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ABSTRACT

In this work, we address the issue of sealing performance of

ring-shape valves compression packings. Our analysisissied

on the characterization of the permeabilty of the rings matle
die-formed exfoliated graphite. Because of the tight chmaof
the material, significant Klinkenberg effects are expectecd-
dition, due to the manufacturing process, permeabilitiearkd

k. as well as Klinkenberg coefficients &nd b in the respective
axial and radial directions are markedly different and stgby
dependent upon the applied stress. A specific experimeetal d
vice, based on pressure pulse relaxation of nitrogen thinoing
material, was designed for the measurement in each dimctio
under a controlled axial compression. Determination gf l
and Iy, by is performed on the basis of a non-stationary gas-flow
model in the radial and axial directions using an inverseqeo
dure applied to the pressure decay signal. Our results caonfir
the efficiency of the method developed here. They cleary sho
the anisotropic character of the material,(ls roughly one or-
der of magnitude larger than/Jand the dependence upon axial
compression. The present analysis is the key step befdreefur
quantification of the leak rate which may result from the perm
ation through the material as envisaged here as well as tjinou
interfaces between the housing, the packings and the stem.
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1 Introduction

While chemical leakage through devices like valves presen
on piping is estimated to contribute up to 60% of fugitive &mi
sion from petrochemical units, sealing efficiency of sterokpa
ings is crucial. The aim of this work is to contribute to thagt
nosis of packing tightness efficiency through permeabitiga-
surement of their material. Our analysis is focused on digxéd
exfoliated graphite compression packings. Since theserrabst
are selected for their low permeability, the measuremettisf
quantity is a tricky task that requires specific techniquesck-
ings under investigation are rings which permeabitityandk;,
respectively in the axial and radial directions, are expedb
be significantly different as a consequence of their manufac
ing process. Moreovek; andk; are expected to depend on the
stress applied to the material. A special measurementeléwic
each direction of investigation is hence necessary for theder-
wmination. Both devices are designed for a controlled axaahc
pression to be applied.

Because these materials are expected to have very small pe
meabilities, the use of a steady-state gas flow method,ajtho
appealing, is not well adapted. In fact, this can lead to esigely
long experiments since the characteristic time to reacidgte
state flow typically varies with the inverse of the permeapbil
and the square of the sample length in a 1D experiment. More
over, in this permeability range, important Klinkenberdeets
are expected [1] unless the mean gas pressure within the sai
ple is relatively high. If performed on the basis of a steaste
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method, the measurement hence requires several diffeqeet-e
iments carried out at different mean pressure levels [2n3hd-
dition, precise measurement of gas flow-rates in this typexef
periment remains a difficult task. Conversely, an unstesidie
gas-flow is much faster and, as detailed below, allows sanult
neous determination d€ andb. The use of this method was
initiated in the early 50’s [4] and has been the subject ofynan
studies until recently?, 5-10]. The unsteady-state experiment
basically consists in recording the pressure differenderdsen

two gas chambers connected to the sample edges, the upstream

one being suddenly submitted to a pressure larger than thie eq
librium one featuring what is often referred to as a Piulss&y
experiment.

Recently, we have clearly shown that the optimal configu-
ration from the point of view of the pressure signal sengjbil
to the parameterk andb is the so-called Draw-Down experi-
ment, a variant of the Pulse-Decay. In this configuratioe, th

2 Experimental technique

In this section, the two specific experimental devices de:
veloped for the measurement of the permeability and Klinken
berg coefficient in the radial and axial directions are pness:
Graphite rings employed in the tests have an inner ragius15
mm an outer radius; = 46 mmand a heighh = 8 mm

2.1 Experimental device for the measurement of
and by

The experimental device to measure the permealbilignd

Klinkenberg coefficienb, (and porositye) of the die-formed ex-

foliated graphite rings in the radial direction is scheelty rep-

resented in Fig. 1. It basically consists of a rigid framésrence

2) closed by a flange (reference 4). Within this assemblyh-hig

and low-pressure gas chambers are formed, corresponding r

spectively to the inner and outer regions of the ring. To meas

k. andby, the graphite ring must be sealed axially to avoid flow in

K

downstream chamber has an infinite volume which means that this direction. To do so, two metal rings (reference 1) ated|
the downstream face of the sample remains at the atmosphericon the upper and lower faces of the ring. Sealing between th

pressure [11]. With this method, the sample to be testedmiates
need to be pre-conditioned at a high gas-pressure leved.|asti
option was however often considered in the literature tmieli
nate Klinkenberg effects but has the main drawback of rézir
an equilibrium stage at this pressure level, which can bg ver
lengthy as indicated above.

In many reported analysis on this unsteady-state technique
interpretation of the pressure decay signal is often choig by
assuming that the gas-flow is insensitive to accumulatitecef
in the pores (i.e. that the mass flow-rate does not explidigy
pends on time) and/or that Klinkenberg effects are nedégilm
this work, we do not retain this hypothesis and a more coraplet
method to interpret our experiments is developed in additio
to the two specific experimental Draw-Down set-up that were
specifically designed to the measurement in the radial arad ax
directions. The analysis allows estimatiggandk, and Klinken-
berg coefficientsp, andb; (as well as the porositg), of the
material at the axial compression level under investigatigs-
timation is performed on the basis of a creeping, non-statiy
isothermal and weakly compressible gas-flow model along wit
an inverse technique. Our results indicate that the proeeahd
the technique employed here to estimigiek: andb,, b, are ef-
ficient. Estimated permeabilities are in the range??a10-21
m? while k; is roughly one order of magnitude larger thign
Permeabilities in both directions (as welllgasandby) are signif-
icantly affected by the axial compression. The perspedtivRis

upper and lower axial faces of this three-ring assemblypfgjta
and metal rings) is achieved using O-rings placed between th
lower metal ring and the frame on the one hand, and the uppe
metal ring and the piston (reference 3) on the other hand. Twi
other O-rings placed in grooves of the piston ensure tigigthe-
tween the low-pressure (or downstream) chamber and theleuts
of the device. The high-pressure (or upstream) chambertand t
downstream one can be connected to external tanks if refjuire
i.e. the experiment can be run in the Pulse-Decay configurati

Tests are performed in a configuration identical to that in
the real situation. In particular graphite rings undergooa-c
trolled axial compression. The compression load is appiede
graphite ring by means of a screw-nut system. The axialgtinen
is transmitted from the screw to the graphite ring through th
piston, the load cell (reference 6) allowing the measuré¢raed
the control of the compression strength and a centering(refg
erence 5). A displacement sensor (not represented in figure
which finger is placed on a pin (reference 9) is used to measur
the axial corresponding deformation.

In addition, as in the real situation, internal and external
radial displacements are limited by rigid and highly perbiea
rings (references 7and 8). These two rings mimic the stuffing
box and the stem and are made of sintered bronze. Theirsirin
permeability is roughly 320-1* m?, a value which is far larger
than those expected for the graphite rings (see resultsvhelo
As a consequence, their pressure drop contribution on the flo
both from the viscous and Klinkenberg effect points of viean

work is to compare the leak rate that can be estimated from the be safely neglected in the interpretation of the pressgreasio

present analysis to that observed on a valve. In this lagtgzen
ration, leak may result from the permeation through the jpack

estimate the intrinsic properties of the graphite rings.
To validate the design of the device and control the sealin

material on the one hand, and from the flow through interfaces efficiency of the assembly, sealing tests were carried oot. F

between the housing, the packings and the stem on the other.

2

these tests, the graphite ring was replaced by an impermeab
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metal ring and the evolution of an initial pressure of tyfic&0
bar was recorded in the upstream chamber closed for a period of
several days without noticing any decrease.

As detailed below, permeability and Klinkenberg coeffitien
estimation is extracted from the interpretation of an uadyegas
flow through the graphite ring. When the upstream chamber con-
taining the pressurized gas (nitrogen) is opened at the jpame
of the ring att = 0, gas flows through the material in the radial
direction and pressure decreases in the upstream chamber. A
justified in the introduction, our experiments were cargedin
the Draw-Down configuration that is optimal for unsteadstest
experiments. Consequently, the following measuremeetper
formed during the test:

e compression strength (load cell range 6- 50kN, preci-

sion 20N)

e deformationAh of the graphite ring due to compression
(displacement sensor range5 mm precision 002 mm)

e pressure evolutiopp(t) in the upstream chamber uriti=

t; (pressure gauge range-00 bar, precision 5102 bar).

In the Draw-Down experiment used here, the pressure in the
downstream chamber remains constant equBj te Py

For parameters estimation, the volumgof the upstream
chamber must be determined. This was performed by replacing
the graphite ring by an impermeable metal ring having theesam
dimensions and by relaxing the pressure of a mass of gas in
tially confined in a tank of known volume int¢. The upstream
volume was found to b¥y = 38.2 10°% m®. This volume cor-
responds to the height of the stress-free graphite ringsodrt
rected according to the deformation after compression.

The experimental procedure is as follows. Graphite rings
are prepared with glued metal rings respecting coaxiafithe
assembly which height is measured prior to the test. Thismass
bly is positioned within the experimental device and the €om
pression strength is applied. Two different compressimmngths
were investigatedH ~ 14.5 kN andF ~ 28 kN). The deforma-
tion is measured and is recalculated. The last step is the gas
pressure relaxation record through the ring from its ihite@ue
Po = po(t = 0). Typically, Py was chosen in the range-540bar.
Tests were carried out on different rings and some of thene wer
repeated several times on the same sample.

2.2 Experimental device for the measurement of
and b,

The experimental device to measure the axial permeability
k, of the die-formed exfoliated graphite rings is represerited
Fig. 2. As in the radial configuration, the device reproduces
the stuffing box of a valve. In order to avoid the presence of
interfacial leakage and flow in the radial direction, thepipie
ring is fitted with two sealing rings (reference 1 in Fig. 2) on
its inner and outer faces. The assembly is positioned betaee

kz

3
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Figure 1. Experimental device designed for the measurement of the ra-
dial permeability.

upper and lower porous ring made of sintered bronze (referen
2) having the same characteristics as those employed iadied r
configuration. These porous rings allows gas flow in the axia
direction through the graphite ring and transmission ofakial
strength. Again, their contribution in the gas flow process loe
completely disregarded in the signal interpretation.

The ring assembly is placed inside a cylinder (reference
3) which simulates the stuffing box while a piston (reference
4) mimics the stem and is used to transmit the axial strengtf
The upstream chamber -including the pore space of the sihter
bronze upper ring- formed between the cylinder, the uppes fa
of the graphite ring and the lower face of the piston is maglet ti
by two O-rings positioned in grooves machined in the pistaas
is pressurized in this chamber with a connecting orificeetref
ence 10). The downstream chamber is formed between the bc
tom of the stuffing box and the lower face of the graphite ring
and is connected to the atmosphere through the orifice éreder
11). Tightness with respect to the upstream chamber is edisur
by the two sealing rings (reference 1). The compressiongtine
is transmitted to the graphite ring via the piston and theeupp
porous ring by means of a screw (reference 5) moving throug!
the upper flange (reference 6). A system made of spring washer
a thrust ball and a spacer (references 7) was introducedto@n
the axial alignment of the strength. Compression is medsure
with the load cell (reference 8) positioned between thencdr
(stuffing box) and the lower flange.

As in the radial configuration, sealing tests were performec
setting an initial pressure of typically 98ar in the upstream
chamber and replacing the graphite ring by an impermeabl
metal one while checking the pressure evolution over a gerio
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of several days. These conclusive tests allow the validatio
the conception of the device from the sealing point of view.

Thus, the experiment consists in the following measure-
ments:

e compression strength (load cell range 6- 50kN, preci-
sion 20N)

e deformationAh of the graphite ring due to compression.
This is performed using the displacement sensor (rahge
5 mm reference 9). Precision of this sensor is given by the
maximum between .8 umand 05% of the measured dis-
placement value.

e pressure evolutiomp(t) in the upstream chamber (pres-
sure gauge range-060bar, precision 5103 bar). As in the
radial configuration, the downstream chamber is connected
to the atmospheré( = Py in the context of a Draw-Down
experiment. The evolution is recorded umti t;.

Estimation of the permeabilitk,, (and Klinkenberg coeffi-
cient,b, as well as porosity, see below) is made by interpreting
the upstream pressure signal decay using a physical madésth
developed in the following sections and requiring the kreulgle
of Vo, the volume of the upstream chamber. Using the same tech- Figure 2.  Experimental device designed for the measurement of the ax-
nique as in the radial case, we foutg= 35.71 10 % m? a value ial permeability.
which is not subjected to variations after compression ipexV
all parts transmitting the strength are assumed to be iefynit
rigid.

The first stage of the experiment is to glue the sealing system
onto the graphite ring. Next is the measurement of the gtaphi
ring deformation after applying the compression strengthtae
recording of the upstream pressure evolutmiit) due to axial
gas flow (nitrogen) through the ring. Two compression stiteng
(F ~ 137 kN andF ~ 27 kN) were considered in this analysis.

so that no significant inertial (or Forchheimer) effectsaesent.

In addition, gas is considered as ideal, which is a valid @gpr
mation for gases likdl, at experimental operating pressures used
here. Under these circumstances, the general form of the ma
and momentum conservation equations can be written as

The initial upstream pressur® = po(t = 0), was roughly 45 s@ +0.(pv) = 0 B
bars in all our tests. Experiments were repeated on seviéral d ot V)=

ferent rings and, for some of them, several times on the same

ring.

) ) Here p is the gas density and the filtration velocity through
All the experiments were performed in a temperature regu- pq porous medium given by Darcy’s law including Klinkerdper

lated room where fluctuations were however ¢€20 3°C. effects:
3 Physical models K B
In this section, the physical model used to interpret pres- V= e (I + p> .Op (2

sure decay signals in the radial and axial configurationslare

tailed. These models are presented considering the gereeal

of Pulse-Decay when the upstream and downstream volumes areln this last relationshipg< andB being the intrinsic permeability

of finite extent, keeping in mind that the Draw-Down case is a and Klinkenberg correction tensors. The ideal gas law isrgiv

only particular situation where the downstream volume $etod by

infinity. The porous sample is assumed to be homogeneous unde

the form of a ring of inner radiug, outer radiug; and thickness

h. Its porosity is denoted bg; We assume an isothermal gas flow p

at very low Reynolds number (this is usually the case in pagt P=RrT (3)
ReT
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wherep andT are the pressure and temperature of the gas at a ideal gas and Darcy’s laws are taken into account, this flde ra
given time and position in the porous mediuRy; is the con- can be expressed as:
stant for the gas under considerati® = R/M with R=8.314
J.mol~1.K~1, M being the molar mass of the gd&; = 29693
J.kg1.K~1 for nitrogen). These equations are now used to de- — oop PO K (1 br> op ©)
rive the complete initial boundary value problems in eackdli Gm 0 RcT M po) or'" "
tion in order to interpret our experiments.
The mass flow rate out of the chamber is simply

3.1 Radial direction

We first consider a pressure gradient in the radial direction dm Vo 0Py
(see figure 3) i.ellp= "—fe(. As in the sequel of the paper, we Om = ar " ReT ot 7)
assume that the principal axeskfandB aree, ande, respec-
tively. Along with the fact that the material is homogenedbss m being the mass of gas tin this chamber. Matching the two
leads to a pure radial flow so that= p(r,t). Under these cir-  above expressions leads to the boundary condition at the uj

cumstances, the combination of equations (1) to (3) leatiseto stream face given by:
following time and space distribution of pressure:

apo  2mkroh

gop 10 (9 F T
Meop (r p(p+br>) (@)

ot ror\ or
ke Following the same lines, the boundary condition at the

) ) outer (downstream) face of the sample can be readily wraten
to which, for completeness, one must associate boundary and

initial conditions as specified below.

0
(p0+br)aff|r:ro atr =rp (8)

op1 21K rih op -
T (P+br) 5 -lr=ry atr =r; (92)

wherep; = p(r =r1,t). Note that in the case of the Draw-Down
(V1 — ), this last condition is simply replaced by a classical
Dirichlet condition on the pressure:

pi(t) =Cst=P; atr=rq (10)

3.1.2 Initial condition At the initial stage of the ex-
Figure 3. Annular section of the porous ring. periment, the system is at equilibrium at a pressure equéleto
downstream pressure leading to

3.1.1 Boundary conditons  The upstream boundary pr)y=P =0, ro<r<n (11)
condition can be simply derived by writing that the mass flow
rate through the upstream -or inlet- face of the porous sausp! Gas flow through the material startstat 0 when the up-
exactly that out of the upstream chamber. The mass flow rate Stream chamber at pressufg > Py is connected to the inner
through the inlet face at=ry can be written as: face of the ring yielding the following condition:
dm = PoVoSo (5) Po=R 1=0.r=r (12)

As will be detailed below, this initial boundary value prob-
If po denotes the pressure on this face of the ripg=€ p(r = lem has no simple analytical solution and requires a nurakric
ro,t)) -which is equal to that in the upstream chamber- and when treatment.
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3.2 Axial direction

For each configuration (radial and axial) the initial and

In this section, we consider that the pressure gradient is boundary value problem presented above is discretized wsin

alonge;, only, leading to a flow along this axis, i.@ = p(z ).

finite difference scheme that is second order in space anitiéxp

Combining the mass and momentum equations and the ideal gadfirst order in time. A stability condition of the scheme must b

law yields the following pressure equation [11]:

uedp_ 8 (% w3

k ot oz az(p“’Z))

3.2.1 Boundary conditions Boundary conditions at

the upstream and downstream faces are obtained using tlee sam

arguments as in the radial configuration. The upstream féace o
the sample is taken at= 0 and the downstream onezt h thus
leading to:

opo Tk (1§ — )

ap
ot = HVO (p0+bz)a|2:20 atz=0 (14)
and
091_7’”‘2(@”5)( +b)‘lp| atz=h  (15)
o uv PoDe) 5 Izt -

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

pi(t) =Cst=P; atz=nh (16)

in the Draw-Down condition.

3.2.2 Initial conditions Just as in the radial direction,
the initial condition is simply given by:

p(zt) =P1 t=0, 0< z<h a7

the flow being initiated, at = 0 by the pressur®, at the up-
stream face, i.e.

Po=Fo t=0, z=0 (18)

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

ensured by a time step condition given/ity< % with
0y = pe/ky, Xx=r or zdepending on the radial or axial configura-
tion. The numerical solution resulting from the direct slation
yields po(t) which quadratic deviation with respect to the mea-
sured signal is minimized using an inverse algorithm toneste

the desired parameters.

4 Inversion technique and results

Our inverse technique is a Levenberg-Marquardt algorithrr
developed to estimate simultaneous|yby, x=r or z(as well as
€, see below). This method combines a Gauss-Newton methc
with a gradient descent one taking benefits of the rapidityef
former and of the stability of the latter. Details on the aition
can be found for instance in [12] or [13]. Basically, it castsi
in minimizing the square of thi function given byx? (ky, bx) =

N
Y ((Pom(ti) — Po (t))) /0i)%, x=r or z. In this formula,N is the

Inumber of time records of the measured sigpg), po is the
value of the upstream pressure estimated from the model at
given set of parameterky( by, €) andg; is the standard deviation
on pom at thei'" time-record. Convergence is achieved ogée
falls below a user-defined criterion chosen here equaldb.0

To start the inversion process, it is necessary to provide in
tial values ofky, by, x=r orzande. These values were extracted
from a simplified interpretation of the flow based on a hypoth-
esis often proposed in the literature [7]. It consists iruasag
that gas density is not explicitly time dependent meaniagjdlas
accumulation in the pore space is negligible. This hypashiss
asymptotically valid whem(t) reache$;. For this reason, we
used the late part of the recorded valuesgft), i.e. the last
10% of the experimental signal. In the case of the Draw-Dowr
experiment, this allows to pre-estimateandk;, according to the
following expressions:

o Vouln% dp (19)
o 21th —P) (b po()+P1 ) dt
(p0<t) 1) r + 2
in the radial case and
o= — Volh L)

m(r2—r2) (po(t) — Py) (bz+ L(t;rpl) dt
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in the axial case. These two relationships can be compleitbd w
pre-estimated values &f andb, using an empirical correlation
proposed in [7]by =1, 89.10 8k >¢ x = r or zwhere units for
k. andby are m? andbar respectively. FOE, an "intermediate”
value of around 20% can be used.

Prior to the inversion of experimental signals, we have ana-
lyzed the impact of time sampling @ (t) as well the influence
of errors on experimental parameters IWgerg, h ande on the
estimation ofky, by, X = r or z resulting from inversion. To do
so, we have used a synthetic sigpalt) generated with a direct
numerical simulation. To be more realistic, a random Gassi
noise given bysp = 222292 B \yas superimposed am(t). In
this relationshipais a random number sequence of unit standard
deviation andl pis the error omy(t) (in % of the measurement).
The coefficient 3 was chosen so tipgi(t) +-dp represents 99%
of the values ofpg (t) if they would have been measured. Here,
we tookd p= 0.1%. This noisy synthetic signal, generated with
the nominal values of the different parameters, was thed ase
an input of our inversion procedure for which parametersewer
those embedding an error. The resulting estimatiot,phy,
X=r orzwas compared to the initial input values. In accordance
with a result already reported in [14] in the axial case, #mal-
ysis leads to the following conclusions for both the radiad a
axial configurationsi) time sampling is not a crucial parameter
to correctly estimatky, by, x=r orz This is an indication that no
significant precision can be gained from increasing the rarmb
of points to sampley(t) over a given period of timei) an error
onVp, ro or h, does not yield significant errors on the estimated
values of the permeability or Klinkenberg coefficieiiit) an er-
ror on¢ has a very important impact on the estimation of these
parameters. From a practical point of viesvand its evolution
with the compression strength are not known precisely aiprio
For this reasonky, by, X =r or z as well ase were estimated
simultaneously. Without detailing all the features of theeirse
technique, it must be noted however that the sensitivityhef t
pressure signal to the porosity is much less than the sétystt
the permeability and Klinkenberg coefficient. Interprietatof
our experimental data are presented in the next sections.

4.1 Results in the radial configuration

Experiments in this configuration were performed on six dif-
ferent rings foiF in the range 1% — 16.2 kN and on the five first
ones only forF in the range 2B — 28.6 kN.

To illustrate the inversion procedure, we have reportedjin fi
ure 4 the recorded experimental pressure signal (open dgjnbo
along with the simulated evolution @f obtained with estimated
values of the parameteks, b, ande resulting from inversion.

Although the comparison in this figure is not sufficient to
check the validity of the inversion, our physical model se¢m
correctly reproduce the evolution of the pressure obseavéke
upstream face of the ring. A better quantitative verificatéthe

24

Experimental
Simulated

20

16

P,(t) (bar) N

12 e

4
0 40000 80000 120000 160000 200000 240000 280000

t(s)

Figure 4. Experimental pressure signal (open symbols) and po(t) sim-
ulated with the estimated values of the parameters. Radial case. Ring
#6, test #2. Compression strength 13.6 KN Ry = 20.4 bar.

estimation of the parameters is made by analyzing the ralsidu
after inversion, i.e. the difference between the measuptbk
and the simulated one. This is represented in figure 5 showin
that these residuals remain less tham@tarthat is on the order

of 1% of the smaller pressure measured during the experimer
(i.e. att =ts).

0.08

0.04

Residuals (bar)

-0.04

-0.08

-0.12

0 40000 80000 120000 160000 200000 240000 280000

t(s)

Figure 5. Residuals between the measured and estimated pressure sig-
nals. Radial case. Ring #6, test #2 Compression strength 13.6 kN
Py = 20.4 bar.
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A quick comparison between these residuals and the evolu- the order of magnitude of this permeability as well the Vaitity
tion of the gas temperature in the upstream chamber as repre-on the material. The variability is evidenced with ring #&ing

sented in figure 6 indicates that the residuals have a stigng s
nature of the temperature fluctuations. Since this therrffiette
is not accounted for in the physical model, its effect reraain
perturbation source in the inversion process.

21

20 §

VI |

T, (°C)

]

18
0 40000 80000 120000 160000 200000 240000 280000

t(s)

Figure 6. Gas temperature in the upstream reservoir. Radial case. Ring

#6, test #2. Compression strength 13.6 KN Ry = 20.4 bar.

All the results obtained in the lower range of strength are
gathered in table 1.

Ring F P, palt) Ah k- b, g
# (kN) | (bar) (bar) (mm) () | (bar) (%)
1 14.06 9.40 8.58 0.98 67107 | 9.6 | 28.0
2 14.06 | 9.36 851 098 [49107'] 92 [35.0
3 1496 | 4.98 3.87 092 66107 84 | 36.1
4 15.18 7.69 5.51 1.4 691077 | 86 | 45.7
5 16.16 | 11.12 7.93 092 [5710°'] 99 |33.9
6 1 | 14.16 | 39.77 2.73 092 27107189 | 212
6 2 | 13.62 | 2042 7.60 0.92 15107 [ 47.1 | 33.1
6 3 | 13.60 | 19.61 9.58 0.90 351077 [ 16.1 | 355
Table 1. Results on six different rings obtained in a range of compression

strength 13.6 — 16.2 kKN. Radial case.

Except on ring #4, the deformation is roughl{p@o 1 mm
which represents 11 to 12 % of the ring thickness when it is fre
of stress. Estimated values of the radial permeabilitynkédin-
berg coefficient and porosity (see table 1) show that, exaept
ring #6, k; is in the range # 1072! — 6.9 102! n? (average
6.2 10-21 n?) while by is in the range 8 — 10bar (average @
bar), which remains relatively narrow while taking into accoun

8

a smaller permeability in the range5110 2t — 3.5 10721 n?
over the three different tests wherdas except for the second
test, is around 16 to 18ar.

Estimated values of the porosity on the six samples are mor
spread, in the range 21% 46% (average 38%). A plausible
explanation of such a distribution lies again in the vatigbof
the material as a result of the manufacturing process. péasl
might also include the error on the estimation of this parame
ter since the sensibility of the pressure decay temains small
compared to the permeability and Klinkenberg coefficiemisT
feature is even more pronounced in this low range of pernieabi

ity.

Ring F Py Pty Ah k; b, £
# (kN) (bar) (bar) (mm) (mz ) (bar) | (%)
1 28.6 | 104 9.8 152 | 36107 [ 11.0] 208
2 279 | 104 10.0 14 24107 [136] 316
3 280 | 66 5.5 132 [ 41107 ] 82 | 357
4 282 74 6.0 18 [43107 | 88 [ 437

51 [ 278 [ 113 9.0 146 | 44107 | 7.0 | 37.0

52 | 278 | 233 20.6 146 | 251070 [ 128 ] 321

Table 2. Results on five different rings obtained in a range of compres-
sion strength 27.8 — 28.6 kN. Radial case.

When the compression strength is increased by roughly
factor of 2 (see results gathered in table 2), the deformatie
creases/th ~ 1.4 mmexcept again for ring #4) while the perme-
ability decreases by roughly a factor of 2 (average® 21 m?)
and, accordinglyp; increases (average Bbar).The porosity
remains roughly in the same range (averag®%3. This would
indicate that larger flow-path constrictions have beencedun
the radial direction while increasing the axial compressidth-
out any significant global compaction of the bulk material.

4.2 Results in the axial configuration

Experiments were carried out on three different rings anc
for the two ranges of compression strength €& < 14 kN
and 26< F < 28 kN). Again, to check the result of the inver-
sion process, we have represented, in figure 7, the evolafion
po measured on ring #7 fdf = 28 kN along with the simulated
pressure signal obtained with the estimated values of trenpa
eters in this case.

As in the radial case, the overall approach is validated by
the residuals between the measured pressure decay andehat |
dicted by the direct model as represented in figure 8.
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Figure 7. Experimental pressure signal (open symbols) and po(t) sim-
ulated with the estimated values of the parameters. Axial case. Ring #7,
compression strength 28KN Ry = 44.4 bar.
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Figure 8. Residuals between the measured and estimated pressure sig-
nals. Axial case. Ring #7, compression strength 28 KN Ry = 44.4 bar.

These residuals remain smaller than hai@ar (and even 80
mbar if the very early stage of the experiment is ignored), and
are strongly correlated to the temperature fluctuationkenup-
stream gas chamber represented in figure 9.

Results obtained in this configuration are gathered in table
3.

For the lower strength range, the deformation is again about
1 mmand increases to roughlyZ2Zlmmwhen this strength is in-
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Figure 9. Gas temperature in the upstream reservoir. Axial case. Ring

#7, compression strength 28kKN Ry = 44.4 bar.

Ring £ Py polty) Ah ke b. g B sones
# | () | (ar) | (Bar) | @umy | (m)) | (bar)| (28) | (%)
7 [13.0 | 43904 | 761 104 61107178201 156
8 | 14.0 | 4445 | 2768 | 090 |5210° 173|198 | 166
9 | 14.0 | 4285 | 548 1.06 | 79107 | 169 | 193 | 142
7 | 28.0 | 44.37 | 12.55 124 |22100 | 216|171 | 224
8 | 27.0 | 4446 | 1114 113 | 28107 [ 184 | 213 | 206
9 | 260 | 4429 | 792 133 [35107 201 | 18.0 | 19.1

Table 3. Results on three different rings obtained in two ranges of com-
pression strength 13 — 14 kN and 26 — 28 kN. Axial case.

creased by a factor of 2, confirming the observation alreaely r
ported in the radial case. Estimated paramekgrd, ande on

the three different rings remain in a narrow range centered o
the average values, respectively given by 8020 n?, 17.3 bar
and 197% for 13< F < 14 kN and 28 10-2° n?, 20.0 bar and
18.8% for 26< F < 28KkN. As expectedk, decreases (again by
a factor close to 2 when the strength is doubled as in thelradi
case) whiley; increases. It shall be noted that all the valueb,of
are very well predicted by the correlation proposed in [7hme
tioned above (see right column of table 3). Values of the gibyo
are much less spread than in the radial case. This mighttrest
from the fact that the sensibility to this parameter is large
this case. In addition, it must be noted that, as observedeon e
periments in the radial direction, porosity very slightsotdeases
while increasingd-.

More important is the contrast betweknandk, for each
strength range. In fact, for both ranges of the compressio
strengthk; is an order of magnitude smaller thign This clearly
highlights the strong anisotropic character of the matarid the
contrast that was expected considering the manufacturiog p
cess of these rings. In fact, these rings are obtained bipgalp
a sheet of exfoliated graphite around an axis corresportditige
ring axis. As a consequence, the axial permeability is exgoeo
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be much larger than the radial one, a behavior that is evatkenc
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 [Ah]ex-
perimental procedure and two distinct experimental deweere
designed to measure intrinsic permeability (as well ask€in
berg coefficient and porosity) of die-formed exfoliatedirite
compression packings in the radial and axial directionpees
tively. The experimental technique consists in recordivggdres-
sure relaxation of a gas confined in a chamber initially press
ized above the equilibrium pressure of the whole system and c
nected, at = 0, to the upstream face of the ring, the downstream
one remaining at the atmosphere. On the basis of a creeping,
non-stationary, isothermal and weakly compressible floa1iD
porous medium, an inversion technique was proposed and used
on measured pressure decay signals to determine the flow prop
erties of the rings. The whole approach was illustrated on ex
periments performed on several different rings with twdidcs
axial compression strengths. Results indicate ith#te proce-
dure and the technique employed here to estimate perntezbili
and Klinkenberg coefficients (as well as porosities) areiefiit.
Estimated permeabilities are in the range 21021 n; ii ) on
this material, axial permeability is roughly one order ofgna
tude larger than the radial onié;) permeabilities in both direc-
tions roughly decrease by a factor of 2 while the compression
strength is increased from about kN to 28 kN. Klinkenberg
coefficients decrease with permeability and are well ptediin
the axial direction by an empirical correlation proposetitéra-
ture; iii ) porosities, although more dispersed over all the experi-
ments, seem to very slightly decrease with the axial conspres
More work is necessary to improve the estimation of this para
eter. Improvements of the experimental procedure can aso b
achieved with a better thermal regulation of the system.

This work opens wide perspectives in terms of a thorough

characterization of the packing materials in order to beftrl-

ify and improve the sealing efficiency of industrial valvespar-
ticular, this should be the basis for a further comparisdwben

the leak-rate fraction due to permeation through the nedtefi
the rings and the total leak-rate of the valve that incluéedk-
age through interfaces between the housing, the packirtbthan
stem.
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