97004036 A1 A1 00O 0 0 T O 0O A

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Organization
International Bureau

(43) International Publication Date
8 January 2009 (08.01.2009)

‘ﬂb’ A0 0

(10) International Publication Number

WO 2009/004036 Al

(51) International Patent Classification:
BO1D 47/06 (2006.01) BOID 53/14 (2006.01)
BO1D 3/20 (2006.01) BOID 53/18 (2006.01)

(21) International Application Number:
PCT/EP2008/058523

(22) International Filing Date: 2 July 2008 (02.07.2008)

(25) Filing Language: English

(26) Publication Language: English
(30) Priority Data:

07111792.3 5 July 2007 (05.07.2007)  EP

(71) Applicant (for all designated States except US): Shell
Internationale Research Maatschappij B.V. [NL/NL];
Carel van Bylandtlaan 30, NL-2596 HR The Hague (NL).

(72) Inventor; and

(75) Inventor/Applicant (for US only): POLDERMAN,
Hugo Gerardus [—/NL]; Badhuisweg 3, NL-1031 CM
Amsterdam (NL).

(74) Agent: ZEESTRATEN, Albertus W.J.; Shell Interna-
tional B.V., Intellectual Property Services, P.O. Box 384,
NL-2501 CJ The Hague (NL).

(81) Designated States (unless otherwise indicated, for every
kind of national protection available): AE, AG, AL, AM,
AOQ, AT, AU, AZ,BA, BB, BG, BH, BR, BW, BY, BZ, CA,
CH, CN, CO, CR, CU, CZ, DE, DK, DM, DO, DZ, EC, EE,
EG, ES, FI, GB, GD, GE, GH, GM, GT, HN, HR, HU, ID,
1L, IN, IS, JP, KE, KG, KM, KN, KP, KR, KZ, LA, LC,
LK, LR, LS, LT, LU, LY, MA, MD, ME, MG, MK, MN,
MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM, PG, PH,
PL, PT, RO, RS, RU, SC, SD, SE, SG, SK, SL, SM, SV,
SY, TJ, TM, TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN,
ZA, 7M, 7ZW.
(84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LS, MW, MZ, NA, SD, SL, SZ, TZ, UG, ZM,
ZW), Eurasian (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European (AT, BE, BG, CH, CY, CZ, DE, DK, EE, ES, FI,
FR, GB,GR, HR, HU, IE, IS, IT, LT, LU, LV, MC, MT, NL,
NO, PL, PT, RO, SE, SI, SK, TR), OAPI (BF, BJ, CF, CG,
CIL, CM, GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Declaration under Rule 4.17:
as to applicant’s entitlement to apply for and be granted a
patent (Rule 4.17(ii))

Published:
with international search report

(54) Title: METHOD OF REMOVING LIQUID CONTAMINANT DROPLETS FROM A GAS STREAM, AND WASH TRAY

50 Ly "

N /52 N
— y oy 54

N 53 33 53 34 33
1

N /~N 13 /\(r\ N

Q 32 3 32 N

NEESEN 28 30 N
N 15 137

NN 6- 56 38| | . 1225 N
2 ]z 199 B e

\-"' 7 p— N

N 25— v ts (N8 =o6h | N

N N T N

N 32 227 L6739 Y V8 \i N

(57) Abstract: A method of removing liquid contaminant droplets from a gas stream, comprising providing a wash tray in a ves-
sel with at least one swirl tube device; admitting the gas stream including liquid contaminant droplets into the at least one swirl
& tube; admitting wash liquid into the gas stream in the at least one swirl tube, to form a gas/liquid mixture with wash liquid droplets
& dispersed in the gas stream; allowing the wash liquid droplets and liquid contaminant droplets to interact in a scrubbing section;
passing the gas/liquid mixture along a swirl imparting means so as to perform centrifugal separation into washed gas and liquid, and
removing washed gas and liquid. Moreover a swirl tube wash tray for use in a vessel for removing liquid contaminant droplets from
a gas stream by means of a wash liquid, which wash tray comprises having a wash liquid supply means with an outlet opening some

distance above a liquid supply space.
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METHOD OF REMOVING LIQUID CONTAMINANT DROPLETS FROM A GAS
STREAM, AND WASH TRAY

Field of the Invention

The present invention relates to a method of removing
liquid contaminant droplets from a gas stream, and to a
wash tray that is suitable for carrying out this method.

Background of the Invention

Gas treating processes can be very sensitive to
contamination by ligquid hydrocarbons in the feed gas. An
example i1s amine treatment, such as the Shell Sulfinol
process, in which acid gas compounds are removed from a
gas stream, in particular a natural gas, by means of an
absorption/regeneration cycle. Liquid hydrocarbons
increase the foaming tendency in the absorbers, as is
known for example from the paper *“Texas plant solves foam
problems with modified MEA system”, C.R. Pauley, B.A.
Perlmutter, 0il & Gas Journal, Feb. 1988, p. 67-70.
Foaming leads to insufficient acid gas removal capacity
and hence reduced gas throughput. Liquid hydrocarbon
quantities as small as 50 ppmv can already have a
devastating effect on treating plant performance.

These hydrocarbon contaminants moreover are typically
present in small droplets, with diameters in the order of
microns and below. Due to their small droplet size and
low concentration the liquid contaminants are difficult
to remove. Using conventional coalescers, such as a
wiremesh, 1s insufficient to coalesce the majority of the
liquid contaminants to a larger droplet size that can be
removed by e.g. a centrifugal liquid separator, such as a
swirldeck, in an inlet separator to the gas treating
plant. So, even high-efficiency separators have
difficulties in removing small droplets. One option for

removal is to use filter systems, but for sufficient
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efficiency they need to be very large, they cause a large
pressure drop, and are difficult to operate in view of
regular exchange of filters and associated safety risks.
Fibre bed filters moreover generate a large amount of
solid waste

It is an object of the present invention to provide
an improved method and device for removing liquid
contaminant droplets from a gas stream.

Summary of the Invention

To this end there is provided a method of removing
liquid contaminant droplets from a gas stream, which
method comprises
- providing a wash tray in a vessel, which wash tray
comprises at least one swirl tube device, the at least
one swirl tube device having an inlet for gas, an inlet
for a wash liquid, a scrubbing section, a swirl
imparting means downstream from the scrubbing section,
an outlet for washed gas, and an outlet for ligquid;

- admitting the gas stream including liquid contaminant
droplets into the at least one swirl tube via the inlet
for gas of the at least one swirl tube;

- admitting wash liquid into the gas stream in the at
least one swirl tube via the inlet for wash ligquid, to
form a gas/liquid mixture with wash ligquid droplets
dispersed in the gas stream;

- allowing the wash liquid droplets and liquid
contaminant droplets to interact in the scrubbing
section;

- passing the gas/liquid mixture along the swirl
imparting means so as to perform centrifugal separation
of the gas/liquid mixture into washed gas and liquid,
and

- removing washed gas and liquid from the outlet for

washed gas and the outlet for liquid.
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The invention is based on the insight that liquid
contaminants can be efficiently removed by means of a
wash tray including swirl tubes. Swirl tube trays are
commonly used for separation of medium to large liquid
droplets (> ca. 20 um) from a gas stream. For example,
European patent application publication No. EP 195464
discloses a high-efficiency separator which is an
improvement of a centrifugal liguid separator known from
European patent application publication No. EP 048508. A
coalescer in the form of a mistmat, wvanepack, or
structured packing, is arranged upstream of the
centrifugal liquid separator. It is recognized in
EP 195484 that centrifugal liquid separators including
swirl tubes have difficulties separating liquid that is
present in finely dispersed form. To this end the
coalescer first agglomerates liquid drops which can than
be separated by the centrifugal liquid separator
including swirl tubes. It appears, however, that in
practice a mistmat coalescer insufficiently coalesces
the fine contaminant droplets.

In the present invention, a wash liquid is introduced
into an upstream part of the swirl tube in dispersed
form. In the scrubbing section the small ligquid
contaminant droplets, which normally flow along with the
gas, can be captured by interaction with the dispersed
wash liquid. The wash liquid drops are large enough to
be removed by subsequent centrifugal separation
efficiently.

It is noted that European patent specification
No. EP 828 543 Bl discloses the use of a horizontal tray
including swirl tubes for removing water vapour from
natural gas, by counter-currently contacting the natural
gas including water vapour, and glycol. Glycol is a
solvent for water vapour, and the removal of contaminant

droplets from natural gas is not disclosed.
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The amount of wash liquid that is added to the gas
stream typically is in large excess of the amount of
liquid contaminants in the gas. Liquid separated by the
swirl tube device therefore predominantly consists of
wash liquid, with only a small amount of liquid
contaminants therein. At least part of the separated
liquid is suitably returned to a wash liquid supply
space on the wash tray, which is in fluid communication
with the inlet for liquid of the at least one swirl
tube. By this recirculation of wash liquid on the wash
tray, a beneficial high wash ligquid-to-gas ratio can be
efficiently established, such as between 5 and 15 l/m3,
for example 10 1/m3. Centrifugal separation in swirl
tubes can handle such high liquid-to-gas ratios.

In a special embodiment the wash tray comprises a
tray plate, on which during normal operation wash liquid
is present, and wherein the wash liquid is admitted to
the wash tray using a liquid supply means having an
outlet for wash liquid above the tray plate. In this
way, fresh wash ligquid and liquid recycled from the
swirl tube device can be efficiently mixed. The tray
plate can be an upper tray plate having openings to a
liquid supply space below.

An effective wash liquid for treating natural gas
streams with liquid hydrocarbon contaminants is water.
It appears that it is not a problem to use a wash liquid
that does not mix with the contaminant liguid, and it is
believed that this is so because the interaction
mechanism between contaminant droplets and wash liquid
is mechanical/physical. In fact, using a wash liquid
that does not mix with the contaminant ligquid makes it
easier to separate the liquids subsequently, so that
wash liquid can easily by re-used. Another option for
the wash ligquid in natural gas treatment is natural gas

condensate, although a larger vessel i1s required in this
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case. Glycol is not a suitable wash liquid, due to its
high viscosity and tendency to cause foaming.

The invention further provides a wash tray for use in
a vessel for removing liquid contaminant droplets from a
gas stream by means of a wash liquid, which wash tray
comprises a tray plate, a liquid supply space above the
tray plate, and a swirl tube device, which swirl tube
device comprises a tube having an inlet for gas from
below the tray plate and extending in downstream
direction to above the tray plate, a means for
dispersing liquid droplets in the gas, downstream from
the inlet for gas; a swirl imparting means arranged in
the tube downstream from the means for dispersing
ligquid; and guide means for directing liquid from the
upper end of the open-ended tube downwardly towards the
liquid supply space, the wash tray further comprising a
liquid supply means for supplying wash ligquid to the
tray, wherein the liquid supply means has an outlet
opening some distance above the liquid supply space.

Brief Description of the Drawings

An embodiment of the invention will now be described
in more detail and with reference to the accompanying
drawings, wherein

Figure 1 shows schematically a wash tray according to
the invention mounted in a vertical vessel, vertical
cross—section;

Figure 2 shows detail A of Figure 1 enlarged;

Figure 3 shows schematically a top view of a wash
tray of the invention;

Figure 4 shows schematically a vertical separation
vessel including a wash tray of the invention; and

Figure 5 shows graphically the results of
calculations of the efficiency E of capturing 1 um
droplets in dependence on collection droplet size dg and

wash liquid/gas ratio L/G.
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Where the same reference numerals are used in
different Figures, they refer to the same or similar
objects.

Detailed Description of the Invention

Reference is made to Figure 1, showing schematically
an embodiment of a swirl tube wash tray according to the
present invention, in cross-section. The wash tray is
arranged in a vertical vessel or column 1, comprising a
housing 2 in which the wash tray 3 is provided. In the
embodiment shown, the housing is formed by the vessel
wall, in other embodiments the housing can be arranged
separately in the vessel.

The wash tray 3 is shown in horizontal orientation
suitable for normal operation and comprises an upper
horizontal plate 6 and a lower horizontal plate 7.
Between the upper and lower horizontal plates 6 and 7 is
defined a liquid supply space 8. The wash tray 3 is
furthermore provided with a swirl tube device 13. Two of
such devices are shown in the drawing for illustration
purposes. More or less swirl-tube devices can be
arranged. The swirl tube device 13 comprises an open-
ended tube 15 extending from above the upper horizontal
plate 6 through an opening 18 in the plate 6 to an
opening 19 in the lower horizontal plate 7. The tube can
also extend through the lower plate 7 so that it has an
inlet below the lower plate. The opening 19 is an inlet
for gas from below the lower horizontal plate 7. In the
drawing, the downstream direction in the open-ended tube
15 is upwards.

The swirl tube device 13 further comprises an inlet
for liquid, in the form of liquid delivery device 22.
The ligquid delivery device 22 comprises an open-ended
conduit 25, provided with an upwardly directed liquid
delivery opening 26, wherein the open ends of the open-

ended conduit 25 open into the liquid supply space 8 so
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as to be in fluid communication therewith. For the sake
of clarity it is remarked that the conduit 25 does not
block vertical upward passage of gas from below into the
tube 15. The ligquid delivery opening 26 in this example
is centrally arranged in the open-ended tube 25, and is
so arranged that it represents a means for dispersing
liguid droplets in the gas flowing during normal
operation upwardly through the tube 15, downstream from
the gas inlet 19.

The swirl tube device 13 further comprises a
scrubbing section 28 in which the gas and the liquid
dispersed by the ligquid delivery device interact, and a
swirl imparting means 30 arranged in the open-ended tube
15 some distance above the liquid delivery device 22. A
suitable distance is at least half the diameter of the
tube 15 or more, preferably 1 diameter or more, such as
2 diameters or more. Moreover there is provided guide
means 31 to direct liquid from the upper end of the
open—-ended tube 15 onto the upper horizontal plate 6.
The guide means 31 include an outer tube 32 having an
upper end that inwardly extends over the upper rim of
the tube 15. The outer tube 32 extends around the open-
ended tube 15, downward to some distance above the upper
horizontal plate 6.

A central gas outlet opening 33 allows gas to leave
the swirl-tube device upwardly. In the embodiment as
shown in the drawing the guide means 31 suitably further
includes a beaker-shaped gas outlet arranged in the
upper end of the outer tube. To illustrate this
embodiment a beaker-shaped gas outlet 34 is shown as
part of the guide means 31 pertaining to the rightmost
swirl-tube device 13 of the tray 3. It is shown to
extend somewhat over the inner rim of the lower guide
means, and can thus serve to capture liquid droplets

that are re-entrained at the lower rim.
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The upper part of the tube 15, downstream from the
swirl-imparting means 30, can be provided with openings
such as slits in the wall, but can also be closed.

The wash tray 3 further comprises an open-ended
downcomer 35 having an inlet 37 arranged above the upper
horizontal plate 6 and an outlet arranged below the
lower horizontal plate 7. Between the upper plate 6 and
the inlet 37 a ligquid collection space 38 is formed.

Figure 2, corresponding to section A in Figure 2,
shows a special embodiment of a means for dispersing
ligquid in the gas stream. In this embodiment, a
deflector 40 is arranged directly above the liquid
delivery opening 26. Suitably the deflector 40 is a
plate which has a diameter up to 0.5 times the internal
diameter of the open-ended tube 15, and suitably in the
range of from 0.1 to 0.5 times the internal diameter of
the open-ended tube 15. In other embodiments the ligquid
dispersion means can have more than one opening, such as
off-axis in the tube 15. More conduits 25, for example
extending in parallel across the tube 15, can be
arranged. If gas entering the swirl tube devices 13 from
below has a swirl component, the conduit(s) 25 also
serves as to break this swirl. Instead of the deflector
40 a gauze can be arranged on which a liquid film is
formed and from which wash ligquid droplets can be
entrained by the gas passing along. Generally speaking,
the dispersion is suitably provided by generating a
ligquid film at a location where it can be easily broken
off and entrained by the gas flowing along, such as at
the sharp rims of the deflector 40. The wash liquid
height available is generally insufficient to drive the
dispersion via a nozzle or the like.

Returning to Figure 1, the wash tray further
comprises a liquid supply means for supplying wash

liguid to the tray in the form of wash liguid header 50.
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The wash ligquid header of this embodiment is a conduit
52 extending horizontally across the diameter of the
vessel 1, above the swirl tube devices 13. The conduit
52 1is shown here to extend straight through one side of
the housing, from which side liquid is supplied, but it
will be understood that other pathways for the conduit
52 are possible. The conduit is provided with outlet
openings 53. The downstream end 54 is closed.

An inlet for ligquid into the ligquid supply space 8
from above the upper plate 6 is provided in the form of
inlet openings 56. In Figure 2 it seems as if the
outlets 53 from the wash liquid header 50 are arranged
directly above the inlet openings 56 and the downcomer
inlet 37, suitably however there is an offset in the
direction perpendicular to the paper plane so that wash
liquid is discharged from the outlets 53 onto the upper
tray plate. This will become clear in the top view of
the embodiment of Figure 3.

Reference is made to Figure 3 showing a top view of a
wash tray according to the invention. A plurality of
swirl tube devices 13 is arranged in a grid pattern. The
wash liquid header 50 extends across the diameter of the
vessel 1. Four inlet openings 56 per swirl tube are
arranged as shown. The downcomers 35 are also indicated.
In vertical projection the ligquid inlets 56 and
downcomers 35 are offset from the outlets 53. The tray
shown here is supported on an annular ring 58 fixed to
the housing 2 or vertical vessel 1.

In Figure 4, the swirl-tube wash tray 3 1is
schematically shown mounted in a vertical vessel 1
together with other internals. The wash tray 3 is
mounted in a separate housing 2 in the vessel 1, which
housing is suspended via sealed mounting 60 from a

separation swirl deck 62, and which separation swirl
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deck 62 1is sealingly mounted in the vessel 1 via support
plate 63.

A gas inlet assembly 70 is provided for gas inlet
from feed line 71, and for preseparation. The gas inlet
assembly that i1s schematically indicated in Figure 4 is
a so-called vane-type inlet device, such as known for
example from Great Britain patent application
No. 1 119 699. Such a vane-type inlet device serves for
gas inlet, distribution over the cross-section of the
vessel, and preseparation of any large liquid drops by
centrifugal deflection on the outwardly curved vanes
that are stacked one behind the other in the direction
of gas flow along the device 70. Other gas inlet devices
such as a vapour horn or a deflector plate can also be
used.

The separation swirldeck 62 can be of a type
disclosed for example in European patent application
publication No. EP 083811 or EP 1594589. The separation
swirldeck suitably comprises a plurality of centrifugal
ligquid separators or swirl tubes arranged over the
cross—-section of the swirl deck. The swirl tubes have an
inlet for washed gas at their lower end, an outlet for
gas at their upper end, and an outlet for separated
liquid. An outlet 80 for dry gas from the swirldeck is
arranged at the top of the vessel 1.

The separated liquid is discharged from the swirldeck
62 via a conduit 62a, suitably to the bottom of the
vessel, but discharge to the wash tray 3 is also a
possibility. In selecting the discharge position it is
taken into account that the outlet from the discharge
conduit should be sealed in a liguid phase during normal
operation.

Underneath the inlet device 70 a collector tray 85 is
arranged, to separate the liquid sump that is formed

during normal operation in the bottom part of the
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vessel 1 from the inlet device 70, and to guide liquid
separated in the inlet device towards the
hydrocarbon/water interface level 86 maintained in the
sump .

The bottom part of the vessel 1 is further provided
with a double weir system 90,91 to enable separate
removal of water and hydrocarbons.

The water outlet line 95 is arranged to receive water
from cylindrical water compartment 92, and is in fluid
communication with the wash liquid header 50 for supply
of wash liguid (water in this case) to the wash tray.
Part of the water i1s discharged from the vessel 1 via
bleed line 96, and fresh water is added via make-up
line 97.

The ligquid hydrocarbons can be skimmed off via an
annular hydrocarbon compartment 98 having an outlet 99,
into which compartment hydrocarbons can flow via an
overflow weir.

In the following normal operation of the vessel 1
will be discussed, illustrating the operation of the
wash tray and the method of the invention.

The vessel 1 can serve e€.g. as an inlet gas/liquid
separator for a gas treating section of a liguid natural
gas (LNG) plant. The gas treating section can comprise a
downstream acid gas removal unit (AGRU) such as a so-
called Sulfinol unit.

Typical operating conditions for the vessel 1 can be

described in terms of the flow parameter ¢ and the gas
load factor A. The flow parameter ¢ is defined as
@=M1,/Mc.sqgrt (pg/pP1,) » wherein M;, and Mg are the liquid and
gas mass flow rates and p;, and pg the ligquid and gas
densities, respectively. The flow parameter 1is a

suitable measure for ligquid load in a vessel. Typical

flow parameters at which the present invention will be
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applied are in the range of less than 0.05, such as
between 0.001 and 0.05.

The gas load can suitably be characterized by the gas
load factor A, which is defined as:

A=Q/A.sart (pg/ (P,-Pg) ), wherein Q is the volumetric gas
flow (m3/hr), A 1s the available cross sectional area
(m2) for gas flow in the vessel. The factor under the
square root accounts for the effect of pressure. The
ratio Q/A is also referred to as superficial gas
velocity. Typical gas load factors at which the present
invention will be operated during normal operation are
in the range A=0.1-0.25, in particular A=0.12 .. 0.20.

The vessel 1 can for example have a diameter of
1.5 m. A typical gas throughput is in the order of
1..10 . 1076 Sm3/day (standard cubic meters per day). A
typical liquid content of the feed received via line 71
is 100-1000 1/h.

A wiremesh coalescer is not sufficiently effective
for coalescing small liquid droplets of e.g. 20 um
diameter and below. The gas stream can contain liguid
contaminants with a diameter of 20 um or less, in
particular 10 um or less, more in particular 5 um or
less.

The feed enters the wvane type inlet device 70 via
line 71, for preseparation of large liquid droplets from
the gas stream and distribution of the gas stream in the
vessel. In the present application it can be the case
that the feed gas contains no or very little droplets
large enough so that they could be separated by a vane
type inlet device under typical high gas load conditions
A=0.10. In this case, the inlet device mainly serves for
gas distribution over the cross-section of the vessel.

The gas stream flows upwards in the vessel. The tray

63 and ring 60 are sealed so that the gas is forced to
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enter into the wash tray 3 from below. Suitably at least
25 wt%, in particular at least 50 wt% of the liquid
hydrocarbon contaminants that enter the swirltube wash
tray can have a diameter between 0.01 um and 20 um
diameter, and in particular between 0.05 and 10 um, more
in particular between 0.1 and 5 um.

Now a single swirl tube device 13 of the wash tray,
such as the right-hand swirl tube as shown in Figures 1
and 2, will be considered. The gas is admitted to the
swirl tube via inlet opening 19 and flows upwards along
the ligquid delivery device 22.

Wash liquid is admitted into the gas stream in the
swirl tube via the inlet for wash liquid, liquid
delivery device 22. Wash liquid is introduced via liquid
delivery opening 26 into the swirl tube device 13 by the
gas stream, and by the action of the gas flowing along
the liquid delivery opening, such as by breaking off a
liquid film from a sharp edge or rim, a gas/liquid
mixture with wash liquid droplets dispersed in the gas
stream is formed.

The wash liquid droplets and liquid contaminant
droplets interact while flowing upwards with the gas
stream in the scrubbing section 28. Suitably this
process takes place over the entire cross-section of the
tube 15, and for this reason it is beneficial that there
is no substantial swirling motion in the scrubbing
section, which could cause centrifugal separation.

Before discussing the further details of the process
of the invention, the interaction of wash liquid
droplets and liquid contaminant droplets will now be
discussed. Without wishing to be bound to a particular
theory, applicant believes that a relevant mechanism for
the function of the present invention is inertial
impaction between wash liquid droplets and contaminant

droplets.
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Due to their small size and mass the contaminant
droplets will follow the gas. When the gas meets a wash
ligquid droplet, dispersed in the gas flow, and is
diverted, the inertia of the contaminant droplets may be
sufficient to pass the gas streamlines and hit the wash
liquid droplet. In the paper “Venturi and other
atomising scrubbers efficiency and pressure drop” by S.
Calvert, AIChE Journal vol. 16 (1970), p 392-396 1is
disclosed a method to calculate the efficiency of
atomising scrubbers based on a model for dust particle
collection by inertial impaction.

The reduction Ac, of contaminant concentration c, in
the gas along a distance Az in the scrubber can be

determined from the equation

3 — V4| Xg
Ace = exp| - | e | nAz|, (1)

wherein Vg is the gas velocity, vg is the velocity of
the wash liquid droplets, xg is the volume fraction of
the wash liquid droplets in the gas/liquid mixture, dg
is the diameter of the wash liquid droplets, and n is a
collection efficiency of a single drop. 1 can be

calculated from the empirical expression

2
K
=|—], 2
n (K + 0.7} =)

where K is the inertial impaction parameter

2
Pe de” Vg — Vg
K = c - |g | ’ (3)
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with pe and d being the density and diameter of the
contaminant droplets, and Mg the gas viscosity.

In the swirltube wash tray a similar mechanism will
occur. Here also a relatively small gquantity of liquid
is dispersed in a gas stream to sweep out contaminant
particles, in this case small hydrocarbon and water
droplets. A strong point of swirltube trays is that they
can be operated with a high liquid to gas ratio. By
means of internal liquid recirculation a wash ligquid to
gas ratio of the order 10 1/m3 can be established, which
is an order of magnitude larger than that in e.g. a
venturi scrubber. Liquid recirculation will be discussed
in more detail hereinbelow.

Efficiencies E=Ac./ce of liquid contaminant captured
by the wash liquid, as calculated on the basis of
equations (1)-(3) and for the typical operating
conditions of swirltube trays, i.e. actual gas
velocities of between 1 to 2 m/s, and a gas density of
50-100 kg/m3, are shown in Figure 5, as a function of
the size of the collecting wash liquid droplets, and for
various wash ligquid-to-gas ratios L/G.

Droplet size distribution measurements have been
carried out with an embodiment of the swirl tubes 13 and
with means for dispersing ligquid of Figure 2, and an
average droplet size (droplet volume average) of 350 um
was found. On the basis of this droplet size and the
efficiency predictions in Fig. 5, for a wash liquid-to-
gas ratio of 10 1/m3 a contaminant droplet removal
efficiency of 95% is expected. This estimate is probably
on the conservative side, because accounting for the
actual droplet size distribution is expected to lead to
higher efficiencies.

Suitably, for a given contaminant droplet size or
size distribution, the volume-averaged droplet size of

wash liquid droplets and the wash liquid/gas ratio is
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chosen such that at least 90 wt%, preferably at least
95 wt%, of the contaminant droplets are captured by the
wash liquid, which can be verified by calculations
analogous to the ones discussed in connection with
Figure 5. The volume-averaged collecting droplet size
can for example be 1000 um or below, 600 um or below,
400 pm or below.

Now we return to the discussion of normal operation
of the vessel 1. At the downstream end of the scrubbing
section 28 the gas stream contains coagulated larger
ligquid drops formed from wash ligquid and ligquid
contaminant droplets.

This gas stream is passed through or along swirl
imparting means 30. Suitable swirl imparting means are
known in the art and typically comprises one or more
inclined wvanes or blades.

The gas/liquid mixture 1s set into a swirling motion,
and liquid is flung outwardly towards the inner wall of
the tube 15. A ligquid-rich stream or film flowing
upwardly along the inner wall is formed. The separated
liguid passing over the upper rim of the tube 15 (and/or
through openings in the tube wall) is directed by guide
means 31 (including, if applicable, the beaker-shaped
gas outlet 34) onto the upper horizontal plate 6. A
liquid-depleted gas stream passes upwardly.

Liquid is collected on the upper horizontal plate.
There it i1s mixed with wash ligquid received from the
ligquid supply means 50 via outlet openings 53. Liquid
from the upper tray 6 enters into the liquid supply
space 8 via inlet openings 56. The maximum liquid height
on the upper plate 6 is determined by the inlet 37 of
the downcomer 35, this is the height of the liguid
collection space 38 during normal operation.

The wash ligquid is thus recirculated within the wash

tray. Suitably, the wash tray is designed such that the
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liquid undergoes between 2 and 50 recirculations on the
tray, preferably between 5 and 20 recirculations. For
example, when the number of recirculations is 10, a net
wash liquid supply of say 5 m3/hr to the tray is
equivalent to a wash liquid throughput of 50 m3/hr on
the wash tray. Recirculation can be set by the hydraulic
design of the tray. The liquid not recirculated is
passed to the bottom of the vessel 1 via the downcomers
35, which suitably combine to a single downcomer conduit
extending to the bottom of the vessel.

Gas leaving the swirl tubes upwardly through the
central gas outlet openings 33 typically still contains
ligquid. The swirl-tube devices 13 as shown are not
designed for maximum liguid removal, but fulfil the
combined function of scrubbing and separation. A
suitable separation efficiency is 90% or higher,
preferably 95% or higher. The liquid still remaining in
the gas is a combination of wash ligquid and liguid
contaminant, and has a much larger droplet size than the
contaminant liquid droplets in the feed gas, typically
of 20 pym diameter or more. For maximum ligquid removal
the gas is further guided upwardly within the ring 60 to
a dedicated secondary gas/liquid separator, separation
swirldeck 62.

Alternatively a secondary separator could in
principle also be a vane pack or a wiremesh, but a
separation swirldeck 1is preferred because it can operate
with high efficiency and capacity even at relatively
high pressures.

The larger droplets in the gas can be removed with
high efficiency, such as 98% efficiency or better, by
the separation swirldeck. Cleaned gas leaves the
separation swirldeck and the vessel 1 via outlet 80.
Liquid separated by the separation swirldeck is sent to

the bottom of the wvessel 1.
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At the bottom, gravity separation between water and
liguid hydrocarbons takes place. The double weir system
90,91 at the bottom of the vessel 1 enables separate
removal of water and hydrocarbons. The water flows via
an underflow weir 90 and an overflow weir 91 into the
cylindrical water compartment 92 centrally placed in the
vessel, to water outlet 95. The hydrocarbons flow via an
overflow weir into the annular hydrocarbon compartment
98 placed along the outer wall. From there they are
removed via hydrocarbon outlet 99. The height of the
overflow weir 91 and the overflow weir of the annular
hydrocarbon compartment 98, in combination with the
densities of water and hydrocarbons, determines the
position of the interface level and the Normal Ligquid
level (NLL) in the inlet compartment.

The collector tray 85 underneath the gas inlet
assembly 70 supports the optimum liquid/liquid
separation at the vessel bottom. The embodiment shown
comprises a number of inclined plates guiding the liquid
separated by the gas inlet assembly via downcomers into
the ligquid sump. As further benefits, the collector tray
suppresses liguid-re-entrainment, and also gas—-carry-
under that could disturb liquid-liquid separation.

The embodiment of tray 3 as shown in Figure 1 has
upper and lower plates 6 and 7. Between the plates the
ligquid supply space 8 is formed. On top of plate 6 the
liquid collection space 38 is formed, and liquid flows
from the liquid collection space via openings 56 to the
ligquid supply space. This arrangement wherein liquid
collection space and liquid supply space are separate
can be particularly beneficial if in a special
embodiment several wash trays are stacked on top of each
other. The downcomer 35 of a higher tray can then open
into the liquid supply space of a lower tray. In this

way a staging effect between several trays can be
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achieved. In many if not most cases, however, a single
wash tray will be sufficient. In this case, and also for
the highest tray in a stack of trays, it is not
generally needed to arrange an upper tray plate 6 above
the (lower) tray plate 7. In this case the liquid
collection space 38 and liquid supply space 8 coincide.
Example

For the purpose of illustration of normal operation
we will now discuss an example of the liquid content of
the gas stream at various positions in the vessel 1. In
this example the gas stream entering via line 71
contains 200 1/hr of liguid hydrocarbon contaminants in
finely dispersed form, which are not substantially
separated from the gas stream in the vane type inlet
device 70. The water header supplies wash water at a
rate of 5000 1/hr to the wash tray 3. Due to the
internal recirculation of liquid in the wash tray which
in this example is designed to be 10 times, the
effective throughput of wash liquid is 50000 1/hr. At a
capture efficiency of 95%, 190 1/hr contaminant ligquid
is captured by the wash liquid. The remaining 10 1/hr
contaminants are not captured and flow upwardly with the
gas to the separation swirldeck, where they are not
substantially removed due to their small size and leave
the column with the gas. The centrifugal separation by
the swirl tube devices of the wash tray, at an assumed
efficiency of about 95%, results in 2510 1/hr liguid,
consisting of 2500 1/hr wash water+10 1/hr contaminants,
flowing upwardly to the separation swirldeck. 2680 1/hr
(i.e. the remaining net 2500 1/hr wash water and
180 1/hr liguid hydrocarbon contaminants) are directed
to the ligquid sump. The separation swirldeck operates
for example at a liquid removal efficiency of about 98%,
therefore 50-51 1/hr liguid (most of which is wash

ligquid) leave the vessel via gas outlet 80, and the
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remaining ligquid is also sent to the sump for
water/hydrocarbon separation. In addition to liquid
hydrocarbon contaminants, also agqueous contaminant
droplets can be present, which are similarly captured,
but dissolved in the wash water. A bleed stream 96 of
e.g. 390 1/hr is removed from the water recirculation,
and a suitable make-up stream of fresh wash water is
added via line 97 to maintain the wash water liquid
level in the sump. After water/hydrocarbon separation in
the lower part of the vessel, 190 1/hr of liquid
hydrocarbons are isolated and removed from the

hydrocarbon skimmer.
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CLATITMS

1. A method of removing liquid contaminant droplets from
a gas stream, which method comprises

- providing a wash tray in a vessel, which wash tray
comprises at least one swirl tube device, the at least
one swirl tube device having an inlet for gas, an inlet
for a wash liquid, a scrubbing section, a swirl
imparting means downstream from the scrubbing section,
an outlet for washed gas, and an outlet for ligquid;

- admitting the gas stream including liquid contaminant
droplets into the at least one swirl tube via the inlet
for gas of the at least one swirl tube;

- admitting wash liquid into the gas stream in the at
least one swirl tube via the inlet for wash ligquid, to
form a gas/liquid mixture with wash ligquid droplets
dispersed in the gas stream;

- allowing the wash liquid droplets and liquid
contaminant droplets to interact in the scrubbing
section;

- passing the gas/liquid mixture along the swirl
imparting means so as to perform centrifugal separation
of the gas/liquid mixture into washed gas and liquid,
and

- removing washed gas and liquid from the outlet for
washed gas and the outlet for liquid.

2. The method according to c¢laim 1, wherein a wash
ligquid supply space is arranged on the wash tray, in
fluid communication with the inlet for liquid of the at
least one swirl tube, and wherein at least part of the
ligquid from the outlet for liquid is returned to the
wash liquid supply space.

3. The method according to c¢laim 1 or 2, wherein the

wash tray comprises a tray plate, on which during normal
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operation wash liquid is present, and wherein the wash
liquid is admitted to the wash tray using a liquid
supply means having an outlet for wash liquid above the
trayplate.

4, The method according to any one of claims 1-3,
wherein the contaminant droplets have a diameter of

20 pum or less, in particular 10 um or less, more in
particular 5 um or less.

5. The method according to any one of claims 1-4,
wherein the wash tray is arranged in the vessel upstream
of a secondary gas/liquid separator, in particular
wherein the secondary gas/liquid separator is a
centrifugal separator.

6. The method according to any one of claims 1-5,
wherein the wash liquid is one of water, or condensate.
7. The method according to any one of claims 1-6,
wherein the gas stream is a natural gas stream.

8. The method according to any one of claims 1-7,
wherein the washed gas i1s subsequently passed to a gas
treating unit, in particular to an amine treating unit.
9. Wash tray for use in a vessel for removing ligquid
contaminant droplets from a gas stream by means of a
wash liquid, which wash tray comprises

a tray plate,

a liquid supply space above the tray plate,and a swirl
tube device, which swirl tube device comprises a tube
having an inlet for gas from below the tray plate and
extending in downstream direction to above the tray
plate,

a means for dispersing liquid droplets in the gas,
downstream from the inlet for gas;

a swirl imparting means arranged in the tube downstream
from the means for dispersing liquid; and

guide means for directing liquid from the upper end of

the open-ended tube onto the upper horizontal plate,
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the wash tray further comprising a liquid supply means
for supplying wash liquid to the tray,

wherein the liquid supply means has an outlet opening
some distance above the liquid supply space.

10. The wash tray according to claim 9, wherein the tray
plate is a lower plate and further comprising an upper
plate so that the liquid supply space is formed between
the upper and lower plates, with an inlet for liquid

into the liquid supply space from above the upper plate.
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