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Permeability Measurement of
Graphite Compression Packings

In this work, we address the issue of the sealing performance of ring-shape valve com-
pression packings. Our analysis is focused on the characterization of the permeability of
the rings made of die-formed exfoliated graphite. Because of the tight character of the
material, significant Klinkenberg effects are expected. In addition, due to the manufac-
turing process, permeabilities k, and k, as well as Klinkenberg coefficients b, and b, in
the respective axial and radial directions are markedly different and strongly dependent
upon the applied stress. A specific experimental device based on pressure pulse decay of
nitrogen through the material was designed for the measurement in each direction under
a controlled axial compression. Determination of k, and k, and b, and b, is performed on
the basis of a nonstationary gas flow model in the radial and axial directions using an
inverse procedure applied to the pressure decay signal. Our results confirm the efficiency
of the method developed here. They clearly show the anisotropic character of the mate-
rial (k, is roughly one order of magnitude larger than k) and the dependence upon axial
compression. The present analysis is the key step before further quantification of the leak
rate that may result from the permeation through the material as envisaged here as well
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Route de la Joneliere-BP 82617,
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1 Introduction

While chemical leakage through devices such as valves present
on piping is estimated to contribute up to 60% of fugitive emis-
sion from petrochemical units, sealing efficiency of stem packings
is crucial. To improve sealing performance, a thorough character-
ization of the possible leak paths is required. In fact, while leak
may result from both permeation through the porous material of
the packings and flow through the stem-packings-housing inter-
faces, the net contribution of each of the two to the total flow rate
is not clear so far. However, a relying direct and separate charac-
terization of the two contributions represents a very difficult prob-
lem. An alternative two-stage strategy underlying the present
work 1is first to characterize the packing material itself, i.e., the
permeation through the porous material, and second to determine
the total leak in a real configuration so that the contribution of the
interfacial flow can be inferred. The aim of this work is hence to
contribute to the diagnosis of packing tightness efficiency by ad-
dressing the first of these two stages through permeability mea-
surement of the packing material only. Our analysis is focused on
die-formed exfoliated graphite compression packings. Since these
materials are selected for their low permeability, the measurement
of this quantity is a tricky task that requires specific techniques.
Packings under investigation are rings whose permeability k, and
k, in the axial and radial directions, respectively, are expected to
be significantly different as a consequence of their manufacturing
process. Moreover, k, and k, are expected to depend on the stress
applied to the material. A special measurement device for each
direction of investigation is hence necessary for their determina-
tion. Both devices are designed for a controlled axial compression
to be applied.

Because these materials are expected to have very small perme-
abilities, the use of a steady-state gas flow method, although ap-
pealing, is not well adapted. In fact, this can lead to excessively
long experiments since the characteristic time to reach steady-
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as through interfaces between the housing, the packings, and the stem.

state flow typically varies with the inverse of the permeability and
the square of the sample length in a 1D experiment. Moreover, in
this permeability range, important Klinkenberg effects are ex-
pected [1] unless the mean gas pressure within the sample is rela-
tively high. If performed on the basis of a steady-state method, the
measurement hence requires several different experiments carried
out at different mean pressure levels [2,3]. In addition, precise
measurement of gas flow rates in this type of experiment remains
a difficult task. Conversely, an unsteady-state gas flow is much
faster and, as detailed below, allows simultaneous determination
of k and b. The use of this method was initiated in the early 1950s
[4] and has been the subject of many studies until recently [5-11].
The unsteady-state experiment basically consists in recording the
pressure difference between two gas chambers connected to the
sample edges, the upstream one being suddenly submitted to a
pressure larger than the equilibrium one featuring what is often
referred to as a pulse-decay experiment.

Recently, we have clearly shown that the optimal configuration
from the point of view of the pressure signal sensitivity to the
parameters k and b is the so-called draw-down experiment, a vari-
ant of the pulse-decay. In this configuration, the downstream
chamber has an infinite volume, which means that the downstream
face of the sample remains at the atmospheric pressure [12]. With
this method, the sample to be tested does not need to be precon-
ditioned at a high gas-pressure level. This last option was however
often considered in the literature to eliminate Klinkenberg effects
but has the main drawback of requiring an equilibrium stage at
this pressure level, which can be very lengthy as indicated above.

In many reported analysis on this unsteady-state technique, in-
terpretation of the pressure decay signal is often carried out by
assuming that the gas flow is insensitive to accumulation effects in
the pores (i.e., that the mass flow rate does not explicitly depends
on time) and/or that Klinkenberg effects are negligible. In this
work, we do not retain this hypothesis and a more complete
method to interpret our experiments is developed in addition to
the two specific experimental draw-down setups that were de-
signed for the measurement of transport coefficients in the radial
and axial directions. The analysis allows estimating k, and k, and
Klinkenberg coefficients, b, and b, (as well as the porosity €), of
the material at the axial compression level under investigation.
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Fig. 1 Experimental device designed for the measurement of
the radial permeability

Estimation is performed on the basis of a creeping, nonstationary,
isothermal, and weakly compressible gas flow model along with
an inverse technique. Our results indicate that the procedure and
the technique employed here to estimate k, and k, and b, and b,
are efficient. Estimated permeabilities are in the range
10720-1072! m2, while k, is roughly one order of magnitude
larger than k,. Permeabilities in both directions (as well as b, and
b,) are significantly affected by the axial compression. The per-
spective of this work is to compare the leak rate that can be
estimated from the present analysis to that observed on a valve. In
this last configuration, leak may result from the permeation
through the packing material, on the one hand, and from the flow
through interfaces between the housing, the packings, and the
stem, on the other.

2 Experimental Technique

In this section, the two specific experimental devices developed
for the measurement of the permeability and Klinkenberg coeffi-
cient in the radial and axial directions are presented. Graphite
rings employed in the tests have an inner radius ry=15 mm, an
outer radius 7;=23 mm, and a height #7=8 mm.

2.1 Experimental Device for the Measurement of k, and
b,. The experimental device to measure the permeability &, and
Klinkenberg coefficient b, (and porosity &) of the die-formed ex-
foliated graphite rings in the radial direction is schematically rep-
resented in Fig. 1. It basically consists of a rigid frame (item 2)
closed by a flange (item 4). Within this assembly, high- and low-
pressure gas chambers are formed, corresponding respectively to
the inner and outer regions of the ring. To measure k, and b,, the
graphite ring must be sealed axially to avoid flow in this direction.
To do so, two metal rings (item 1) are glued on the upper and
lower faces of the ring. Sealing between the upper and lower axial
faces of this three-ring assembly (graphite and metal rings) is
achieved using O-rings placed between the lower metal ring and
the frame on the one hand and the upper metal ring and the piston
(item 3) on the other. Two other O-rings placed in grooves of the
piston ensure tightness between the low-pressure (or downstream)
chamber and the outside of the device. The high-pressure (or up-
stream) chamber and the downstream one can be connected to
external tanks if required; i.e., the experiment can be run in the
pulse-decay configuration.

Tests are performed in a configuration identical to that in the
real situation. In particular, graphite rings undergo a controlled

axial compression. The compression stress, o, is applied to the
graphite ring by means of a screw-nut system. It is transmitted
from the screw to the graphite ring through the piston, the load
cell (item 6), allowing the measurement and the control of the
axial compressive force, and a centering ring (item 5). A displace-
ment sensor (not represented in Fig. 1), whose finger is placed on
a pin (item 9), is used to measure the axial corresponding
deformation.

In addition, as in the real situation, internal and external radial
displacements are limited by rigid and highly permeable rings
(items 7 and 8). These two rings play the role of the stuffing box
and stem and are made of sintered bronze. Their intrinsic perme-
ability is roughly 3 X 107'* m?, a value which is far larger than
those expected for the graphite rings (see results below). As a
consequence, their pressure drop contribution to the flow, both
from the viscous and Klinkenberg effect points of view, can be
safely neglected in the interpretation of the pressure signal to es-
timate the intrinsic properties of the graphite rings.

To validate the design of the device and control the sealing
efficiency of the assembly, sealing tests were carried out. For
these tests, the graphite ring was replaced by an impermeable
metal ring, and the change in the initial pressure of typically 50
bars was recorded in the upstream chamber closed for a period of
several days without noticing any decrease.

As detailed below, permeability and Klinkenberg coefficient es-
timation is extracted from the interpretation of an unsteady gas
flow through the graphite ring. When the upstream chamber con-
taining the pressurized gas (nitrogen) is opened at the inner part of
the ring at =0, gas flows through the material in the radial direc-
tion and pressure decreases in the upstream chamber. As justified
in the introduction, our experiments were carried out in the draw-
down configuration that is optimal for unsteady-state experiments.
Consequently, the following measurements are performed during
the test:

» Compressive force (load cell range 0-50 kN, precision 20
N). This corresponds to an axial stress range from 0 MPa to
52 MPa and a precision of 0.02 MPa.

e Deformation Ah of the graphite ring due to compression
(displacement sensor range *5 mm, precision 0.02 mm)

e Pressure over time py() in the upstream chamber until ¢
=t; (pressure gauge range 0-60 bars, precision 5
X107 bars). In the draw-down experiment used here, the
pressure in the downstream chamber remains constant equal
to P1=Patm'

For parameters estimation, the volume V|, of the upstream
chamber must be determined. This was performed by replacing
the graphite ring by an impermeable metal ring having the same
dimensions and by relaxing the pressure of a mass of gas initially
confined in a tank of known volume into V|,. The upstream vol-
ume was found to be V;=38.2X107% m3. This volume corre-
sponds to the height of the stress-free graphite ring and is cor-
rected according to the deformation after compression.

The experimental procedure is as follows: Graphite rings are
prepared with glued metal rings respecting coaxiality of the as-
sembly which height is measured prior to the test. This assembly
is positioned within the experimental device, and the axial com-
pressive force is applied. Two different compression stresses were
investigated (0~ 15.2 MPa and o~29.3 MPa). The deformation
is measured, and V|, is recalculated. The last step is the gas pres-
sure relaxation record through the ring from its initial value P,
=po(t=0). Typically, P, was chosen in the range 5-40 bars. Tests
were carried out on different rings, and some of them were re-
peated several times on the same sample.

2.2 Experimental Device for the Measurement of k, and
b,. The experimental device to measure the axial permeability k,
of the die-formed exfoliated graphite rings is represented in Fig. 2.
As in the radial configuration, the device reproduces the stuffing
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Fig. 2 Experimental device designed for the measurement of
the axial permeability

box of a valve. In order to avoid the presence of interfacial leak-
age and flow in the radial direction, the graphite ring is fitted with
two sealing rings (item 1 in Fig. 2) on its inner and outer faces.
The assembly is positioned between an upper and a lower porous
rings made of sintered bronze (item 2) having the same character-
istics as those employed in the radial configuration. These porous
rings allow gas flow in the axial direction through the graphite
ring and transmission of the axial compressive force. Again, their
contribution to the flow of gas can be completely disregarded
while interpreting the signal.

The ring assembly is placed inside a cylinder (item 3) that
simulates the stuffing box, while a piston (item 4) plays the role of
the stem and is used to transmit the axial compressive force. The
upstream chamber—including the pore space of the sintered
bronze upper ring—formed between the cylinder, the upper face
of the graphite ring, and the lower face of the piston is made tight
by two O-rings positioned in grooves machined in the piston. Gas
is pressurized in this chamber through a connecting orifice (item
10). The downstream chamber is formed between the bottom of
the stuffing box and the lower face of the graphite ring and is
connected to the atmosphere through the orifice (item 11). Tight-
ness with respect to the upstream chamber is ensured by the two
sealing rings (item 1). The compressive force is transmitted to the
graphite ring via the piston and the upper porous ring by means of
a screw (item 5) moving through the upper flange (item 6). A
system made of spring washers, a thrust ball, and a spacer (items
7) was introduced to ensure the axial alignment of the force. Com-
pression is measured with the load cell (item 8) positioned be-
tween the cylinder (stuffing box) and the lower flange.

As in the radial configuration, sealing tests were performed,
setting an initial pressure of typically 50 bars in the upstream
chamber and replacing the graphite ring by an impermeable metal
one while checking the pressure change over a period of several
days. These conclusive tests allow the validation of the conception
of the device from the sealing point of view.

Thus, the experiment consists of the following measurements:

» Compressive force (load cell range 0-50 kN, precision 20
N). The corresponding axial stress range is 0-52 MPa with a
precision of 0.02 MPa.

e Deformation Ak of the graphite ring due to compression:
This is performed using the displacement sensor (range *5

mm, item 9). Precision of this sensor is given by the maxi-
mum between 2.5 um and 0.5% of the measured displace-
ment value.

e Pressure over time py(7) in the upstream chamber (pressure
gauge range 0—60 bars, precision 5X 1073 bars). As in the
radial configuration, the downstream chamber is connected
to the atmosphere (P=P,,) in the context of a draw-down
experiment. The change is recorded until 7=1.

Estimation of the permeability, k, (and Klinkenberg coefficient
b, as well as porosity &, see below) is made by interpreting the
upstream pressure signal decay using a physical model that is
developed in the following sections and requiring the knowledge
of V,, the volume of the upstream chamber. Using the same tech-
nique as in the radial case, we found V(=35.71X107% m?, a
value that is not subjected to variations after compression pro-
vided all parts transmitting the stress are assumed to be infinitely
rigid.

The first stage of the experiment is to glue the sealing system
onto the graphite ring. Deformation of the graphite ring is then
measured after the compressive force is applied. Next is the re-
cording of the upstream pressure variation py(7) due to axial gas
flow (nitrogen) through the ring. Two axial compression stresses
(0~14.3 MPa and o0~ 28.3 MPa) were considered in this analy-
sis. The initial upstream pressure, Py=p,(t=0), was roughly 45
bars in all our tests. Experiments were repeated on several differ-
ent rings and, for some of them, several times on the same ring.

All the experiments were performed at room temperature with a
fluctuation from 2°C to 3°C.

3 Physical Models

In this section, the physical models used to interpret pressure
decay signals in the radial and axial configurations are detailed.
These models are presented considering the general case of pulse-
decay when the upstream and downstream volumes are of finite
extent, keeping in mind that the draw-down case is only a particu-
lar situation where the downstream volume tends to infinity. The
porous sample is assumed to be homogeneous under the form of a
ring of inner radius ry, outer radius r|, and thickness /. Its poros-
ity is denoted by &. We assume an isothermal gas flow at very low
Reynolds number (this is usually the case in practice) so that no
significant inertial (or Forchheimer) effects are present. In addi-
tion, gas is considered as ideal, which is a valid approximation for
gases such as N, at experimental operating pressures used here.
Under these circumstances, the general form of the mass and mo-
mentum conservation equations can be written as

ap
2P

V() =0 (1)

Here, p is the gas density and v the filtration velocity through the
porous medium given by Darcy’s law including Klinkenberg ef-
fects:

K B
18, ®
I p

In this last relationship, K, B, and I are the intrinsic permeability,
Klinkenberg correction, and unit tensors, respectively. The ideal
gas law is given by

p
PR (3)
where p and T are the pressure and temperature, respectively, of
the gas at a given time and position in the porous medium and Rg
is the constant for the gas under consideration (RG=R/M with
R=8.314 Jmol™' K~!, M being the molar mass of the gas, R;
=296.93 J kg~! K~! for nitrogen). These equations are now used



Fig. 3 Annular section of the porous ring

to derive the complete initial boundary value problem in each
direction in order to interpret our experiments.

3.1 Radial Direction. We first consider a pressure gradient in
the radial direction (see Fig. 3), i.e., Vp=(dp/dr)e,. As in the
sequel of this paper, we assume that the principal axes of K and B
are e, and e,, respectively. Along with the fact that the material is
homogeneous, this leads to a pure radial flow so that p=p(r,1).
Under these circumstances, the combination of Egs. (1)—(3) leads
to the following time and space distribution of pressure:

puedp 19| dp
——=——|r—((p+b 4
k, ot rﬂr[rﬁr(p 2 @

to which, for completeness, one must associate boundary and ini-
tial conditions as specified below.

3.1.1 Boundary Conditions. The upstream boundary condition
can be simply derived by writing that the mass flow rate through
the upstream or inlet face of the porous sample is exactly that out
of the upstream chamber. The mass flow rate through the inlet
face of section S at r=r( can be written as

Gm= Pov0So (5)

where v, denotes the filtration velocity in the radial direction at
the inlet face of the ring as given by Eq. (2). If p, denotes the
pressure on this face of the ring (po=p(r=ry,t)), which is equal to
that in the upstream chamber, and when ideal gas and Darcy’s
laws are taken into account, this flow rate can be expressed as

k b.\ 9
Gm=— 27Tr0hﬂ—r(l + —r) o
RsT

6
G po/ dr ©)

r=ry

If the experiment is performed at constant temperature, the mass
flow rate out of the chamber is simply

dm  Vy dpy

= - 7
dt ~ RGT dt @

ql?’t
m being the mass of gas at ¢ in this chamber. Matching the two
above expressions leads to the boundary condition at the upstream
face given by

7 27k, roh d
Lo T py+b)

at r=r, 8
a uv, ar 0 ®

r=rg

Following the same lines, the boundary condition at the outer
(downstream) face of the sample can be readily written as

%) 27k ,rih J
P S v 2
ot MV] ar

at r=r, 9)

r=ry

where p;=p(r=r;,t). Note that in the case of the draw-down

(V| — ), this last condition is simply replaced by a classical Di-

richlet condition on the pressure,
p(t)=Cst=P, (10)

at r=r

3.1.2  Initial Condition. At the initial stage of the experiment,
the system is at equilibrium at a pressure equal to the downstream
pressure leading to

plr.)=P,, =0, (11)

Gas flow through the material starts at =0 when the upstream

chamber at pressure Py> P, is connected to the inner face of the
ring, yielding the following condition:

p():P(), [=O, (12)

As will be detailed below, this initial boundary value problem has
no simple analytical solution and requires a numerical treatment.

rg<r=r

r=ry

3.2 Axial Direction. In this section, we consider that the pres-
sure gradient is along e, only, leading to a flow along this axis,
i.e., p=p(z,t). Combining the mass and momentum equations and
the ideal gas law yields the following pressure equation [12]:

pmedp  d | dp
k, at &z[ az(“bz)] (13)

3.2.1 Boundary Conditions. Boundary conditions at the up-
stream and downstream faces are obtained using the same argu-
ments as in the radial configuration. The upstream face of the
sample is taken at z=0 and the downstream one is taken at z=h,
thus leading to

J, k. P J
o _ mri=10) (po+b) 2L at z=0  (14)
ot /.LV() ©o9z 72=0
and
apy _ mk(ri—r) dp
——=——"——"(py+b) — at z=h (15)
it ,LLV] dz =h

In these equations, p, and p; are, respectively, p(z=0,7) and p(z
=h,t). The latter condition reduces to

pi(t)=Cst=P,

in the draw-down condition.

at z=h (16)

3.2.2 Initial Conditions. Just as in the radial direction, the ini-
tial condition is simply given by
p(Z,l)=P|, t=0’ (17)

the flow being initiated at =0 by the pressure P at the upstream
face, i.e.,

0<z=h

po=Py, 1=0, z=0 (18)

For subsequent interpretation of experimental data, this problem is
solved numerically.

For each configuration (radial and axial), the initial and bound-
ary value problems presented above is discretized using a finite
difference scheme that is second order in space and explicit first
order in time. A stability condition of the scheme must be ensured
by a time step condition given by Ar<a,(Ax)?/2[py(t=0)+b,],
with a,=ue/k,, x=r or z, depending on the radial or axial con-
figuration. The numerical solution resulting from the direct simu-
lation yields pg(f), which quadratic deviation with respect to the
measured signal is minimized using an inverse algorithm to esti-
mate the desired parameters.

4 Inversion and Results

Our inverse technique is a Levenberg—Marquardt algorithm de-
veloped to simultaneously estimate &, and b,, x=r or z (as well as
g, see below). This method combines a Gauss—Newton method
with a gradient descent, one taking benefits of the rapidity of the
former and of the stability of the latter. Details of the algorithm
can be found, for instance, in Refs. [13,14]. Basically, it consists
in minimizing the square of the y function given by x*(k,.b,)
=S¥ {pom(t)—po(t)1/ o}, x=r or z. In this formula, N is the

I



number of time records of the measured signal p,,, p, is the value
of the upstream pressure estimated from the model at a given set
of parameters (k,, b,, and €), and o; is the standard deviation on
Pom at the ith time record. Convergence is achieved once x? falls
below a user-defined criterion chosen here equal to 0.05.

To start the inversion process, it is necessary to provide initial
values of k,, b, x=r or z, and €. These values were extracted from
a simplified interpretation of the flow based on a hypothesis often
proposed in the literature [7]. It consists in assuming that gas
density is not explicitly time dependent, meaning that gas accu-
mulation in the pore space is negligible. This hypothesis is asymp-
totically valid when p(¢) reaches P;. For this reason, we used the
late part of the recorded values of py(t), i.e., the last 10% of the
experimental signal. In the case of the draw-down experiment,
this allows to pre-estimate k, and k_, according to the following
expressions:

r
Vou In— d
’
k== ; () +P % (19)
2ah[py(r) - Pl](b,+ ’%)
in the radial case and
Vouh d
k== n (1 +P % (20)
P
(i = r)lpol) - Pl](bz+ OT)

in the axial case. These two relationships can be completed with
pre-estimated values of b, and b, using an empirical correlation
proposed in [7]: b,=1,89 X 10‘6k;0’36, x=r or z where units for k,
and b, are m? and bar, respectively. For &, an “intermediate” value
of around 20% can be used.

Prior to the inversion of experimental signals, we have analyzed
the impact of time sampling of p,(7) as well the influence of errors
on experimental parameters such as V(, ry, h, and € on the esti-
mation of k, and b, x=r or z, resulting from inversion. To do so,
we have used a synthetic signal py(z) generated with a direct nu-
merical simulation. To be more realistic, a random Gaussian noise
given by 8p=0,0ladpP,y/3 was superimposed on p((7). In this
relationship, a is a random number sequence of unit standard de-
viation and dp is the error on py(z) (in percent of the measure-
ment). Coefficient 3 was chosen so that py(r) =Sp represents
99.7% of the values of py(z) if they would have been measured.
Here, we took dp=0.1%. This noisy synthetic signal, generated
with the nominal values of the different parameters, was then used
as an input of our inversion procedure for which parameters were
those embedding an error. The resulting estimation of k, and b,,
x=r or z, was compared with the initial input values. In accor-
dance with a result already reported in Ref. [15] in the axial case,
this analysis leads to the following conclusions for both the radial
and axial configurations: (i) Time sampling is not a crucial param-
eter to correctly estimate k, and b,, x=r or z. This is an indication
that no significant precision can be gained from increasing the
number of points to sample py(z) over a given period of time; (ii)
an error on V, rg, or h does not yield significant errors on the
estimated values of the permeability or Klinkenberg coefficient;
(iii) an error on & has a very important impact on the estimation of
these parameters. From a practical point of view, & and its evolu-
tion with the compression stress are not known precisely a priori.
For this reason, k,, b,, x=r or z, and & were estimated simulta-
neously. Without detailing all the features of the inverse tech-
nique, it must be noted however that the sensitivity of the pressure
signal to the porosity is much less than the sensitivity to the per-
meability and Klinkenberg coefficient. Interpretation of our ex-
perimental data is presented in the next sections.
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Fig. 4 Experimental pressure signal (open symbols) and p,(f)
simulated with the estimated values of the parameters. Radial
case. Ring 6, test 2. Compression stress 14.2 MPa and P,
=20.4 bars.

4.1 Results in the Radial Configuration. Experiments in this
configuration were performed on six different rings for o in the
range 14.2-17.0 MPa and in the range 29.1-29.9 MPa on the five
first ones only.

To illustrate the inversion procedure, we have reported in Fig. 4
an example of a recorded experimental pressure signal (open sym-
bols) along with the simulated evolution of p, obtained with esti-
mated values of the parameters k,, b,, and & resulting from
inversion.

Although the comparison in this figure is not sufficient to check
the validity of the inversion, our physical model seems to cor-
rectly reproduce the evolution of the pressure observed at the
upstream face of the ring. A better quantitative verification of the
estimation of the parameters is made by analyzing the residuals
after inversion, i.e., the difference between the measured signal
and the simulated one. This is represented in Fig. 5, showing that
these residuals remain less than 80 mbars that is on the order of
1% of the smaller pressure measured during the experiment (i.e.,
at t=ty).

A quick comparison between these residuals and the evolution
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Fig. 5 Residuals between the measured and estimated pres-
sure signals. Radial case. Ring 6, test 2. Compression stress
14.2 MPa and Py=20.4 bars.
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of the gas temperature in the upstream chamber as represented in
Fig. 6 indicates that the residuals have a strong signature of the
temperature fluctuations. Since this thermal effect is not accounted
for in the physical model, its effect remains a perturbation source
in the inversion process. All the results obtained in the lower
range of stress are gathered in Table 1.

Except on ring 4, the deformation is roughly from 0.9 mm to 1
mm, which represents 11% to 12% of the ring thickness when it is
free of stress. Estimated values of the radial permeability,
Klinkenberg coefficient and porosity (see Table 1) show that ex-
cept on ring 6, k, is in the range 4.9 X 1072'-6.9x 107! m? (av-
erage 6.2X 107! m?), while b, is in the range 8.4—10 bars (aver-
age 9.2 bars), which remains relatively narrow while taking into
account the order of magnitude of this permeability as well the
variability on the material inherent to the manufacturing process.

Table 1
MPa. Radial case.

The variability is evidenced with ring 6, having a smaller perme-
ability in the range 1.5 X 1072'-3.5 X 102! m? over the three dif-
ferent tests, whereas b,, except for the second test, is around
16-19 bars.

Estimated values of the porosity on the six samples are more
spread, in the range 21-46% (average 33.6%). A plausible expla-
nation of such a distribution lies again in the variability of the
material as a result of the manufacturing process. This spread
might also include the error on the estimation of this parameter
since the sensitivity of the pressure decay to & remains small
compared with the permeability and Klinkenberg coefficient. This
feature is even more pronounced in this low range of permeability.

When the axial compression stress is increased by roughly a
factor of 2 (see results gathered in Table 2), the deformation in-
creases (Ah~ 1.4 mm except again for ring 4) while the perme-
ability decreases by roughly a factor of 2 (average 3.6
X 102! m?) and, accordingly, b, increases (average 12.3
bars).The porosity remains roughly in the same range (average
33.5%). This would indicate that larger flow-path constrictions
were reduced in the radial direction while increasing the axial
compression although no significant global compaction of the
bulk material occurred.

4.2 Results in the Axial Configuration. Experiments were
carried out on three different rings and for the two ranges of axial
compression stress (13.6 MPa=¢=14.7 MPa and 27.2 MPa
=0=29.3 MPa). Again, to check the result of the inversion pro-
cess, we have represented in Fig. 7 the evolution of p, measured
on ring 7 for 0=29.3 MPa along with the simulated pressure
signal obtained with the estimated values of the parameters in this
case.

As in the radial case, the overall approach is validated by the
residuals between the measured pressure decay and that predicted
by the direct model as represented in Fig. 8. These residuals re-
main smaller than 150 mbars (and even 80 mbars if the very early
stage of the experiment is ignored) and are strongly correlated
with the temperature fluctuations in the upstream gas chamber
represented in Fig. 9. Results obtained in this configuration are
gathered in Table 3.

For the lower stress range, the deformation is again about 1 mm

Results on six different rings obtained in a range of compression stress 14.2-17.0

o Py Py(ty) Ah ; b, e

Ring No. (MPa) (bar) (bar) (mm) (m?) (bar) (%)
1 14.7 9.40 8.58 0.98 6.7x1072! 9.6 28.0

2 14.7 9.36 8.51 0.98 49x1072! 9.2 35.0

3 15.7 4.98 3.87 0.92 6.6Xx1072! 8.4 36.1

4 15.9 7.69 5.51 1.4 6.9%x 1072! 8.6 457

5 16.9 11.12 7.93 0.92 5.7x1072! 9.9 33.9
6_1 14.8 39.77 2.73 0.92 2.7x1072! 18.9 21.2
6.2 14.3 20.42 7.60 0.92 1.5x107% 47.1 33.1
6.3 14.2 19.61 9.58 0.90 3.5%x 107 16.1 355

Table 2 Results on five different rings obtained in a range of compression stress 29.1-29.9

MPa. Radial case.

a Py Py(ty) Ah ’ b, €

Ring No. (MPa) (bar) (bar) (mm) (m?) (bar) (%)
1 29.9 10.4 9.8 1.52 3.6X 1072 11.0 20.8

2 29.2 10.4 10.0 1.4 2.4x%x1072 13.6 31.6

3 29.3 6.6 5.5 1.32 4.1x1072! 8.2 35.7

4 29.5 7.4 6.0 1.8 43x1072! 8.8 43.7
5.1 29.1 11.3 9.0 1.46 4.4x1072! 7.0 37.0
52 29.1 23.3 20.6 1.46 2.5%x107%! 12.8 32.1
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and increases to roughly 1.2 mm when this stress is increased by
a factor of 2, confirming the observation already reported in the
radial case. Estimated parameters k_, b,, and & on the three differ-
ent rings remain in a narrow range centered on the average values,
respectively, given by 6.4 X 1072 m?, 17.3 bars, and 19.7% for
13.6 MPa<o=14.7 MPa and 2.8X 1072 m2, 20.0 bars, and
18.8% for 27.2 MPa=0=29.3 MPa. As expected, k, decreases
(again by a factor close to 2 when the stress is doubled as in the
radial case) while b, increases. It shall be noted that all the values
of b, are very well predicted by the correlation proposed in Ref.
[7] mentioned above (see right column of Table 3). Values of the
porosity are much less spread than in the radial case. This might
result from the fact that the sensitivity to this parameter is larger
in this case. In addition, it must be noted that as observed on
experiments in the radial direction, porosity very slightly de-
creases while increasing o.

More important is the contrast between k, and k_ for each stress
range. In fact, for both ranges of the compression stress, &, is an
order of magnitude smaller than k,. This clearly highlights the
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Fig. 8 Residuals between the measured and estimated pres-
sure signals. Axial case. Ring 7 and compression stress 29.3
MPa and P,=44.4 bars.
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strong anisotropic character of the material and the contrast that
was expected, considering the manufacturing process of the rings.
Indeed, these rings are obtained by rolling up a sheet of exfoliated
graphite around an axis corresponding to the ring axis. As a con-
sequence, the axial permeability is expected to be much larger
than the radial one, a behavior that is evidenced and quantified by
these experiments.

5 Conclusions

Based on a previous analysis on the unsteady-state method to
measure permeability of tight materials reported in Ref. [12], an
experimental procedure and two distinct experimental devices
were designed to measure intrinsic permeability (as well as
Klinkenberg coefficient and porosity) of die-formed exfoliated
graphite compression packings in the radial and axial directions,
respectively. The experimental technique consists in recording the
pressure decay of a gas confined in a chamber initially pressurized
above the equilibrium pressure of the whole system and connected
at =0 to the upstream face of the ring, the downstream one re-
maining at the atmosphere. On the basis of a creeping, nonstation-
ary, isothermal, and weakly compressible flow in a 1D porous
medium, an inversion technique was proposed and used on mea-
sured pressure decay signals to determine the flow properties of
the rings. The whole approach was illustrated on experiments per-
formed on several different rings with two distinct axial compres-
sion stresses. Results indicate that (i) the procedure and the tech-
nique employed here to estimate permeabilities and Klinkenberg
coefficients (as well as porosities) are efficient. Estimated perme-
abilities are in the range 1072°—1072! m?; (i) on this material,
axial permeability is roughly one order of magnitude larger than
the radial one; (iii) permeabilities in both directions roughly de-
crease by a factor of 2, while the compression stress is increased
from about 14.7 MPa to 29.3 MPa. Klinkenberg coefficients de-
crease with permeability and are well predicted in the axial direc-
tion by an empirical correlation proposed in the literature; (iv)
porosities, although more dispersed over all the experiments, seem
to very slightly decrease with the axial compression. More work is
necessary to improve the estimation of this parameter. Improve-
ments of the experimental procedure can also be achieved with a
better thermal regulation of the system.

This work opens wide perspectives for a thorough characteriza-
tion of the packing materials in order to better qualify and im-
prove the sealing efficiency of industrial valves. In particular, this
should allow a further comparison between the leak-rate fraction



Table 3 Results on three different rings obtained in two ranges of compression stress 13.6—
14.7 MPa and 27.2-29.3 MPa. Axial case.

o Py pO(tf) Ah k, b, & Diyones

Ring No. (MPa) (bar) (bar) (mm) (m?) (bar) (%) (bar)
7 13.6 43.94 7.61 1.04 6.1x107%0 17.8 20.1 15.6

8 14.7 44.45 27.68 0.90 5.2X107%0 17.3 19.8 16.6

9 14.7 42.85 5.48 1.06 7.9%x107%0 16.9 19.3 14.2

7 29.3 44.37 12.55 1.24 221072 21.6 17.1 224

8 28.3 44.46 11.14 1.13 2.8Xx 10720 18.4 21.3 20.6

9 27.2 44.29 7.92 1.33 3.5x 1072 20.1 18.0 19.1

due to permeation through the material of the rings and the total
leak-rate of the valve that includes leakage through interfaces be-
tween the housing, the packings, and the stem.

Nomenclature
B = Klinkenberg correction tensor (Pa)
b, = Klinkenberg coefficient in the radial direction
(Pa)
b, = Klinkenberg coefficient in the axial direction
(Pa)
h = ring thickness (m)
K = intrinsic permeability tensor (m?)
k, = permeability in the radial direction (m?)
k., = permeability in the axial direction (m?)
p = gas pressure (Pa)
po = gas pressure at the inlet face of the sample
(Pa)
Py = initial gas pressure in the upstream chamber
(Pa)
p1 = gas pressure at the outlet face of the sample
(Pa)
P, = initial gas pressure in the downstream cham-
ber (Pa)
gm = gas mass flow rate (kg s™!)
ro = inner radius of the ring (m)
r; = outer radius of the ring (m)
R; = gas constant (J kg™' K71)
t = time (s)
ty = final time of the experiment (s)
T = gas temperature (K)
v = filtration velocity (m s
Vo = volume of the upstream chamber (m?)
Vi, = volume of the downstream chamber (m?)
g = porosity
p = gas density (kg m™3)
m = gas dynamic viscosity (Pa s)

o = axial gland stress (MPa)
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