. 3a) placed behind
the gas chamber window. If the throughput power dropped, the

stage stage
SMF,

@ ‘ Gas line
NANF 435 m ﬂ
V1
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Fig. 3: (a) Experimental setup for measuring the pressure
distribution dynamic inside NANF via OTDR by filling the
fibre with gas from one end and subsequently venting. (b)
Typical backscatter power traces recorded by the OTDR.
Shown for the case of filling NANF with air at 6 bar from
the distal end.

Nanotrac controller acted to move the piezoelectric drivers in
the XYZ stage to re-align the fibres and return the throughput
power to its original level. The throughput power was recorded
via a custom Labview script and used for the normalisation of
the backscatter signal. For the same purpose, the OTDR power
was recorded through a 1 % splitter channel (power meter PM
in Fig. 3a).

The described setup produced the backscatter traces shown
in Fig. 3b. Here, the NANF was filled with dry air at 6 bar
pressure from its distal end. The double reflection peak at
the beginning of the trace marked the splice between SMF;
and SMF,, and the coupling to NANF. The peak at the end
of the trace was due to the remaining distal end-face back-
reflection and gas chamber window. In between the peaks lies
the backscatter signal from the gas inside NANF. As the gas
pressure front moves further into the fibre, the backscatter
signal rises due to the increased gas density in a manner akin
to the pressure distributions given by the tube model (Fig.
2a). Generally, a change in gas composition would also be
reflected in the backscatter signal. However, here the fibre is
both pre-filled and pressurised with air, so all changes to the
backscatter signal are only due to density (pressure) changes

The experiments were performed in the following order: 6
bar filling, 6 bar venting, 4.5 bar filling, 4.5 bar venting, 3
bar filling, 3 bar venting. As can be seen from that order,
the fibre was vented in between each filling experiment, that
is, the fibre was left until its internal pressure had returned
to 1 bar/atmospheric pressure. This return to 1 bar was deter-
mined by the venting experiment continuing until the observed
backscattering distribution did not significantly change over a
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time period of several hours as can be seen in Fig. 4d.

Backscatter data processing

Considering an OTDR measurement of a fibre with a
backscatter coefficient B, the power Py reflected from a 1-
m length section of fibre situated a distance z away from the
launch end of the fibre is given by [13]

Pyse(2,t) = Pyun(t)B(z, t)el 727, (7)

where P;,, = (P;,)(t) is the OTDR output power ! with an
average over time power (P;,) and fluctuations S3(t), « is the
NANF’s attenuation, and 7)(t) is the fibre coupling coefficient,
which may fluctuate in time ¢ due to the misalignment of the
5d stage.

The OTDR records the attenuation of the sent pulse power
in dB/m, 10 log Pb;i%(z) , where P is the value of the OTDR
output power recorded into OTDR memory during calibration.
The fibre throughput power is

Pup(t) = (Pin) B(t)n(t)e 8. ®)

Substituting Eq. (8) into Eq. (7), converting it to dB/m, and
assuming P, = (P;,), the backscatter coefficient B(z,t) in
dB/m is:

10log (B(z,t)) = 10log <<PZ >ﬂ(t‘;37l;z;)e(‘2°‘z)> -

10log <P<b;§(§)> 10leg <Pthr(t<)]c;(ia(>L2z))> |

Therefore, we can obtain the backscatter B(z,t) by “normal-
ising” the backscatter signal by the fibre throughput power,
average OTDR power and fibre loss contribution.

Note that we use a simplification by not considering the
dependence of fibre loss on the pressure inside the core [9].
Thus, a GDRI contribution to the backscatter signal will still
be present in the processed data.

(€))

V. RESULTS AND DISCUSSION
A. Gas pressure distribution maps

The NANF was filled and subsequently vented three times
at different filing pressures 3, 4.5, and 6 bar through its distal
end. Backscatter traces were recorded continuously ( ~ 1 trace
per 2 minutes over several days) until the pressure profile
stabilised. The backscatter signal’s evolution for filling and
venting at 6 bar is shown in Fig. 4a and 4d respectively in the
form of time/fibre length heatmaps (heatmaps for 3 and 4.5
bar can be found in Appendix B).

The filling and venting times were evaluated in the same
way as for the tube model. The evolution of the average
pressure in the fibre is represented in Fig. 4g and 4h by the
backscattering integrated over fibre length and normalised to
its value in the last backscatter trace recorded. Despite normal-
ising the data, some fluctuations remained, so an exponential

ICommercial OTDRs, such as the one used in this experiment, often record
data in terms of signal amplitude rather than optical power. Here, we talk about
data already converted to optical power.

function was fitted to find at which time 95 % and 5 % of
relative backscattering were reached for filling and venting
respectively. Values of filling and venting times T;Zl]lj Jvent
obtained this way for all experiments are presented in Table
L.

Experimental filling and venting times differ significantly
from those obtained in simulations for a fibre-core-sized cylin-
drical tube. It suggests that a tube diameter D.s; # D, should
be used in the model to correctly predict the filling/venting
time. We define an effective diameter coefficient k.yy as the
ratio of effective diameter D,y to fibre core diameter D..
Using the filling/venting time’s connection to the diameter of
the tube D, we find

Deff T)Eill/vent
kepp = =\ = (10)
1 Dc T}fi];{/vent

where T; il Jvent is the filling or venting time of the tube of D,

diameter and T;Z’;lf Jvent is the filling or venting time of the tube
of diameter D,y . There is no difference between using only
filling or only venting times to calculate k.¢¢, both options
provide the same value.
Then, substituting ijﬂ Jvent for values of experimental
filling and venting times in Eq. (10), we predicted the effective
diameter coefficient for each experiment. As only the filling
pressure changed from one experiment to the other, there
should be minimal deviation of its values for all of the six
experiments. However, as we can see in Table I, the values of
the predicted effective diameter coefficient span from 0.38 to
0.80. We attribute this fact to an imperfect method of obtaining
experimental filling and venting times: as the normalised
backscattering functions in Fig. 4g and 4h possess significant
noise in some cases, the values can have large error bars. So
fitting of the tube model was used as described in the next

section.

B. Fitting to the OTDR trace procedure

An obvious (and simple) way to apply the described model
is to approximate the complex fibre structure with the tube
of the fibre core diameter (blue-shaded region in Fig. 1).
However, some flow will likely occur in the gaps between
capillaries (red-shaded region in Fig. 1) and this will influence
the overall filling rate. According to Egs. (4) and (5), the
filling and venting times depend inversely on the area. Since
the area of the “extended” core (core + gaps) is larger than the
core alone, we could expect a decrease in filling/venting time
compared to the model. Yet, the flow through the narrowest
parts of the gap will be slower (due to the smaller cross-
sectional area compared to the core region) than the rest
of the fibre, which might indicate an overall increase in
filling/venting time compared to the model. This corroborates
that a tube diameter D.¢s 7# D, should be used in the model
to correctly predict the filling/venting time.

To investigate this dynamic, the tube model was fitted to
the experimental results. As the tube model does not have
an analytical solution, we cannot directly fit it to the data.
So, to determine which D¢ best fits the experiment, the
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Fig. 4: Heat maps showing backscattering from the moving pressure front for filling (a) NANF with air at 6 bar and subsequently
venting (d). Values of R? for fitting the tube model at various D to the experimental backscatter data at 6 bar filling pressure:
(b,c) for 10 time steps from the beginning of the experiment to filling/venting time ijfl’l’ Jvent’ (e,f) averaged over a whole
range of time steps (cyan) and two first time steps (green). Calculated relative backscattering functions for filling at 6, 4.5,
and 3 bar pressure (g) and venting (h), and their fits. The crosses show when the functions for filling (venting) grow (drop)

by 95 % which determines the filling (venting) time.

tube model (Eq. (1)) was solved for a range of D.ys, = sulting in an array of pressure curves p(z,t;; Desy.;). Since
(0.55,0.60, ...,1.05)D, and t; = (0,0.1,..., 1)T;Zf/vem re- the optical width of the OTDR pulse resulted in a 15 m fibre-
length resolution of the backscatter data, the pressure solutions
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were convolved with a square pulse of 15 m width. Three such
pressure curves are shown in Fig. 2d with red lines for the case
of filling the fibre with 6 bar pressure 11.75 hours after the
beginning of the experiment.

Since the backscatter coefficient is a linear function of
pressure [17], both pressure solutions and backscatter data
were normalised and a least-squares fit was performed. In the
following section, we visualise the fitting results by plotting
the values of the coefficient of determination R2.

C. Effective diameter and time coefficients

The fitting procedure was performed for each of the six
experiments. Obtained values of R? at 6 bar are shown in
Fig. 4b and 4c for filling, and Fig. 4e and 4f for venting (R?
graphs for 3 and 4.5 bar can be found in Appendix B). Fig.
4b and 4e show values of R? for different k.sy at different
times into the filling and venting processes. We do not include
values of R? at t = 0 regardless of ks because the pressure
distribution would be the same for all of them: for filling it
is a uniform distribution of atmospheric pressure, for venting
a steady-state solution (Eq. (2)). In Fig. 4c and 4f, the values
of R? are averaged over the whole time range (cyan curve) or
only two time steps (green curve).

For filling, the values of R? reach almost 1 for a certain
effective diameter coefficient k., indicating that the pressure
distribution of the fibre can be well approximated with a tube
model across all times (from the beginning of the filling to the
steady-state). Eventually all values of R? for different ks
reach a maximum of ~ 1 as the steady-state pressure distri-
bution is the same for all tube diameters (Eq. (2)). Therefore,
the first hours of the experiment are most representative of
a particular structure and what k.¢¢ should be used for it in
the tube model. That is also confirmed by obtaining the same
maximum at k.ry = 0.70 —0.75 for each case averaging over
the whole range of times and only over the first two time steps
(out of 10 considered).

For venting, we find similar trends, but also we see a rapid
degradation of the fit at later times as R? drops below 0.9,
which we believe is due to the relative OTDR noise increasing
at lower backscatter values. Nevertheless, the maximum of R2
stays almost the same when averaging over the whole time
range or just two time steps at kqr¢ = 0.70 — 0.75.

Combining all optimum values of k. s for all six cases we
get ke = 0.72£0.03, meaning that the time-dependence of
the pressure distribution in the fibre core is described by that
of the tube of a diameter reduced by 0.72 times or of a surface
reduced by k:gf s = 0.52 times. Therefore, the pressure front
inside of the fibre core moves 1/0.52 = 1.93 times slower
than would be expected of a tube with the same size, as

1 1
Dgf f
where A,y is the area that is being filled.

The slowing of the process in the fibre compared to the
tube was also shown in [12] by numerically solving the full
Navier-Stokes equations. We attribute this to slower gas filling
in the smaller voids within the complex cladding structure

Tri ~ (11)

Acyy’

which leads to gas being pushed along the fibre in the core but
subsequently leaking through the gaps between the capillaries
to fill the whole available cross-section of the HC-ARF.

Thus, the ratio of the “extended” core area A.,, (core +
gaps) to the core surface area should tell us by how much
the filling time should increase (or the pressure front should
slow down). However, such a ratio for our NANF equals 3.57,
which is significantly larger than the value of 1.93 we obtained
through fitting. It might mean that the transverse gas flow
through the gaps is significantly slowed by the gap size and
the longitudinal flow in the interstitials. Since the area of each
individual gap is smaller than the area of the core, the flow
in the gaps must fall behind the flow in the core. Such a
difference in filling dynamic might be another reason for a
decline in fit quality with time. Different filling times of the
core and capillaries would also create a GDRI that would
introduce a varying loss along the fibre, and the tube model
does not account for that loss.

VI. CONCLUSION

We have presented a novel method for measuring the
distributed gas pressure evolution in the core of an HCF. This
method uses a commercial OTDR system, in combination with
carefully designed coupling optics to minimize reflections, to
measure backscattering from the gas within the fibre. This is
possible in an HCF because scattering from other contributions
(e.g. Rayleigh scattering by the glass) is substantially lower.
Key advantages of this approach, apart from the distributed
measurement, are the ability to measure the pressure evolution
in long fibres with high time resolution. This enabled the
capture of experimental data that we have compared with a gas
flow model which assumes a cylindrical fibre core. We showed
that the gas flow inside a NANF exists in a hydrodynamic
regime and can be well simulated using the Navier-Stokes
equations, when approximating the fibre’s complex core struc-
ture with an “effective” cylindrical tube. Such an approach al-
lows for a quick estimation of fibre’s filling and venting times,
which are important when considering fibre equalisation to the
atmosphere or a sealed fibre break. For the NANF studied here,
the cylindrical tube has to have a diameter of ~ 0.7 of the
fibre’s core diameter. This NANF design, including the core
size and gaps, is reasonably representative of current state-of-
the-art fibres designed for low loss in the C-band. However, for
fibres designed for different wavelengths, or as fibre designs
evolve, further investigations will be necessary to understand
how this effective core diameter changes with fibre structure.
Neither the tube model nor the OTDR method allow us to look
at the gas dynamics past the fibre’s core and at the volumetric
flow rates inside the whole structure, and thus full numerical
simulations of the 3-dimensional Navier-Stokes equations may
be required for a more detailed analysis.
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APPENDIX A
NAVIER-STOKES EQUATIONS

In general, gas flow can be considered as a flow composed
of individual discrete particles (molecular regime) or as a
macroscopic continuous fluid flow (hydrodynamic regime)
[17]. The choice of a regime is determined by the Knudsen
number Kn = gy /1, where \ fp 1s the mean free path between
inter-molecular collisions, and [ is the characteristic dimension
of the fibre [12], with a Knudsen number of < 1 representing
continuous flow and > 1 molecular flow (and the regime
between corresponding slip/transitional flow). Inserting the
formula for the mean free path Ay, [10] into the equation for
the Knudsen number we get: Kn = \/;#;pr where kp is
the Boltzmann constant, 7" is the temperature, d is the kinetic
diameter of the gas molecule, and pg is the characteristic
pressure.

The hydrodynamic regime is governed by the Navier-Stokes
equations (as we show in the following section the gas flow
in NANF is hydrodynamic based on the Knudsen number cal-
culation). The Navier-Stokes equations are partial differential
equations that describe the motion of a fluid. They consist of
conservation of mass and conservation of momentum Eqgs. (12,
13) 2

op _
. = 12
o + V- (pu) =0, (12)
Du 1 1 1
P—— = —EBuVp+—75G+— |V + = - 1
P Dy qu+Fr2pg+Re VvV + SV(V u)|, (13)

where DQt is the total time derivative, p is the fluid’s density,
u is the fluid’s velocity, p is the pressure, g is the gravitational
acceleration, and p is the fluid’s dynamic viscosity.

Egs. (12) and (13) are presented in their dimensionless form,
where each variable is normalised by its characteristic value
U, Pos Po, Jo, To. This allows us to evaluate the contribution
of each term in Eq. (13) and simplify it by considering three
parameters: the Euler number EFu = pf 33 the Reynolds
number Re = £204%0%0  and the Froude number F'r = \/Z;(?To
[17]. Another useful simplification can be made by estimating
the compressibility of the flow. For incompressible flow, the
density of the fluid particles (small fluid volumes) does not
change but different fluid particles may have different densities
[17]. Generally, the compressibility of the flow is determined
by the Mach number M = %2, where c, is a speed of sound.
It has been noted [12], [18]Sthat the Mach number alone is
not enough to determine incompressibility of the flow inside

2In the most general case viscosity . depends on the spatial coordinates and
cannot be taken out of the divergence term in the conservation of momentum
equation, and temperature should be included in the p — p relationship. Here,
we assume the viscosity and temperature to be constant.

TABLE II: Range of dimensionless parameters and modified
incompressibility criterion for pressures of 3 and 6 bar.

jo) P0, ug, Kn Eu Re Fr M Mod.
bar kg/m® m/s .10 .10% 102 -10% crit.

3 3.57 53 35 3 36 8.1 1.5 81
6 7.13 132 17 0.5 181  20.2 39 101

of a long narrow channel (such as the NANF or any other
HCEF). For this case, a modified incompressibility criterion was
suggested in [12]: D% %—2 < 1, where L is the fibre length,
and D, is the fibre core.

The values of Kn, Fu, Re, Fr, M, and the modified
compressibility criterion for our experiment are evaluated in
Table II. For air particles with d = 4.19 - 1071 m and a
pressure range pg = 3...6 bar, we get Kn = 0.035...0.017 <
1. Therefore, our flow is in the hydrodynamic regime and
we can safely use the Navier-Stokes equations. To evaluate
Eu, Re, Fr, and Ma, we set characteristic flow parameters:
ug is calculated as average velocity in pressure-driven, steady,
laminar flow; pg is calculated at T' = 273 K [19] (values for
ug and pg are given for pressures (3, 6) bar in Table II), for
the Froude number xy = 435 m (fibre length), for the Reynolds
number o = 35 pm (fibre core), air viscosity 4 = 1.82-107°
kg/(m - s) [19], and gravitational acceleration gy = 9.8 m/s2.

As can be seen from Table II, the Froude number takes
significantly smaller values than Fu and Re, therefore, the
gravity term can be dropped from Eq. (13). At values of
Re exceeding 2300, the flow transitions from laminar to
turbulent (in laminar flow, the fluid is moving in parallel layers
with no unsteady macroscopic mixing or overturning motion
of the layers [17]. Turbulent flow describes the opposite
scenario and requires a modified approach in combination with
the Navier-Stokes equations. As here the Reynolds number
takes values lower than 2300, the flow can be considered
laminar. Values of the modified incompressibility criterion are
significantly higher than 1, therefore, we have to treat the flow
as compressible.
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APPENDIX B
FIGURES FOR 3 AND 4.5 BAR FILLING EXPERIMENTS
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Fig. 5: Heat maps showing backscattering from the moving
pressure front for filling NANF with air at 4.5 and 3 bar (a,c)
and subsequently venting (b,d).
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Fig. 6: Values of R? for fitting the tube model at various D, ¢
to the experimental backscatter data at 4.5 bar filling pressure:
(a,c) for 10 time steps from the beginning of the experiment
to filling/venting time T;Zf Jvent: (b.d) averaged over a whole
range of time steps (cyan) and two first time steps (green).
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Fig. 7: Values of R? for fitting the tube model at various D s
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