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A model to describe the fugitive emission of volatile organic compounds from flange joints is presented.
By combination of laminar and capillary flow in a new concept of branching capillaries, this conception
increases the prediction accuracy compared to the existing model of linear capillaries. Furthermore a
correlation is deduced to describe the capillary diameter as a function of gasket stress using the com-
pression curve of the gasket. A model is developed and experimentally validated, which predicts fugitive
emissions from liquid charged flange joints as a function of medium properties, pipe pressure, gasket
width and gasket stress. Finally the parameters influencing the emission rate of liquid charged flange
joints are discussed and recommendations for fugitive emission reduction are presented.

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Saving the world climate and guaranteeing the quality of
atmospheric air is a major concern in the field of climate protec-
tion. As a consequence the majority of the industrial nations has
launched programs to reduce emissions of greenhouse gases. As
a result of these efforts, amongst others, the emission of volatile
organic compounds (VOCs) could significantly be reduced. Though
major reductions have been achieved by reducing direct emis-
sions released from sources like flares and waste air streams, the
emissions from fugitive sources like pump, armature and flange
sealings, could also be confined (in the case of flange joints to an
average emission rate of approximately 10~ mgm~1s~1[1]). These
advances were reached by improvements in the quality of dimen-
sioning assured by technical guidelines (in Germany, e.g. [2,3]). On
the other hand guidelines, that can be used to train the assembly
personnel [4-7], allow for the technical implementation of dimen-
sioning requirements. It can be anticipated, that flange joints, which
exceed the expected emission range dramatically, will widely be
eliminated in the long run by applying these guidances and by
continuous maintenance activities.
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For further emission reductions the gasket materials have to
be optimized. Therefore, analyzing transport phenomena in an
emitting liquid is essential. These investigations have to be based
on laboratory investigations to eliminate the random influence
of vibrations, temperature swings and start-up or shutdown pro-
cesses, that occur in operating plants.

Models describing the mass transport through rubber-asbestos
and graphite gaskets are already available for gases. Based on the
capillary models presented by Micheely [8] and Kdampkes [9], a
model to predict fugitive emissions from graphite gaskets has been
developed by Hummelt et al. [10,11]. Considering the gasket as
a solid pervaded by parallel linear capillaries, mass transport is
described as Knudsen diffusion. In this model total emission is split
into two streams: surface leakage and cross section leakage. First
of which is the emission through the contact area of flanges and
gasket, whereas the latter is the emission through the sealing mate-
rial itself. The dependence of the emission rate on gasket stress is
described by assuming the sealing material to be a linear elastic
body.

Choi et al. [12] has published a first model conception for the
emission of liquids. As he could not observe any dependency of
liquid emission rates on bulk pressure in field data, he brought up
the idea, that capillary forces determine the emission from liquid-
charged flange joints. However laboratory investigations presented
by Bramsiepe and Schembecker [1] affirm a significant correlation
between liquid emission rate and pipe pressure and demonstrate,
thatin field data, the basic transport phenomena are overlaid by the
random effect of assembly and maintenance. Liquid emission could
be described as laminar flow driven by a combination of capillary
forces and bulk pressure.
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Fig. 1. Left: Emission rates of 1-propanol charged flange joints with Sigraflex® Universal Pro graphite sheet gaskets (outer diameter: 92 mm; height: 3 mm) at a gasket stress
of 10 N/mm? in weld neck flanges with even raised faces nominal diameter DN40 and nominal pressure PN40 with a surface roughness of 6.2 um as a function of pipe pressure
and gasket width. Right: Emission rates of methanol charged flange joints with grooved gaskets (height of the graphite layer: 2 mm x 0.5 mm, inner diameter: 95 mm; outer
diameter: 121 mm) in weld neck flanges with even raised faces nominal diameter DN80 and nominal pressure PN40 with a surface roughness of 40 wm as a function of pipe

pressure and gasket stress.

2. Materials and methods

For the model validation, experimental results from methanol
charged flange joints with grooved gaskets were used as published
in[1].

Furthermore the emission rates were measured at 1-propanol
charged flange joints with nominal diameter DN40 and nominal
pressure PN40 with Sigraflex® Universal Pro graphite sheet gaskets
from SGL Carbon Group with an outer diameter of 92 mm and an
inner diameter of either 49 mm or 62 mm. The gaskets were 3 mm
thick with two sheets of tanged steel. Six test points were installed
in series and flanges with 6.2 p.m surface roughness were used. The
gasket stress was 10 N/mm?2.

The test procedure was identical for both types of gaskets and
flanges and is described in [1]. The total organic carbon concentra-
tion was determined as propane equivalents with a flame ionization
detector (FID) from Mess- und Analysetechnik GmbH Leverkusen
operating at a sweeping gas flow rate of 251/h measured with a
FMA1816 flow meter from Newport Electronics.

The gasket stress was applied with a calibrated torque wrench.
Settling was monitored with feeler pin screws according to [13]
and compensated after 24 h and again after 36 h by retightening the
screws. All experiments were carried out at ambient temperature
until steady state was observed (at least for 2 days).

3. Results and discussion

Fig. 1 (left) shows the emission rates of 1-propanol charged
graphite sheet gaskets. These results were used to check the model
describing the influence of pipe pressure on the emission rate. As it
took several weeks to saturate the gaskets with the emitting liquid,
methanol emission rates of grooved gaskets published in [1] were
used to prove the model describing the influence of gasket stress
on the emission rate (Fig. 1, right).

3.1. Model development

As graphite gaskets show a very complex sandwich structure
instead of a capillary structure, modeling the gasket behavior
required some simplifications. The following assumptions were
made:

1. The gasket material has a constant porosity, depending only on
the gasket stress.

2. The width of the gasket is independent from the gasket stress.

3. The number of capillaries is independent from the gasket stress
(none of the capillaries is closed when the gasket is compressed).

4. The capillaries are not necessarily linear but they can branch.

5. All capillaries have the same diameter, which is constant with
the radius.

3.1.1. Sealing structure
In the capillary models, mass transport takes place in linearly

arranged parallel capillaries. This implies, that the velocity of the

emitting component remains constant while passing the gasket.

As graphite sheet gaskets as well as the graphite layers of
grooved gaskets are usually cut out of uniform plates, the poros-
ity of the gasket material can be assumed to be constant all over
the gasket. Especially for small-sized gaskets with a big ratio of
outer to inner diameter - in this investigation this ratio was 1.48
for the narrow and 1.88 for the wide gasket - this precondition
is not correct. Therefore the model was adapted by establishing a
capillary network instead of parallel capillaries. Thus the number of
capillaries per square meter gasket material remains constant (con-
stant porosity) while the total number increases from the inner to
the outer edge of the gasket material. Fig. 2 provides a graphical
comparison of the previous (a) and the new concept (b).

The density of the capillaries (capillaries per m? gasket cross sec-
tion area) Negp [1/m?] at the average gasket diameter was defined
as

Ncap
Thgdg

(1)

Ncap =

@) (b)

Fig. 2. Model of the gasket structure in the literature (a) and in this work (b).
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Fig. 3. Impact of the sweeping gas flow rate on the boundary layer thickness.

Negp is independent from the radius of the gasket (Negp # f(1g)).
Here ag [m] is the average diameter of the gasket, ncqp is the num-
ber of capillaries at the average diameter and hg [m] is the gasket
height. According to the previous precondition 3 the number of cap-
illaries is a function of gasket diameter but it is independent from
the gasket stress.

3.1.2. Mass transport

In case of laminar or turbulent flow, the main driving force for
mass transport of gases is the gradient of absolute pressure and
in case of diffusion it is the gradient of partial pressure. As liquids
have much higher surface tensions and viscosities than gases, for
the mass transport of liquids additional effects must be taken into
consideration.

At first the location has to be pinpointed, where the liquid-gas
phase change takes place. To answer this question, a flange joint
was charged with a sodium chloride solution in order to identify
the point of phase change as the point, where the water evaporates
and the dry salt remains. Unexpectedly no salt could be detected
but corrosion was observed over the whole radius of the gasket.
Therefore it can be assumed that the gasket is saturated with the
emitting liquid and that the liquid-gas phase change takes place at
the outer edge of the gasket.

Furthermore it had to be determined whether the overall mass
transport is governed by the flow through the porous gasket or by
the liquid gas phase change. If a boundary layer controls the mass
flow at the outer edge of the gasket it will be influenced by the
sweeping gas velocity. A variation of the sweeping gas flow rate
would thus change the emission rate. The higher the flow rate, the
thinner the boundary layer and the faster the mass transport. Fig. 3
displays this situation graphically.

To check this interrelation, a subset of measurements was exe-
cuted with a sweeping gas flow rates of 251/h and 601/h.

As can be taken from Fig. 4, the flow rate of the sweeping gas
did not have an impact on the emission rate. This is in accordance
with the findings Altinkaya [17] presents for the evaporation of
VOCs from coating materials. Therefore the impact of the phase
change on the emission rate has been neglected in the model devel-
opment.

The correlation between the emission rate of a linear capillary
and the pipe pressure published in [1] was used to describe the
mass transport within the gasket:

_p iy dp
n 128 drg

(2)

g =

Here p[kg/m3]is the density and 1 [kg s~! m~1] the dynamic viscos-
ity of the emitting liquid, dcqp [m] is the diameter of the capillaries,
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Fig. 4. Influence of the sweeping gas flow rate on the emission rate.

p [Pa] the pressure of the emitting liquid within the gasket material
and rg [m] the radius of the gasket.

Furthermore the total driving force for the mass transport in
liquid charged gaskets can be described as:

AProtal = APbutk + APcap (3)

In this equation Apy, [Pa] is the difference between pipe pres-
sure p; [Pa] and ambient pressure p, [Pa] and Apcgp [Pa] is the
capillary pressure. Fig. 5 illustrates the pressure characteristics
within the gasket.

According to [14] the capillary pressure, which represents the
pressure difference between ambient pressure and the pressure
Dinter (Pa) in the interface between the emitting liquid and ambient

Ty

bulk pressure: APk =Pi- Pa

p
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Fig. 5. Visualization of the pressure characteristics within a liquid charged gasket.
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air, is given as

40 cos(6)
dcap

Apcap = Pa — Pinter = (4)

o [N/m] is the surface tension of the emitting liquid and 6 [°] is the

contact angle between the liquid and the gasket material.
Combining Egs. (1) and (2), the emission rate is given as

4
. p deap 3p
g = —Ncaphgnzrgﬁ bfjlp g (5)
Integration leads to
To 4 Dii
. 1 d inter
e / rdrg:_Ncaphgn2rg§ e / dp (6)
'8 pi
4 2
T o depm
= Mg —Ncaphgn 641n(ro/r;)(To +ri)(p' Dinter) (7)

g is the emission rate normalized to the average gasket diameter.
With Eqs. (3) and (4) the emission rate is given as

p n?

e = Neap N T ra )0 1)

(d‘clapApbulk + 4d?ap(I COS(Q)) (8)

3.1.3. Gasket stress

In order to describe the porosity of the compressed gasket (€) in
dependency of the porosity of the unstressed gasket (€q) it can be
assumed that all the compression takes place in the excavations,
while the graphite itself is deformed but not compressed. Further-
more it can be assumed, that the weight of the dry gasket is only
made up by graphite, whereas the weight of enclosed gas can be
neglected.

5= Vexcan. _ 1 Ver _1_Pe (9)

Ve Ve Pgr
€g is the porosity of the gasket, Vexcav. [m3] is the volume of the
excavations within the gasket, Vg [m3] is the volume of the gasket,
Vgr [m3] is the volume of the graphite, pg [kg/m?] is the density
of the whole gasket and pgr [kg/m?] is the density of the graphite.
Assuming exclusively axial compression results in

Ve _ Mgmg—r1?) _ hg _ peo
8 _ o = = 2 (10)
Veo  hgom(rs—12) hgo  pg
With Eq. (9) this leads to
Pg,0 hgo
€, =1-— = 11
g per Ty (11)
which is also valid for the unstressed gasket, which results in
hg o
egzl—(l—egyo)ﬁ—’ (12)
g

The porosity of the gasket can be described as a function of
capillary diameter and capillary density

T
€ = Nmpzdgap (13)

Using Egs. (1) and (13) the dependency of the capillary diameter
from gasket stress can be described using the correlation between
gasket height and gasket stress.

2
€ _ hodZep (14)
€ hdfap,o
Thus the capillary diameter can be calculated as
_ €h _ h—(]—Eo)ho
dcap = dcap,o m = dcap,O T (15)

3.0
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Fig. 6. Compression curve of a Sigraflex® Universal Pro gasket with two sheets of
tanged steel and an uncompressed height of 3 mm [15].

With this equation and the height of the gasket as a function of
gasket stress, which is typically available from the manufacturer
(see Fig. 6), the capillary diameter can be calculated as a function
of gasket stress.

Inserting Eq. (15) into Eq. (8), the emission rate can be described
as a function of the geometry of the gasket, pipe pressure, medium
properties and gasket stress (Eq. (16)).

4
- 2 h—(1-€o)h,
mg = Ncaphg niz dcap,ﬂ Q Apbulk
N 641n(ro/r;)(ro + 1) €oho

3
2 Th—(1—
+NCﬂphB S — 5 | 4| deap,o h=( - €t o cos(f)
1 641In(r,/1i)(ro +1i) €oho

(16)

Though the derivation of the model equations in this paper is
limited to graphite gaskets, the basic ideas could also be applied
to other materials. In this case also the aging of the gasket could
be regarded by making capillary diameter and capillary density
dependent on time. Graphite gaskets usually are expected not to
age.

3.2. Model validation

To validate the approach of branching capillaries the emission
rates of gaskets with 49 mm inner diameter and the emission rates
of those with 62 mm inner diameter were compared. Both types
of gaskets had 92 mm outer diameter. Using the model of linear
capillaries leads to

- 2 2
ME narrow gasket _ o — ri,w (17)
A ] T r2_p2

E, wide gasket o i,n

For the investigated gaskets this results in a ratio of 1.31. When
using the model of the branching capillaries the ratio has to be
calculated as

mE, narrow gasket ln(ro/ri,w)(ro + ri,w)

= = (18)
ME, wide gasket In(ro /7 n)(To + Tin)

and gives a ratio of 1.46 for the investigated gaskets. For the exper-
imental results presented in this paper an average ratio of 1.51
was found, which demonstrates, that the new model conception
increases the accuracy of the prediction especially in the case of
low diameter gaskets.
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Fig. 7. Prediction of the emission rates of 1-propanol charged flange joints with Sigraflex® Universal Pro graphite sheet gaskets under variation of the gasket width and the

pipe pressure (model parameters: Negp = 4.9E + 06, degp,0 = 1.5E — 07 m).
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Fig. 8. Prediction of the emission rates of methanol charged flange joints with grooved gaskets for gasket stresses between 18 N/mm? and 69 N/mm? and pipe pressures
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In Fig. 7 emission measurements from Fig. 1 (left side) were
used to fit the model parameters capillary density Ncqp and capillary
diameter of the uncompressed gasket dqp o by minimizing the sum
of squared errors for a gasket with an inner diameter of 49 mm
(Fig. 7, left). These parameters were used to predict the emission
rates of the gasket with 62 mm inner diameter (Fig. 7, right).

The experimental results presented on the right side of Fig. 1
were used to validate the model of the influence of gasket stress
on the emission rate. As the compression curve of the grooved
gasket was not available, its compression behavior was approxi-
mated using the compression curve of a pure graphite sheet gasket
with the same height as the two graphite layers of the grooved
gasket had. Again the model parameters were determined for a
gasket stress of 59 N/mm? by minimizing the sum of squared errors
and the emission rates for gasket stresses of 18 N/mm?, 29 N/mm?,
47 N/mm?2 and 68 N/mm? were predicted (see Fig. 8).

Though the compression curve used for the calculations was
not the original one of the investigated gasket, Fig. 8 shows, that
the predicted emission rates meet the experimental results quite
well.

4. Conclusions

A model describing the emission rate of VOC charged graphite
gaskets was developed and validated experimentally. Analyzing the
final prediction model (Eq. (16)) four parameters determining the
emission rate of liquid charged flange joints could be identified: the
capillary diameter of the uncompressed gasket (dcgp,0), the com-
pression behavior of the gasket material, the gasket height (hg) and
the contact angle between the gasket material and the emitting
medium, displayed by the factor cos(6).
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The parameter with the highest impact on the emission rates
of liquid charged flange joints is the capillary diameter as it occurs
to the power of four in the laminar flow term and to the power of
three in the capillary flow term. Guaranteeing a fine-pored gasket
material therefore is a very efficient means for reducing fugitive
emission rates. A possibility to improve gasket materials concern-
ing the pore structure is to impregnate the soft material. However,
this can involve a reduced tightness of the gasket at higher tem-
peratures by pyrolytic loss of impregnation. Alternatively a very
flexible gasket material can be used, so that the pore diameter
will be reduced when the gasket is compressed. The mechanical
stress on the gasket must therefore be as high as the total sys-
tem built up by flanges, gasket and screws can bear. Here again it
becomes obvious, that the assembly conditions have a majorimpact
on fugitive emission rates of liquid charged flange joints [1], as they
determine the compression of the gasket and thus the capillary
diameter.

The third option for reducing fugitive emissions is minimizing
the height of the gasket. However it must be taken into consider-
ation that a gasket with little soft material has to be installed in a
flange joint with very even and parallel sealing faces. Thus proper
assembly becomes even more important when the gasket height is
reduced [16].

In accordance with Choi et al. [12] it was found, that the applica-
tion of nonwetting gasket materials that have a contact angle above
90° (cos(f) < 0) can reduce fugitive emissions from liquid charged
flange joints as they can reduce capillary driving forces.
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