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ABSTRACT

The reliability of industrial installation requires minimum leakage of pressurized sealed joints during operation. At the
design stage, the leakage behavior of the gasket must be one of the most important parameter in the gasket selection.
The objective of the work presented in this paper is to develop an analytical leak rate prediction methodology used in
gasketed joints. A pseudo analytical-experimental innovative approach was used to estimate the characteristics of the
porous structure for the purpose of predicting accurate leak rate through gaskets with different fluids under conditions
similar to those of operation. The analytical model assumes the flow to be continuum but employs a slip boundary con-
dition on the leak path wall to determine the porosity parameters of the gasket. The analytical model results are vali-
dated and confronted against experimental data which were conducted under various conditions of fluid media, pressure,
gasket stress and temperature. Two experimental test rigs fully automate that accurately reproduces the real leakage
behavior of the gasketed joint have been developed to analyze the mechanical and thermal effects on the gasket flow
regime. The gas leaks were measured with multi-gas mass spectrometers while liquid leaks were measure using a so-

phisticated detection system based on the pressure rise method.
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1. Introduction

Most industrial installations use gasketed joints to con-
nect pressurized vessels and piping components. These
joints are prone to leakage that can cause accidents, en-
vironment damage and considerable loss in revenue. The
study of leaks through gaskets at the micro and nano
scales is much less advanced because the concern is to
avoid catastrophic leak failures and to a lesser extent to
reduce fugitive emissions. From this stand point, it seems
unrealistic to consider the prediction of leaks at the micro
and nano levels. However, nowadays due to the above
mentioned considerations and the strict environmental
regulations worldwide, achieving near zero-leak pressur-
ized joints has become a challenging task for design en-
gineers. Consequently, there is a need to better under-
stand leaks through nano-porous media and in particular
through tight gaskets.

For the last decade, some progress has been made to
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understand the leakage behavior of bolted flange joints
by analyzing the fluid flow through porous gasket mate-
rials and to develop analytical models to predict leaks [1-
4]. However, these models are not representative of the
true gasket porous behavior and have some restrictions in
their use. The identification of the flow regime, the de-
termination of the porosity parameters inherent to the
gasket material, the effect of fluid type and the multi-
phase flow and their variation during the operating con-
ditions are not taken into account.

A very limited work has been done on liquid leak rates
through porous gasket materials. The difficulty of mak-
ing leak predictions for liquid media, based on known
measured leak behavior with gas, is scientifically recog-
nized, however, a solution has yet to be found. The
problem is that the measurement of very small volumet-
ric flow rate for liquid below 0.001 ml/s is not feasible
with commercially available instruments. Among the few
studies that have focused on the understanding and test-
ing of liquid leaks through porous materials are those in
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[5-7].

Although, some analytical studies are based on sophis-
ticated modeling and simulation with the Monte Carlo
method [8,9], percolation theory and molecular dynamic
[10], their application to gasket is limited. The various
models and their experimental validation are related to
the prediction of fluid mass flow rate at room tempera-
ture, using a single capillary tube of known dimensions.
In addition, the models described in the literature [11-14]
do not consider a porous media and different size capil-
laries that can range from macro down to nano levels.
The available experimental studies on different gaskets
are conducted on test rigs that operate at room tempera-
ture. The viscosity ratio is the simple correlation used to
predict leak with different fluids based on leaks of a ref-
erence fluid. The measurement of the change in porous
structure at high temperature is difficult to achieve in a
test rig. The prediction of leakage at high temperature
requires not only the gasket porous structure to be known,
but also the fluid properties change with temperature and
the interaction between the fluid and the gasket porous
material. The fluid density, the dynamic viscosity, the
surface tension and the multi-phase flows are to name
few [15,16].

In this study, the analytical models and an experiment-
tal approach for accurately predicting flow leak in the
gaskets were proposed. The analytical models are based
on fluid flow through porous media from the theory of
Navier-Stokes associated with boundary conditions well
defined. The internal structure of the gasket was modeled
either by bundle of capillaries of uniform diameter or a
set of rectilinear annular layers. The work presented is
divided into three parts. The first part proposes an ana-
lytical model that predicts the leakage of various gases
based on leakage measurements of a reference gas from
which the porosity parameters of the gasket are deduced
in isothermal steady conditions and ambient temperature.
The second part of this study aims to extend the range of
validity of the theoretical models based on the slip flow
regime, while considering the effect of increasing the
temperature on the level of gasket sealing. The change of
porosity of the gasket material and the fluid viscosity
with temperature are the two main parameters that affect
the level of leakage tightness at high temperature. The
temperature range considered here is between 20°C and
230°C for gas tests. In the last part of this study, liquid
leaks at room temperature in the slip flow regime through
gaskets are treated both analytically and experimentally.
A device for measuring small leaks with liquids was de-
veloped to achieve this part of the study. Water is se-
lected as the primary working fluid while Kerosene is
used for comparison.

2. Theoretical Modeling

The analytical solution of the Navier Stoke equations with
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the first order velocity slip condition in circular channels
or parallel plates can be used to evaluate the mass leak rate
through the porous gasket. The hypothesis and simplified
conditions used in conjunction with the models can be
summarized as; the flow is assumed to be locally fully
developed, permanent and isothermal and only the com-
ponent of the velocity in the radial direction is taken into
account [11,12]. The exploitation of the experimental
results used with the analytical models leads to deter-
mination the unknown porosity parameters of the gasket.

The main differentiating scale flow regime is the
Knudsen number Kn. This number is defined as the ratio
of mean free path 4 of molecules on a characteristic length
L of flow [13]:

Kn 7 )

In addition to the laminar and molecular flow regimes
there is an intermediate flow regime, known as the slip
flow regime for which a Knudsen number ranges between
107 < Kn < 107", Within this range and therefore this
regime, the Navier-Stokes equations can still be applied
provided a correction factor is applied due the speed jump
and temperature at the walls [15]. These can be deter-
mined from local analysis of momentum and energy dis-
sipation at the wall.

The equation of conservation of momentum in cylin-
drical coordinates for an ideal gas, without taking into
account the effect of inertia or for a low Reynolds number
with a large L/D [16], reduces to:

Ld( du)_1dP o
rdr\ dr M dz
where, P is the pressure, u is the dynamic viscosity, u, is

the radial velocity, z and r are the axial and radial coor-
dinates, respectively (see Figure 1(a)).

2.1. Gas Leak Flow Model

In case of an isothermal gas flow and without displace-
ment at the wall established in a micro tube of circular
section, the first order boundary condition is [17]:

| _,=———21—= 3)

2.1.1. Capillary Model (Model 1)

A porous domain such as a gasket is represented by a set
of parallel capillaries of uniform diameter D as shown in
Figure 1(a). The equations of Navier-Stokes for the case
of flow through micro-tubes in circular cross section are
used. If a constant relation Kn P = Kn, P, is supposed
together with the length of the capillary equals the gasket
width, the mass leak rate for a compressible fluid is given
where N and R are respectively the number and radius of
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Figure 1. Capillary mode. (a) Gas prediction; (b) Liquid
prediction.
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capillary of the porous gasket, IT is the ratio of the inlet
over outlet pressures and o is the tangential momentum
accommodation coefficient which has a value of 1 in this
case because the model assumes that the reflection of
molecules at the wall is fully diffuse.

2.1.2. Annular Model (Model 2)
The different hypotheses used in the first model for de-
termined the analytical expression of the mass flow rate
are applicable for the annular model. The gasket porous
material is simulated by two parts; one part made of sev-
eral annular and parallel layers that represent the voids
and through which the flow occurs and the other one is a
solid substance through which there is no flow as shown
in Figure 2. Therefore the mass leak rate of a gas
through two annular and parallel plates is given by the
following equation [16]:
3p2 2
m= 22 E (m 1)[1+242_‘7 Kn, } )
3u,R, T’ o I+l
V.

i

where N is number of parallel plate and / is the thickness
of the void layer. When the temperature is increased, not
only the gasket porous structure is affected but also the
fluid viscosity decreases. Both parameters have a direct
influence the mass flow rate through the gasket. The dy-
namic viscosity change with temperature is given by the
following expression [17]:
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where w, is the viscosity index which depends on the
type of the gases, u,.r and t, are respectively the viscos-
ity and the temperature at standard conditions. Liquid
leak model

2.2. Liquid Flow Model

In the case of an incompressible Newtonian fluid, the
flow through the gasket material can also be modeled by
a set of uniform and straight capillaries. The volumetric
flow rate is obtained from the Navier-Stokes equations
associated with the first order velocity slip conditions
shown in Figure 1(b) and are given by:

1 Ou,

Z/l-’|r:R - s ar

r=R

and

=0 )

where L; is the length of slip in the wall. Considering
these conditions, the volumetric flow rate of a liquid in
micro-channels having a circular cross section is given
by the following equation:

NR* (. 4L,
0-2E (1t r-n)

where P;—P, is the pressure drop across the gasket width.

2.3. Exploitation of the Theoretical Models

The leak predictions given by Equations (4), (6) and (8)
can only be possible if the number of capillaries and their
radius or the number of void plates and their thickness be
known. Based on the mass leak rate measurements with a
reference gas and these equations one can work back to
evaluate these parameters (N, R for the capillary model
and N, & for the annular model) necessary for the predic-
tion of the mass leak rate for other gases and liquids. The
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analytical expression of the mass flow rate for the two
models can be rearranged to obtain an equation in terms
of the two parameters 4 and B, such that:

For the capillary model
2
4 =NR*|1+B —— 9
! [ "I+ J 2
For the annular model
2
A, =Ni|1+B,—— 10
? [ 2 +1} (19)

Equations (9) and (10) represents a linear equation of
A; and A, as a function of the inverse dimensionless
mean pressure 2/(IT+1) with IT = P/P,. Ay, A>, B, B, are
given by:

n
16mp, R, TL 3mu,R,TIn p
boap (1) 7 2aR (P -)
B=82"%m, B, =122k, (1)
O O

It is important to note that the above approach to
evaluate the porosity parameter with a reference gas is
also used for liquid leak predictions. For each level of
gasket stress and temperature, the mass leak rate of the
reference gas at various increasing pressures is measured.
A linear regression of Equation (9) and (10) is performed
to obtain the hydraulic diameter Dy = 2R or 4h and the
number of capillaries or layers N depending on the model
considered. For each stress level the equivalent thickness
of the voids is calculated for the two different models.
This is defined as the thickness that the voids would oc-
cupy if the gasket is separated into two layers one made
of the dense material and the other made of voids. This is
given for the capillary model as

2
o= NxR (12)
r+n
and for the annular model as
e, =Nx2xh (13)

3. Experimental Set-Up

Two experimental test rigs were used to characterize the
gasket porosity parameters under different working con-
ditions and validate the different analytical models.
These two rigs are known as the ROom Temperature
Tightness test machine (ROTT) and the Universal Gasket
Rig (UGR). The first rig is used to characterize the seal-
ing performance of gaskets used with different gases at
room temperature. The second rig is used to test gaskets
with gases and liquids at high temperature. The two ar-
rangements compress gasket between two raised face
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flanges allowing the axial compression of the gasket. The
test benches have basically three systems; the pressure
system, the leak detection system and the hydraulic sys-
tem as shown in Figures 3 and 4.

In the experimental ROTT machine, the gasket is
compressed between two NPS 4 class 900 weld-neck
flanges by means of 8 hydraulic bolt tensioners of a total
load capacity of 400,000 lb. Four LVDT (Linear Veloc-
ity Displacement Transducer) are used to measure gasket
deflection and flange rotation. The assembly is rigid so
as to provide a fairly uniform distribution of contact
stress across the gasket width. The leak detection system
uses the pressure decay and the pressure rise methods, a
mass spectrometer and a residual gas analyser. In this
apparatus, the main parameters such as gasket stress,
gasket displacement, internal pressure, temperature and
time are monitoring via a Labview program.

The UGR machine consists of rigid platens through
which passes a central stud as shown in Figure 4. The
load is applied through a hydraulic bolt tensioner using a
hand pump. Depending on the fluid used, there are two
leak detection systems one for liquids the other one for
gases. A ceramic band heater is deployed to heat the
gasket to the required temperature using a PID controller
(see Figure 4). The rig includes a manual pressure regu-
lator, two pressure sensors; one to measure the inlet
pressure and the other one to measure the leak chamber
pressure, thermocouples, a data acquisition and control
system and a PC. For liquid leaks, measurement of
verysmall volumetric flow rate below 0.001 ml/s is not feasi-

1 RGA 6 Upper flange 11 Tank

2 Alcatel 7 Hydraulic tensioner12 Dif. Pressure transducer
3 Accumulator 8 O-ring Gasket 13 Pressure transducer

4 pump 9 LVDT 14 Pneumatic valves

5 Bottom flange10 Thermocouple
Figure 3. ROTT test machine.
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Figure 4. a) Universal Gasket Rig; b) Liquid leak measure-
ment set-up.

ble with commercially available flow meters. Therefore a
homemade device was developed. It is based on the mo-
nitoring of the pressure rise of a small confined known
volume of gas in the leak collecting chamber filled with
the same liquid as shown in Figure 5.

Gaskets used during testing are expanded graphite
sheet and PTFE sheet both 1/8” thick. The ROTT test
gasket specimens have inner and outer diameters of
4.875” and 5.875” respectively while the UGR test speci-
mens are 2” by 3” respectively. The gases used in this
study are helium (He), air, argon (Ar) and nitrogen (N2)
the properties of which are shown in Table 1. This
choice is justified because helium is the reference gas
used in the ROTT test under adoption by ASTM FO03
committee on gaskets, while other gases have a variety of
molecular weights and kinematic viscosities. For liquid
leakage testing, water is selected as the primary working
fluid while kerosene is used for comparison.

Copyright © 2013 SciRes.
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Figure 5. Liquid leak measurement method.

Table 1. Molecular weight and mean free path of gases test-
ed.

Molecular weight Mean free path

Gas (g/mol) (x10 m)
Helium (He) 4.003 17.65
Air 28.95 6.111
Argon (Ar) 39.94 6.441
Nitrogen (N,) 28.01 6.044

Argon was used to characterize the porosity parame-
ters for liquid leak tests. To validate the theoretical ap-
proach, the measured leak rates were conducted at dif-
ferent contact stresses, temperatures and pressure levels
as summarized in Table 2. The high temperature leak
tests require a new gasket every time the load is in-
creased. This is because the internal structure is modified
when the temperature is increased within a specific load
level. It is interesting to note that the prediction of mass
leak rates can better be evaluated using gasket deforma-
tion rather than gasket stress.

4. Results and Discussion

Test results with helium at the different contact pressures,
temperatures and pressures conducted on the graphite
sheet gasket are shown in Figure 6. The leak rates are
plotted against pressure in a log-log scale for conven-
ience. As expected, the leak decreases with increased
contact stress and temperature. These results serve as the
basis to plot the dimensionless porosity parameter A
against the reciprocal pressure ratio 2/(IT + 1), as shown
in Figure 7. These curves are used to determine the po-
rosity parameters 2R or 44 and N required for the leakage
prediction of other gazes. For the first model the inter-
cept of the line A, gives NR* as per Equation (8) whereas the
slope of same line gives B;NR* and hence B, is obtained.
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Table 2. Experimental test program.

Test Parameters

Test type Gas pressure Stress Gasket Temperature
(MPa) gasket specimen (@)
(MPa)
(;‘ffolzif 07,14,28, 27.6,552 PTFE-based % ’
4.1and4.5 and82.8 in. thick
temperature
Gasaieak 0.7,14,2.1, 62'79 ’61;'1% Graphite sheet 23, 65, 121,
2.8 and 4.1 . Y% in. thick 177 and 232
temperature 41.4
0.17,0.34, 2.1,4.1,6.2, .
Liquidleak  0.52,0.7, 8.3,10.3and ij‘lﬁnfhi‘lfet 23
0.86and 1.03  13.8 s
0.1
Gasket temperature, °C
a)
——23
——65
w ——121
(=]
£ ——177
g =232
S 0.01 1
4
©
2
(2]
]
©
=
0.001 ‘
0.1 1 10
Internal pressure, MPa
0.1
Gasket temperature, °C
b)
—-23
——65
Y —
o 0.01 121
IS —¥=177
g ——232
©
X
<
2
» 0.001 4
2]
©
=
0.0001 ;
0.1 1 10

Internal pressure, MPa

Figure 6. a) Helium mass leak rate measurements Gasket
stress a) 6.9 MPa; b) 27.6 MPa.

The Knudsen number is then obtained from Equation
(9) using the tangential momentum accommodation fac-
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tor o equal to 1 which is the case for most engineering
applications [15]. Knowing the mean free path for the
used gas the hydraulic diameter D = 2R can be deduced.
Finally the number of capillaries V is obtained. A similar
approach can be used to determine the void layer thick-
ness /1 and the number of parallel plates N. This approach
to determine the porosity parameters can be applied to
every contact stress level and temperature the data of
which is obtained from Figure 6. The same approach is
used for liquid leaks predictions by taking Argon as a gas
this time to characterize the gasket porosity at different
contact stress levels. The comparison of the mass flow
rates measured and the calculated value with the two
different analytical models Equations. 4 and 5 for differ-
ent inlet gas pressures and fixed gasket stress levels are
shown in Figure 8. It is to be noted that the leak curves
obtained at room temperature with helium in Figures
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N
<
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Figure 7. Al and A2 vs the reciprocal pressure ratio; a) Sg
=55.17 MPa, b) Sg = 82.76 MPa at room temperature.
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8(a)-(c) are used to predict the leak rates with Air, Argon
and Nitrogen with the two models. In Figures 9 and 10
comparisons are made with the high temperature test
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—#&—He: Measured °
—&—N2: Measured
=— = N2: Molecular flow
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Figure 8. Gas correlation: PTFE at 27.6 MPa; a) Np; b) Ar;
c) Air.
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Figure 9. Leak liquid measurements and predictions a)
Water; b) Kerosene.

results using Nitrogen and Equation (4) and with the lig-
uid test results using water and Kerosene at room tem-
perature and Equation (8). Globally, the general trend
shows that the leak rate is quasi linear with pressure in
log-log scale and this appears to be the case for the dif-
ferent stress and temperature levels. Referring to Figure
8, for gas leak prediction at room temperature, the ex-
perimental data shows that at the high leak range of
about 10 *mg/s, the slip flow model matches very well
with the experimental data whereas in the low leak range
of about 10° mg/s and the molecular flow model gives
better predictions. The maximum error found with the
molecular model is about 11% and this is for the low leak
range of about 10® to 10 'mg/s. The maximum error
with the slip flow regime is 20 % for the high flow range
of about 10™* to 10~ mg/s of mass leak rate. Nevertheless,
the theoretical liquid leak predictions are 40% to 70%
higher than the experimental leak measurements de-
pending on the liquid pressure and the level of the gasket
stress (see Figure 9). This difference can be explained by
the presence of the surface tension at low porosity and
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Figure 10. Nitrogen leak measurements and predictions a)
6.9 MPa; b) 27.6 MP.

the interfacial leak between the gasket and flange contact
surfaces at the low stress level. However, considering
field applications for which these developed models are
applied, it can be conclude that a reasonable agreement
between the predictions and the experimental results ex-
ists. It is to be noted that high temperature tests show
lower leak rates. This is because the gasket compression
increases with temperature making the pores smaller and
therefore the micro-channels diameter decreases letting
less flow through them (see Figure 10). For both models
Equations (4) and (5), it is found that when the stress and
temperature is increased the gasket thickness and hence
diameter of leak paths or the thickness of the void layers
decreases while the number of the micro paths or void
layers remains relatively constant.

This change of the hydraulic diameter affects the flow
regime because the Knudsen number which is known in
terms of hydraulic diameter is changed. As an example,
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for 27.6 MPa of gasket stress, when the temperature in-
creases from 23 to 232°C gasket compression increases
by 11%. Therefore there are two parameters responsible
for gasket porosity change; these are the load and the
temperature. However, in practice creep and degradation
due to aging are two other important parameters to con-
sider that can change the gasket porosity at the long term.
The experimental results of Figure 11 show clearly the
relationship between the leak and gasket thickness change
produced by load and temperature.

In order to validate the slip flow assumption, Knudsen
number was evaluated using the gasket grid flow and the
mean free path for the used gas at the inlet pressure using
Equation (1), as shown in Table 3. The range presented
in this table includes early the slip flow regime in addi-
tion to the molecular regimes. With reference to the high
Knudsen number, at low gas pressure, the experimental
data obtained are in a good agreement with the leak rate
values calculated by the molecular flow regime equation.
Therefore in the range of about 10® mg/s the flow is
governed by the molecular regime and when the Knud-
sen number start to decrease and this for high range of
mass leak rate above 10" mg/s, the slip regime is more
suitable for predicting leakage. Figure 12 presents the
comparison of the measured and predicted mass flow
rates for different values of inlet Knudsen number and a
fixed stress level. It can be seen that the experimental

$g =6.9 MPa Sg=13.7MPa Sg=27.6 MPa
s A ~ A N7 * M
temperature in °C
0.1
®
£ 232
r H
K
[
-
]
2 g.01 b
" N
Q Inlet pressure, MPa
= -=0.7
—14 :
——2.1 Solid lines : measured
——28 Dashed lines: predicted
——4.1
0.001 + + +
0.3 0.4 0.5 0.6

Gasket displacement, mm

Figure 11. N, mass leak rates vs gasket displacement at
different temperatures and inlet pressures.

Table 3. Knudsen number range.

Gas prediction  Gas prediction

Kind of Liquid
experimentation at Room temperature prediction
temperature 235232 (°C)
Gasket stress
(MPa) 27.6 — 82.7 6.9 —27.6 2.07 —13.8
Knudsen number 5—-170 0.08 — 0.8 0.15—1.3
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Figure 12. Mass leak rates vs Kni; PTFE at 27.59 MPa; a)
for Nitrogen, b) for Argon, c) for Air.

curve lies between the two flow regimes. At the low
Knudsen number the slip flow regime is present whereas
at the high Knudsen number the molecular flow regime

Copyright © 2013 SciRes.

governs. The presentation of the mass leak rate versus
Knudsen number shows the transition from molecular to
slip flow regimes as the pressure is increased.

In general, below a Knudsen number of 10 at the inlet,
a slip flow regime is present and above 30, a molecular
flow regime predominates. Figure 13(a) shows a linear
variation between the measured volumetric leak rate and
the thickness of the voids for Nitrogen and Helium. The
voids are calculated at the inner radius of the gasket
based on the hydraulic diameter and the number of mi-
cro-channels. In Figure 13(b), it is shown that when the
increase of load produces no increase in tightness and
therefore no decrease in leak rate, the phenomenon of
tightness hardening is present. In this figure also, a pla-
teau which shown the equivalent thickness of the void
layer versus a gasket stresses is presented. This pheno-
menon is much presented with most gasket materials and
in particular with PTFE gaskets. Figure 14 shows the
variation of the two parameters plotted as function of

1
£
E
g
k4
3 o
3 0.01 - Inlet pre_lsure.MPa
L] —=07
= —14
—=-21
Solid lines: N2
Dashed lines: He —=—28
——d.1
0.001
0.020 0022 0.024 0.026
Void thickness, mm
001
—=—Model 1
—e—Model 2
.001 b) _—
z
S
& 2.0001
g
=
2
£  0.00001
£
£
- .| 1
T 0.00000
0.0000301
""--i-..._.___.
1E08
i} 5000 10000 15000 20000 25000

Gasket stress (psl)

Figure 13. a) Mass leak rates vs void thickness at 6.9 MPa;
b) Void thickness vs Stress.
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Figure 14. Porosity parameters vs gasket stress.

gasket stress. Using these curves, the capillary size and
number under a specific stress can be obtained to predict
the leak rate for a fluid using the mass flow equation.

5. Conclusion

The development of new materials for gasket products
such as PTFE and graphite sheet requires an accurate
prediction of the rarefied flow through their porous struc-
ture, and sophisticated techniques to measure very low
mass flow rates. The gasket pore size and their number
change with load and temperature service. In this work, a
methodology leading to the prediction of liquid and gas
leaks based on the porosity parameters estimation is pre-
sented. In general, the theoretical predictions are rea-
sonably in good agreement with the experimental meas-
urements. The flow through porous gaskets is shown to
be between the slip flow regime and to the free-molecu-
lar regime depending on load and pressure. Depending
on the Knudsen number the corresponding models could
be used to predict mass flow rates based on leaks with a
referenced gas. For liquid leak prediction, the discrep-
ancy can be explained by the fact that the theoretical
model assumes that the complete flow passes through the
porous gasket whereas in practice some interfacial leak is
present at very low stress levels. Based on the results, the
prediction of leak rates at room temperature and elevated
temperatures with different fluids can be reasonably ac-
curate provided the gasket internal structure size is
known. It is found that the leak rate is closely related to
the equivalent thickness of the void layer and saturation
or tightness hardening occurs when this layer does not
change with load.
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