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ABSTRACT

Sealing performance in general in centrifugal compressors and
in particular in sour gas applications is extremely important to
prevent safety issues and EHS concerns. As known, H,S starts
to become lethal with concentrations in excess of 100 ppm. In
genera the elastomeric O-ring gaskets (such as FKM-Fluor
cdastomer or FFKM-Perfluorelastomer), are the most
appropriate to guarantee approximately zero leakage towards
the environment thanks to their like liquid behavior with very
high viscosity.

Unfortunately O-rings are generally quite permeable to gas and
have poor mechanical properties in high pressure applications
(above 200 bar). If exposed to explosive decompression or
extruding forces through the downstream gap between the
casing and the head-cover they can deteriorate quickly. This
finally leads to sedling performance degradation and
compressor shut down.

To avoid the above issues a thermoplastic material

such as PTFE-Politetrafluoroetilene (Teflon®) is

normally used. PTFE has good mechanical

properties, it is not permeable to gas and liquids

and consequently it is not affected by explosive
decompression. In addition for high pressure

application a special profile, generally ‘C’ shape, is

used; a special spring is installed inside the ‘C'.

This configuration being known as energized

gasket.

As plastic materials are only slightly elastic, they cannot rely on
their mechanical properties to offer sealing capabilities, as it
happens for elastomers, hence PTFE requires a very low
surface roughness of the metal partsin touch with it.

During the leakage test of a BCL304/C (design pressure
425barg) an excessive leakage was measured on the inboard
gasket (‘C’ type) with respect to the allowable value, i.e. ~ 700
NmLit/min @ 425 barg versus a requirement of 0.56
NmLit/min (equivalent to 0.01 cm?/s).
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The casing tested and discussed in this paper is barrel
compressor architecture with integral head-cover on the casing
discharge side and a suction head-cover fixed to the casing by
relevant shear rings.

Leakage from the discharge side is self-avoided in such
architecture. A leakage recovery system is provided for the
suction side. This leakage recovery system is made by 3
different chambers created by 4 gaskets set among the casing
and its head-cover.

The first two inboard gaskets (moving from process side to
atmospheric side) are PTFE ‘C’ type and then two elastomeric
O-rings are used on the outboard side. During the leakage test
the leakage is measured at full pressure across the first ‘C’
PTFE gasket, by using proper calibrated flow meters. For safety
reasons the leakage across the first inboard ‘' C’ gasket has to be
guaranteed at very low level (equivalent to 10 bubbles of 1mm?®
volume per second).

Present work reports the activity done to solve the issue of
excessive |leakage flow detected from the inboard seal.

Design solutions to solve the issue are discussed. Impact of
several parameters on final leakage has been analyzed to better
assess this phenomena:

a. gasket groove geometry (circularity and roughness)
and potential damages (scratches, dents, etc.),

b. gasket surfaces roughness and potential damages
(scratches, dents, etc.),

Cc. gasket-groove assembly and gasket compression
including the eccentricity between casing and head-
cover causing a non-uniform compression over the
360°.

Since no major defects were found on both grooves and gasket
surfaces the main focus of the activity was to assess the impact
of reduced gasket compression on leakage flow. A specia 1D
gas dynamic model has been developed in order to physically
relate leskage flow with gas pressure and some other key
parameters:

i. Thermodynamic conditions,
ii. Elasto-plastic material properties,
iii. Contact surfaces tribological characteristics.

The model is validated through tests on the real compressor
going from 0 to full pressure (425 barg) using nitrogen gas.

Finally the root cause of the excessive leakage was understood
and the gasket design changed. This allowed to fully meet the
very tight contractual reguirements even with significant
margins vs. max alowable values. The robustness of the new
design was confirmed with three repetitions of the tests and by
using spares gaskets with same design.

Moreover, the impact of the groove surface roughness was
tested using the new gasket design and comparing the results
with two different roughness values Ra=0,4nm and Ra=0,8nm.
These results are of capital importance to assess the sensitivity
of the configuration to possible deterioration of the surfaces.

1. INTRODUCTION

The sedling performance in sour application is extremely
important in centrifugal compressor design to prevent any
safety issue to the environment, being H,S a lethal gas starting
from concentration of 100 ppm.

In general the elastomeric O-ring gaskets (such as FKM-Fluor
elastomer or FFKM-Perfluorelastomer), are the best to
guarantee approximately zero leakage towards the external
since they behave as liquids with very high viscosity.

When installed in the groove the O-ring is constrained by the
surrounding walls which finally squeezes it and, thanks to its
elagticity and softness, it can even compensate mating
components defects and out of spec. surface roughness.

O-rings are generally quite permeable to gas and have poor
mechanical properties in high pressure applications (above 200
bar). O-ring is porous so when subjected to pressure and in
particular in presence of relatively “small” molecules like CO,,
it tends to be filled with gas at high pressure. If pressure is
quickly reduced these molecules tend to remain entrapped in
the O-ring finally trying to create their path to escape to the
lower pressure environment. This creates damages to the O-ring
in the form of bubbles, blistering, cracks etc. (see Figure 1.)
making the O-ring losing the capability to seal the component.
In presence of high pressures (even without explosive
decompression) the O-ring tends to deform finally experiencing
extrusion issues and again losing the capability to properly seal
the downstream gap. .
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Figure 1. Damaged O-ring caused by explosive decompression

To avoid the above issues a thermoplastic material such as
PTFE-Politetrafluoroetilene (Teflon®) is normally used. PTFE
has, good mechanical properties, is not permeable to gas and
liquids, and consequently is not affected by explosive
decompression. In addition for high pressure application a
special profile, generally a ‘C’ shape, is used; inside the ‘'C’ a
spring isinstalled (see Figure 2.).
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Figure 2. ‘C’ gasket schematic

Asplastic materials are only slightly elastic, they cannot rely on
their mechanical properties to offer sealing capabilities, as it
happens for elastomers.

‘C’ gaskets are energized by the spring at low pressure and by
the gas itself at higher pressures. The effect of both spring and
gas pressure is to push the lips against the surfaces to be sealed
(see Figure 3.). PTFE rings can hardly accommodate for
surface scratches and they require a very low surface
roughness.

When the gas pressure is very high, the gasket is coupled with a
back-up ring.

Under the force of gas pressure the ‘C’ gaskets, without back
up ring, could be pushed into the downstream gap, giving place
to gasket extrusion. The back-up ring closes the gap and avoids
extrusion.

The back-up ring is made of plastic resistant material, such as
PEEK (Polyether ether ketone).

niarmediote went porting
(lwakoge measurement]

P Inkoord gosket
T A
G035 MohngE - |

Mz BUFFER GAS SIDE | i
- - - sl = = 3
gl | PROCESS GAS SIDE |

authoard gasket

T —_— =" tpal ngsurfocas -
. = i e
A K ’
r v
Gasfeakage | = ra— F‘HH-'Er:-’\Q
3 affnc
e P

- Gealing surfeces

Figure 3.'C’ gasket arrangement & sealing mechanism

The casing tested and discussed in this paper is barrel
compressor architecture with integral head-cover on the casing
discharge side and a suction head-cover fixed to the casing by
relevant shear rings (see Figure 4a-b).

Figure 4a. Leakage test arrangement of high pressure barrel
compressor

Figure 4b. Sectional view of high pressure barrel compressor
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As the leakage from the discharge side is avoided in such
architecture, a leakage recovery system is provided for the
suction side. This leakage recovery system is made by 3
different chambers created by 4 gaskets set among the casing
and its head-cover (see Figure 4c.).
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Figure 4c. Leakage recovery system schematic

The first two inboard gaskets (moving from process side to
atmospheric side) are PTFE ‘C’ type and then two elastomeric
O-rings are used on the outboard side. During the leakage test
the leakage is measured across the first ‘C' PTFE gasket at full
pressure (see Figure 3.) by using proper calibrated flow meters,
and then, through a bubble soap test, is checked for any leakage
towards the external by pressurizing with Nitrogen at 7 bar the
third chamber made by two O-rings (see Figure 4c.). For safety
reasons the leakage across the first inboard ‘C' gasket has to be
guaranteed at very low level (equivalent to 10 bubbles of 1mm?
volume per second).

The present work reports the activity done to solve the issue of
excessive leakage flow from the inboard seal considering the
impact of key parameters on the phenomenon.

2. ISSUES DESCRIPTION AND ROOT CAUSE
ANALYSS

During the leakage test of the BCL304/C an excessive leakage
through the inboard ‘C' gasket was measured ~700 NmLit/min
@ 425bar versus a required value of 0.56 NmLit/min
(equivalent to 0.01 cm?/s).

This leakage is normally rooted to the atmosphere during the
test (being the test gas nitrogen) and no leakage was observed
through the outboard O-ring on which a max pressure of 7 bar
was acting.

The leakage measurements through the inboard ‘C’ gasket,
from low pressure up to design pressure, are reported in the
Graph 1 indicated as“1* test std gaskets’.

' Leakage rates

FmbLitfmin
A

50 1 150 00 50
Po [ bar |

Graph 1. Leakage test results: 1% test with standard ‘C’ gaskets design
and standard PTFE material

In order to figure out the root cause of the issue an extensive
measurement campaign was conducted to check the impact of
the key parameters that have an influence in the physical
phenomenon:

a. gasket groove geometry (circularity and roughness)
and potential damages (scratches, dents, etc.):

No scratches, dents or macroscopic defects were found
on the contact surfaces.

The surfaces roughness Ra values were found within
design values

Figure 5. Roughness profile as traced by the contact probe on the real
surface profile.

The circularity values were taken each 2.5°; the
relevant results are showed in the graph 2a-b and the
max difference between design and measured radial
values were in the order of 0.04+0.06 mm leading to a
gasket groove height higher than max design value
->first finding
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Graph 2a. Casing circularity measurement
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Graph 2b. Head-cover circularity measurement

b. gasket surfaces roughness and potential damages
(scratches, dents, etc.):

No scratches, dents or macroscopic defects were found
on the contact surfaces.

the roughness of the gasket material was found above
1mm (above the expected value)-> second finding

c. thegasket-groove assembly:
the casing/head-cover eccentricity (once the parts are
assembled) has been considered. This produces a
groove height not uniform in the 360°, causing a non-
uniform gasket compression over the 360° (minimum
on the top vertical position and a maximum on the
bottom side).

From the casing/head-cover eccentricity measurement
appeared that the gasket compression on the top
vertical position (0.4mm) was out of the min design
allowable value -> third finding.

From the above findings two actionable areas were identified:

1. Check the impact of a different material with
improved surface properties (to address the
finding in item b). This topic will be analyzed in
section 3.

2. Check the impact of reduced gasket compression
on the gasket contact pressure and length (to
address the findings in items a and c). This topic
will be analyzed in detal on section 4
characterizing the leakage flow with gas pressure
and sealing contact surfaces tribological aspects
using an ad hoc gas dynamic model.

3. IMPACT OF DIFFERENT JACKET MATERIAL ON
SEALING PERFORMANCES

The 1% test was done using pure PTFE ‘C’ gaskets, but PTFE
can be modified by incorporating different fillers in order to
increase key properties for tribological applications such as
hardness, modulus, compression strength, thermal conductivity
as well as resistance to wear and surface roughness. Commonly
used fiber reinforcements are short glass and carbon fibres.
They strongly enhance the wear resistance and reduce creep
compared to pure PTFE. Particle reinforcements are often done
by polymer particles, i.e. polyphenylene-sulphide (PPS),
polyimide (Pl), PEEK and graphite. Metal powder, especialy
bronze, provides high load-bearing capability, very low wear
rates and good frictional coefficients. Figure 6 gives an
example of PTFE matrix filled with different materials.

[ - (s Fitves

Figure 6. Example of PTFE matrix filled with different materials.

To guarantee optimal sealing performances the PTFE is
modified to incorporate a perfluoropropyl-vinyl-ether (PPVE)
modifier (see Figure 7.), the same chemical modifier used for
the PFA (melt-processable fluorothermoplastic). However the
modifier content is less than 1%, for this reason it can be till
classified as PTFE homopolymer, successfully introducing part
of the property profile of PFA (mechanical properties and
improved surface roughness) into PTFE without losing the
typical properties of conventional PTFE (typically the chemical
resistance).
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Figure 7. Sructure difference between pure PTFE and modified PTFE

The figures 8a-b show the surface roughness improvement
between conventional PTFE (Figure 8a.) and the modified one
(Figure 8b.). In addition the lower melt viscosity leads to better
particles fusion during sintering, as a result a denser polymer
structure with lower permeability is obtained reducing the void
content by a factor of ~ 2:1. The Figures 9a-b show the
difference between the modified and un-modified PTFE matrix
as relieved by microscopic investigations (Figure 9b shows that
the boundary of the second particles present in Figure 9a have
disappeared).

Figure 8b. Modified PTFE

odified PTFE

Figure 9a. Conventional PTFE

Figure 9b.

The effect of the improved material (lower roughness and gas
permeability) was investigated making a 2™ test with original
gasket design and a material able to achieve Ra value of
0.1+0.3mm. The gasket groove geometry was kept identical to
the one of the 1% test.

The resuilts of the 2™ test are showed in the graph 3 indicated as
“2" test std gaskets’.
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Graph 3. Leakage test comparison: 1% test with standard ‘C’ gaskets
design and standard PTFE material; 2™ test with standard ‘C’ gaskets
design and modified PTFE material

The graph 3 shows that the 2™ gasket material performs much
better that the first one, allowing reducing the leakage rate of
more than one order of magnitude.

The leakage rate was still above the max allowable required,
and since no macroscopic defects were found able to explain
the test deviation from expected value, it was decided to go
deep in the investigation of microscopic aspects of the issue
and an analytical model was developed as explained in the
section 4.

4. IMPACT OF GASKET COMPRESSION ON SEALING
PERFORMANCE — LEAKAGE GAS DYNAMIC MODEL

In order to link the leakage rate with the contact surfaces micro-
characteristics, an efflux gas dynamic model was developed
that puts in relation the test pressure, the leakage flow and the
surface asperities.

The basic idea about the possible gas passage area is that the
contact between the gasket and groove surfaces (on both casing
and head-cover) is not perfect as shown in the Figures 10,
leaving micro-holes al around the 360° due to the asperities
contacts.
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Figure 10. Real contact area of rough surfaces in contact; A, is the
true area of contact, i.e. A, = Y, A;, nisthe number of asperities
(Sachowiak G. W. and Batchelor AW., (2005), Engineering
Tribology 3°ed., Burlington: Elsevier Butterworth-Heinemann).

The additional simplification done by the authors is that these
contacts create micro-tubes for gas passage and the relevant gas
dynamics across them is analyzed with the one-dimensional
friction model using the Fanno theory.

More in details, the equivalent model is congtituted by a gas
reservoir (the casing itself) at test pressure (po) connected with
several micro-tubes, later on called capillaries, working in
paralel, with length less or egual to the gasket lip length and
discharging at atmosphere (ps) (see scheme 1)

ra it
! b

Scheme 1. Capillary model

Considering that D (capillary diameter) and n. (number of
capillaries) are the two unknown to be found, the calculation
for the single capillary is done using the equations of the one-
dimensional flow across a tube with friction (Fanno theory)
preceded by a reservoir equipped with discharging isentropic
nozzles.

Starting from the basic equation of:

Gtot =G ch (1)
It is possible to rearrange it, writing:
_pDn oY
G\ot _T
@

where

©)
Y is caled the discharge coefficient. For a graphical
representation of the above parameter see Appendix B.

To calculate Y, first it is needed to calculate the ratio pi/po
knowing the inlet Mach number (M,).
M can be derived by using the equation:

e k+1 fo)
Al _1- M7 k1 € My =

Mo LM Kt 2 2 s
D kM, 2k §1+;M121
2 "o @
Note:
a) for My <0.24 abest fitting is given by equation
M1=C><N'E (5)

where C=0.776191; B=0.492760.

b)  Flow regimeis assumed to be laminar, hence f=64/Re.

From M, isthen calculated the ratio py/p; with equation:

k.
p €29 g (6)

From eg. 2 it is possible to calculate the capillary diameter D
knowing n,, being G,,; a measured value.

To calculate n. the following equations are used:

_Pb
P=—""—"P
P Po 7)
pp_ 1 k+l
p M\ 2+(k- )M,

®)
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and relation of M, with N can be rearranged as follows:

-B -B

564, L § 6

ML =CE g2 M1:C§L4ncm_i
ReD %] N Gtot (%) (9)

Hence, by iterative way, n. can be calculated matching p.,=ps,
and knowing all the other parametersinthe eq. 9

From a theoretical standpoint the above approach is valid only
for sonic discharge conditions that match the atmospheric
pressure, as consequence it means calculating the minimum
capillary size D because Y is maximum in sonic conditions (see
Appendix B). To be noted that for the purpose of the present
work the flow condition where M,=1 and p,>ps; will be not
considered. This is relevant to chocking flow where the Kutta
condition is not respected, i.e. an expansion shock wave is
present at the exit of capillary.

In addition below 100 bar D and n, are kept constant and equal
to the values found at gas pressure immediately above.

Thisis based on the fact that D and n. are linked to the contact
pressure of the mating surfaces produced by the gasket spring
exerted on the gasket lips. FEA calculation provides an average
contact pressure of 50 + 100 bar (see Figurella)).

Finally also the contact length of the sealing surfaces L is
calculated using FEA (see Figurellb.).
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Figurella. Gasket stress analysis.
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Figure 11b. Gasket contact length analysis.

The table 1a and the graph 4a show the model results relevant
to the 1% leakage test, while table 1b and graph 4b show the
ones relevant to 2™ |eakage test.

Table 1a. 1% test results

Gtot po Atot

(kg/s) (bar) nc DmM® | mM?® | L (mm) | Re Y N
1.39E-06 | 20.00 | 1.9+04 2.32 78915 0.9 2 3.1E-03 4.59E+04
6.94E-06 | 50.00 | 1.9E+04 2.32 78915 2.0 10 | 6.1E-03 | 2.16E+04
1.63E-05 | 90.00 | 1.9E+04 2.32 78915 4.1 24 | 8.0E-03 | 1.88E+04
3.47E-05 | 150.00 | 1.9E+04 2.32 78915 6.0 51 | 1.0E-02 | 1.30E+04
1.63E-05 | 245.00 | 2.4E+04 1.42 36977 6.0 31 6.3E-03 3.48E+04
1.74E-05 | 350.00 | 5.2E+04 0.98 39518 6.0 22 | 4.4E-03 7.24E+04
1.56E-05 | 400.00 | 6.1E+04 0.86 35538 6.0 19 | 3.8E-03 | 9.48E+04

Table 1b. 2" test results
Gtot pO
(kg/s) (bar) nc DmM-Y [Ag (M3 | L (mm) Re Y N
5,23E-07 | 20,00 | 1,9E+03 2,32 7903 0,9 8 1,2E-02 | 1,22E+04
1,21E-06 50,00 | 1,9E+03 2,32 7903 2,0 18 | 1,1E-02 | 1,24E+04
2,45E-06 | 100,00 | 1,9E+03 2,32 7903 41 36 | 1,1E-02 | 1,26E+04
3,47E-06 | 150,00 | 1,9E+03 2,32 7903 6,0 51 | 1,0E-02 | 1,30E+04
3,12E-06 | 250,00 | 4,7E+03 1,38 7109 6,0 30 | 6,1E-03 | 3,65E+04
2,60E-06 | 325,00 | 6,7E+03 1,06 5924 6,0 23 | 4,7E-03 | 6,22E+04
1,21E-06 | 400,00 | 4,8E+03 | 0,86 2764 6,0 19 | 3,8E-03 | 9,48E+04
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Graph4b. 2V test N, Y, Ay and n, trends varying casing test
pressure.

From the above results the following considerations arise:

a) The number of capillaries n. found for the 2™ test is one
order of magnitude less than 1% test n,, that in turns means
that the reduction of n is proportiona to the reduction of
the leakage rates, being the size D remained unchanged.
The fact that D is invariant between the two tests is due to
the gas dynamic model used and relevant assumptions of
sonic discharge condition with p,=ps.

b) Above 250 bar the flow passage areas A,y in the 2™ test
tends to decrease with gas pressure while the same doesn’t
happen in the 1% test. This can be explained considering
that the first settling of parameters D, n. and L i, produced
by the gasket spring at assembly (better in the 2™ test than
1% one) is vital to achieve the target sealing performance.
In other terms, if the gasket is not able to properly seal the
groove surfaces at the assembly then the gas will flow in
between the gasket lip and the groove surfaces and the gas
pressure will be distributed both on the internal and
external side of the ‘C’ gasket lips producing a sort of

force balancing on the two sides of the lip preventing it to
adhere properly to the groove surface. For this reason A
and n. in the 1% test continuously increase with po, whilein
the 2™ test the gas pressure results more effective in
pushing the gasket lip toward the groove surfaces causing
the reduction of Ay and n. while pg increases.

¢) Considering to put in succession the calculated n. at low
pressure (<100bar) along the groove circumference, it is
possible to caculate an arc of not perfect sealing of
~40mm in the 1% test and ~4mm in the 2™ test. These
arcs can be considered located on the top vertical position
of the gaskets-groove assembly where the gasket
compression is the minimum and the metal-gasket contact
tends to be less effective (see scheme 2).

Cagillaries arc e
e B

Eccenfric gaskst
groove height

| A Head-covar Iy |
1 i I|I f f
L L & f

\ /

X g/
. A
\\ iy = d’..-o/ /_(
/
L=
k™ an il -

Scheme 2. Capillaries arc located on the top vertical
position of the casing head-cover assembly where the gasket
groove height is max.

d) The calculated size of the capillaries D indicates that it is
unlikely to relate the excessive flow rate to a surface
macro-defects being their size in the order of microns,
hence the issue of excessive leakage hasto be related to the
micro-openings left at the mating sealing surfaces by their
micro-asperities.

Considering the 2™ test, above 150 bar the flow rate starts to
decrease, while n; increase, D decreases and A,y decrease too,
showing physical consistency with the fact that as p, increases
the internal pressure on the gasket lips increase compressing
more and more the gasket material into the hardware asperities
reducing the passage area for the gas leakage. In addition as the
hardware surface asperities have a fractal topography (see
Figure 12a - Stachowiak G. W. and Batchelor A.W., (2005),
Engineering Tribology 3°ed., Burlington: Elsevier Butterworth-
Heinemann.), it is quite consistent that their number increases
with pressure (n. increase) since the gasket material progresses
yielded in the hardware asperities and it is also consistent that
the equivalent D has to be reduced (see Figurel2b.). From the
contact theory of the rough surfaces it is understood that the

Copyright 8 2012 by Turbomachinery Laboratory, Texas A&M University



number of asperities in contact increases proportionally with
the applied contact load (see Figure 12b). This is true both in
elastic and plastic condition if the height distribution of the
surfaces is close to a Gaussian one (see Figure 12¢ - Johnson

(1985), Contact Mechanics, Cambridge: University
Press).

e) Inthe 2" test it is observed that n, starts to decrease above
325bar while in the 1¥ test it progressively continues to
increase with pressure. This can be related to improved
gasket material used in the 2™ test that is able to better
adapt itself to the micro-asperities of metal surfaces,
producing, above a certain pressure, a contemporary
reduction of both D and n, that leads to have a more
significant reduction of A.
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Figure 12b. Gasket-groove contact schematic: increasing load
increases the number of asperitiesin contact, hence n. is increased and
D isreduced.
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Figure 12c. Contact of a randomly rough surface with a smooth flat

5. IMPACT OF GASKET OVERSIZING ON SEALING
PERFORMANCESAND ISSUE RESOLUTION.

From the analysis done in section 4 it comes out that in order to
fix the issue the arc of capillaries located on the top vertical
position of the gasket-groove mating surface needs to be

reduced. In addition, the proposed gas dynamic model shows
that a small reduction of D and n, produces a significant impact
on leakage flow (please refer to appendix A eq.11 to have a
direct relation between G and D, i.e. 4™ power dependence). In
order to address the findings in section 2-item a and ¢, new
gasket geometry was studied with the selected supplier. The
am of this change was to maximize residua gasket
compression at assembly to a maximum value sustainable by
the gasket spring. A new gasket was manufactured with
increased height to be installed in the same groove. FEA was
carried out on the gasket-groove assembly in order to define
and optimize the new contact pressure and the new contact
length values for the actual groove geometry (see Figurel3.).

mproved Lwsmand contoct prassure

Figure 13. Improved gasket contact length analysis.

The first test with oversized gasket was successful and it was
repeated two more times. The additiona tests were all
positively passed with measured leakage rates well below the
acceptance level. A demonstration of the robustness of the new
gasket design is shown on graph 5.

Leakage rates

Pl it fimin

Po | bar]

Graph 5. Leakage test results with oversized gaskets

By applying the capillary gas dynamic model to the successful
tests with oversized gaskets a number of capillaries below 1
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was calculated, i..e solution didn’'t appear to be physical.
Nevertheless it can be seen as qualitative indication of the
strong reduction of the number of capillaries. The arc collapsed
from a length of few millimeters to a length of some microns
thanks to the increased gasket compression (oversized height
design).

By having reached the limit of the proposed gas dynamic
model, it means that that the Knudsen number K, (as ratio of
the molecular mean free path | and D) is approaching values
greater than 103, hence the flow is in the regime of the dlip and
transitional flow (see Appendix C) where micro-fluidic models
have to be applies to find correlation among flow, Dp and
surface micro-geometries that is out of the scope of the present
work.

It also appears that Gy, has no variation with py, i.€. (€q. 2) po is
in inverse proportion with the product of Y, D and n., that in
turn means the effective Ay given by Y*Ayy, (8 is assumed
constant).

Since the leakage flow remains at low level from low pressure
up to 425 bar the same consideration of section 4 part b can be
recalled regarding the importance of the first settling of
parameters D, n. and L, at the assembly.

5. IMPACT OF GROOVE ROUGHNESS ON GASKET
SEALING PERFORMANCE

After the issue resolution a new test campaign was carried out
on a different compressor (same size and pressure rating) with
oversized gaskets and increased groove surface roughness.

The graph 6 reports the result of the new test campaign (Ra=0,8
mm of groove surface) and compares it with the previous test

(Ra=0,4 mm of groove surface), showing also the respective
max allowable limits.

Leakages comparison
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Graph 6. Leakage rate comparison at different groove surface
roughness

The above results from one side highlight the impact of the
groove roughness on the sealing performance, from the other
side confirm the goodness of the oversized gasket design that,
even with not optimized groove roughness, is capable to keep
the leakage within acceptable levels.

In addition another consideration is possible to derive from the
above results, i.e. it is possible to apply a less expensive
machining operation on both casing and head-cover passing
from Ra=0,4 to 0,8nm (more easy to obtain with standard
manufacturing operations) provided that new oversized gasket
design isimplemented.

6. CONCLUSION

The present work reports the activity done to solve the issue of
excessive |leakage flow from the inboard seal where no major
defects were found on both gasket and groove surfaces.

An attempt to correlate the PTFE gasket performances (leakage
rate vs. test pressure) with the physical aspects involved in the
phenomenon is presented, providing a simplified analytical
model that involves the following topics:

Gas-dynamic,
Elasto-Plastic material properties,
Contact surfaces tribological characteristics,

The proposed model represents a step ahead to what is
normally done in the industrial practice. In general leakage rate
is correlated with an equivalent sonic orifice diameter that in
this case appeared a too much simplified model only applicable
to macroscopic surface defects.

The proposed model allows a more accurate prediction thus
supporting design actions to improve the sealing

The key design parameters, both for gasket and relevant
groove, are highlighted:

gasket geometry, material and roughness,
gasket groove geometry and roughness.
gasket residual compression, that in turns
means choosing the optimum contact
pressure and contact length.

The test results validated the gas dynamic model predictability
and also its range of applicability. Thanksto the new theoretical
approach extremely low leakages (below 0.01 cm?/s) were
achieved that indeed are of capital importance in high pressure-
high H,S service. The evidence of the goodness of the new
design was demonstrated through repeated successful tests on a
real compressor BCL304/C (design pressure 425 barg).

In addition the present work highlights the importance of
specifying new parameters in the gasket purchase specification
that in the standard practice are normally not considered such
as the oversizing of the ‘C’ height to obtain the optimum
contact pressure and length requiring dedicated FE analysis.

Finally the new oversized gasket design was also tested with
different groove surface roughness, comparing the results of
Ra=0,4 and Ra=0,8nm. It alows a less expensive machining
operation on both casing and head-covers (since Ra=0,8nm is
easier to obtain with standard manufacturing operations) if the
contractual requirementsin terms of leakage rates permit it.
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NOMENCLATURE

G= capillary mass flow [kg/s]

Gio= total leakage mass flow [kg/s]

A= capillary cross section, [m2]

D= capillary equivalent diameter [m]

L= capillary length [m]

n.= total number of capillaries

f= friction factor

Y = discharge coefficient, (represented as G/GO in Appendix B)
po= reservoir absolute pressure [Pa]

ps0 atmospheric pressure [Pa]

p1..= absolute pressures at inlet and outlet of capillary tube [Pe]
pm0 arithmetic mean of absolute pressures [Pa]
k= ratio of specific heats

z= gas compressibility

Mw= molecular weight [kg/mol]

M= Mach number at capillary inlet

M= Mach number at capillary outlet

N= Fanno resistance coefficient=4fL/D

R= gas constant [ J*K-1*mol-1]

nD gas dynamic viscosity [Pa* g

3= speed of sound at reservoir conditions [nV/g].

FEA= finite element analysis

EHS= environment, health and safety
H,S= hydrogen sulfide

CO,= carbon dioxide

APPENDIX A

Other two expressions can be utilized for calculating the mass flow of gases
flowing through micro-openings (valid for D from 0.005 to 0.06 mm)
[Schwartzberg and Gurevich - Am. Inst. Chem. Eng. J., 16, 762 -766 (1970)],

2)M,AD 1
/ - -
8nRT,
I
gD 3 &P (10)

G=(p- p,

or the simpler Poiseuille law (basis for all the capillary flow at low Re for
incompressible fluid - i.e. M;<<1)

G= rp(p1' pz)D4
(128nL) 11)

Both equation 10 and 11 are in good agreement with flow calculated using the
proposed gas dynamic model.

APPENDIX B

Design chart for adiabatic flow with friction in ducts (Perry
R.H., Green Don W., (1984), Perry’'s Chemical engineers
handbook 6™ ed., Mc Graw-Hill Book Co,)

APPENDIX C
&d
"f 1?-1. Ji 11_1* 10!
- T |
-é-» - LFE“IM.Im'ﬂ
Ew —— Kn linas
]
B Hie’
g 107
- 1
10
o'
10
M i
e w? w* wt 15 iw° 1’

Dansity Ratio (n / n,)

Flow regime chart in function of dimensionaless quantities
(Nguyen Nam-Trung, Wereely S.T., (2002), Fundamentals and
Applications of Microfluidics, Norwood: Artech House, Inc.)

x:\/EL: 2m [RT,
pD p,DYM,
Note: for practical purposes slip flow regime is considered when X is in

between 0,014 and 0,1 (Perry R.H., Green Don W., (1984), Perry's Chemical
engineers’ handbook 6™ ed., Mc Graw-Hill Book Co.)
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