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(57) Abrégée/Abstract:
A method of removing acid gas components from a gas mixture. The method comprises bringing the gas mixture into contact with

a liquid solvent or reagent for the acid gases In a first turbulent contactor and subjecting the gas mixture and liquid to turbulent
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mixing conditions. This causes the acid gas to be absorbed by the solvent or reagent. The fluid mixture Is passed into a second
turbulent contactor and subjected to further turbulent mixing conditions causing further acid gas to be absorbed by the solvent or
reagent. Optionally the fluid mixture Is separated into a gas phase and liquid phase.
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(57) Abstract

A method of removing acid gas components from a gas mixture, The method comprises
bringing the gas mixture into contact with a liquid solvent or reagent for the acid gases in a first
turbulent contactor and subjecting the gas mixture and liquid to turbulent mixing conditions.
This causes the acid gas to be absorbed by the solvent or reagent. The fluid mixture is passed
into a second turbulent contactor and subjected to further turbulent mixing conditions causing
further acid gas to be absorbed by the solvent or reagent. Optionally the fluid mixture is
separated into a gas phase and liquid phase. -
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The present invention relates to fluid separation systems. It is particularly
concerned with the selective removal of a component or components from a mixture of
gases using liquid solvent and is more particularly concerned with the absorption of acid
gases such as CO,, NO,, H,S, oxides of sulphur etc. from natural gas and from
combustion gases. |

Conventional systems for the absorption of acid gases employ a liquid solvent;
typical solvents include amines such as methyldiethanolamine (MDEA),
monoethanolamine (MEA) or diethanolamine (DEA) and mixtures of solvents. These
solvents absorb CO,, NO,, H,S and other acid gas&. The solvent is contacted with the
sour gas mixture (gas mixture including acid gases) in a column which may be a packed
column, a plate column or a bubble-cap column, or a column with some other form of
contact medium. In these systems, the gas and liquid streams flow countercurrently.

The prior art absorption systems suffer the disadvantage that in order to achieve a
significant degree of gas/liquid contact, the columns have to be large and their operation
is hampered by excessive foaming. In addition, the subsequent stripping section which
removes the acid gas from solution must also be large, to handle the large volume of
solvent used. Since the operation normally takes place under high pressure and the
fluids involved are highly corrosive, the capital costs of the large columns and
subsequent stripping section is high. Furthermore, operating costs and maintenance
costs are high.

- It is an obyj ect of the present invention to provide a system for removing acid gas
from a sour gas mixture which does not suffer from the disadvantages of the prior art.

More generally, it is an obj ect of the invention to provide a method of selectively
absorbing one or more fluid components from a fluid mixture with a high degree of
efﬁclency and more economically than in existing methods.

According to one aspect of the invention, there is prowded a method of removing

. acid gas components from a gas mixture which comprises: bringing the gas mixture into

contact with a liquid solvent or reagent for the acid gases in a first turbulent contactor;

- subjecting the gas mixture and liquid to turbulent mixing conditions in the first contactor
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“thereby causing the acid gas to be absorbed by the solvent or reageit; passing the fluid

mixture into a second turbulent contactor; subjecting the fluid mixture to further
turbulent mixing conditions in the second contactor, thereby causing further acid gas to
be absorbed by the solvent or reagent; and optionally separating a gas and liquid phase.

The invention also extends to the apparatus for carrying out this method.

The turbulent mixing is very intense and results in extremely efficient gas liquid
contact.. The mixing regime is preferably turbulent shear layer mixing. The liqﬁid
entrained in the gas may be in the form of droplets for gas continuous fluid phase
distribution. The efficient rmxmg means that the absorption can take place very rapidly
compared to that of a conventional absorption system. At the same time, the mixing
system is simple and inexpensive, leading to reduced costs. '

The rate of reaction for the absorption of the selected gas by the solvent or

- reagent is significantly higher in the turbulent contactor than downstream in the pipe
~ following the venturi (hereafter referred to as the contactor line). Therefore, the presence

of a second turbulent contactor reduces the residence time in the overall system while
maintaining the same or improving the degree of absorption. This is particularly
important in cases when the solvent employed has a low rate of absorption of the
selected gas. Previously, a long residence time wOuld require significant ap]ﬁaratus
downstream, such as a long length of pipe, in which the rate of reaction is slower. This
need for large lengths of pipé to generate residence time is avoided in the present
invention.

In addition, conventional absorption methods involve the evolution of heat which
must then be removed from the system. While the method of the invention is capable of
operation with a relatively low pressure drop across the mixing means, when greater
pressure drop is employed, a cooling effect 1s achieved and this may render the need for
additional cooling unnecessary. In low-pressure applications, the ability of the system to
operate with a low-pressure drop over each contactor may avoid .the need for high duty
COMPTeSSOrs. ' '

The absorption may be achieved by simply dissolving the gas or by way of a
chemical reaction with the solvent or reagent.

Optionally, the fluid mixture is separated into a gas phase and a liquid phase
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‘between the two contactors. The entry conditions would then be sirilar to those of the

first contactor. Preferably, the phase separation occurs in an annular flow generator. It 1s

also possible to draw off the liquid solvent containing the selected gas and to use fresh

liquid solvent in the second contactor. This would be particularly effective if the solvent

was approac:hing saturation point on exit from the first contactor. The fresh solvent
would have sufficient capacity to absorb most or all of the remaining gas component
selected. , ' . -
‘ In a further application, a second selected gas could- be withdrawn in the second
contactor either using the same solvent or a different one. This solvent could be added at
the second contactor as a fresh liquid or could be present in the liquid entering the first
contactor. | .

Preferably, ‘the method is carried dut as a continuous process thh the gas
mixture and liquid flowing co-currently. The co-current flow eliminates the problems
associated with foaming, since separation can easily be effected downstream of the
contactor. ' '

The first turbulent mixing may be achieved by any convenient means, such as an

ejector or a jet pump or more preferably 1n a tdrbulent contactor comprising a vessel

" having a gas inlet, a liquid inlet, an outlet leading to a venturi passage, and a tube

extending from the outlet back into the vessel. In a first embodiment of a turbulent

contactor, the tube is spaced from the periphery of the outlet and may or may not be
perforated. In a second embodiment, the tube is perforated and is arranged so that all the

~ fluid which passes through the outlet does so by way of the tube.

- In one regime, the gas mixture is supplied to the tube, optionally directly, and the
liquid is supplied to the vessel, whereby the gas mixture draws the liquid into the venturi
and the two phases are mixed. In another regime, the gas mixture is supplied to the
vessel and the liquid is supplied to the tube, optionally directly, whereby the gas 1s drawn
into the venturi by low pressure generated by the flow through the venturi, and the two

‘phases are mixed. Alternatively, the liquid and the gas mixture are both supplied to the

vessel, the liquid being supplied to a level above the level of the outlet, whereby the gas

is forced out through the outlet via the tube, thereby drawing the liquid into the venturl
' so that the two phases are mixed. In a preferred embodiment, the tube is spaced from the
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periphery of the outlet, whereby the phase passing via the tube draws the phase in the
vessel at the outlet into the outlet via the space between the tube and the outlet. Such a
mixer is supplied by Framo Engineering A/S and is described in EP-B-379319. |

" The second turbulent mixing is preferably conducted in a turbulent contactor
comprising at least one fluid inlet, an outlet leading to a venturi passage, and a tube
extending from the outlet back into the contactor. Preferably, the second contactor has a
gas inlet and 3 liquid inlet. The tube may or may not be perforated, and tlle gap between
the tube and the outlet may be varied. ' |

Preferably, the second turbulent contactor is located in a pipe extending from the
venturi section of the first contactor. Said second turbulent contactor may aiso heve a
separate liquid inlet for the addmon of fresh liquid solvent or reagent.

It will be appremated that the invention is more broadly applicable than merely to
the absorption of acid gas. Indeed the principles of the invention may be apphcable to
any absorptlon apphcatxon where the reaction kinetics are rapid. The invention is
also applicable to chemical reactions with fast reaction kinetics, where good mixing of
the reactants is a requirement. ' '

More generally, therefore, the invention may be considered to extend to a method
for effecting mass transfer between a first fluid and a second fluid, in which the first fluid
includes a plurality ef components and the second fluid includes a solvent or a reagent

for one or more selected components of the first fluid, one fluid being in the gaseous
phase, the other being in the liquid phase, the method comprising: subjecting the two
fluids to turbulent mixing, thereby forming a homogeneous rmxture, allowing a selected
component to be absorbed by a respective solvent or reagent in the second fhud; passing

the fluid mixture into a second turbulent contactor; and subjecting the fluid mixture to

further turbulent mixing conditions in the second contactor, thereby allowing further
absorption of a selected component by a respective solvent or reagent in the second flnd.

Preferably, the fluid mixture is separated into a gas phase and a liquid phase between the

two contactors. |

Several of the. components may be absorbed, either by a common solvent or
reagent, or by respective solvents or reagents. In one possible regime, the first fluid is a
gas mixture and the second fluid is in the liquid phase. In an alternative regime, the first
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- fluid is a liquid mixture or a liquid solution and the second fluid is in‘the gas phase.

Again, the invention extends to the apparatus for carrying out these methods.

According to a more specific aspect of the invention, there is provided a method
for removing one or more selected gas components from a gas stream which comprises:
bringing the gas stream into contact with a liquid including a solvent or a reagent for a
selected component in a first turbulent contactor; subjcéting the gas stream and the liquid
to turbulent mixing conditions in the contactor thereby causing a selected gas compoﬁent

to be absorbed by a respective solvent or reagent in the liquid; passing the fluid mixture

" into a second turbulent contactor; and subjecting the fluid mixture to further turbulent

mixing conditions in the second contactor, thereby causing further absorption of the
same selected gas component, or absorption of another selected gas component, by a
respective solvent or reagent.

The invention may be particularly useful where selective absorption of one or

" more gases is required. This selective absorption may take place in a single turbulent

contactor by adj ustment of the residence time through the system. Alternatively, the
selective absorption may take place in a multi-stage contactor. The method of the present
invention allows for the absorption of a first selected component in a first contactor and a

~second component in a second contactor. The selected gases may be absdrbed by the

same solvent or reagent. In this case the selection is obtained by the different rates of
reaction. In particular, the first absorption may be instantaneous and therefore occur

~ almost exclusively in a first contactor, while the second gas is absorbed slower in a

second contactor. An example of this process is the absorption of hydrogen sulphide
(H,S) in a first contactor followed by the absorption of carbon dioxide (CO,) In a second
contactor. The rate of reaction of H,S absorption in amine is so quick as to be virtually
instantaneous. .

In a 'second embodiment, the one or more selected gases may be absorbed by

different solvents or reagents. The solvents or reagents may all be present in the liquid

supplied to the first contactor, or the respective solvents or reagents for the second and
subsequent gases may be added prior to the respective contactors.

Preferably, the fluid mixture is separated into a gas phase and a liquid phase
between the two contactors. This phase separation may be achieved by any convenient
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means, preferably by an annular flow generator. The method is preférably carried out as

a continuous process with the gas mixture and the liquid flowing co-currently.

The preferred features of the contactors and the methods of operation described
above in connection with removing acid gas components from a gas mixture are equally
applicable to the method described above.

The method may optionally include the further steps of: cooling the mixture after

the second turbulent mixing; separating the cooled mixture into a gas phase and a lnqmd

phase; removing the gas phase; subjecting the solvent in the liquid phase to a
regeneration treatment to remove the absorbed selected gas component; and recycling
the regenerated solvent-containing liquid phase to the mixture. The separation of the
cooled mixture into a gas phase and a llquld phase may be achieved by any gas/liquid

- separator, suchas a hydrocyclone

Preferably, the regeneration is carried out by heanng and/or by flashing off the
absorbed gas component in a flash tank. Preferably, the post mixing cooling and the
regenerative heating are achieved, at least in part by mutual heat exchange. Preferably,
in instances where the gas mixture is at a low pressure, the liquid is pumped to the first
turbulent contactor and thereby draws the gas mixture with it through the contactor.
Preferably, when the gas mixture is at high pressures, it is conveyed to the first turbulent
contactor at a high pressure and thereby draws the liquid with it through the contactor.

The invention also extchds to apparatus for carrying out such a method,
comprising: a first turbulent contactor having a liquid inlet, a gas inlet and a fluid outlet;
a second turbulent contactor having at least one fluid inlet and a fluid outlet; a cooler for
the fluid stream from the fluid outlet of the second turbulent contactor; a hydrocyclone
arranged to separate the cooled fluid stream into a gas phase and a liqud stream; a
regenerator arranged to treat the separated liquid stream; and a recycle line arranged to
convey the regenerated liquid stream to either' the first or second contactor or to a
reservoir tank. . '

The apparatus may include an annular flow generator between the two
contactors. The apparatus may include a pump arranged to supply liquid to the liquid
inlet of the first contactor. Preferably, the regenerator is a heater and/or a flash tank.

Preferably, the first turbulent contactor comprises a vessel having a gas inlet, a '
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liquid inlet, an outlet leading to a venturi pasSage, and a tube extending from the outlet
back into the vessel. In a first embodiment, the tube is spaced from the periphery of the
outlet and may or may not be perforated. In a second embodiment, the tube is a
perforated tube arranged so that all the fluid which passes through the outlet does so by
way of the tube. ' .

Alternatively the first turbulent mixing may take place in an ejector or a jet
pump. . | '
' Preferably, the second turbulent contactor comprises at least one fluid inlet, an
outlet leading to a venturi paSsage, and a tube extending from the outlet back into the
contactor. Preferably, the second contactor has a gas inlet and a liquid inlet. Optionally,
the second contactor is located in a pipe extending.from the venturi section of the first
contactor. ‘
‘ The invention may be considered to extend to the use of one or more turbulent

contactors for selectively absorbing one or more gas components from a gas stream, in

which the gas stream is brought into contact with a liquid including solvents or reagents

for the selected gas components, the absorption rate of reaction for the selected gas
cbmponents being different thereby causing the selected components to be absorbed
separately. Optionally, a first selected component is absorbed in a first contactor and a
second selected component is absorbed in a second contactor. In particular, the invention
exténds to the use of such a system when the gas stream is at high pressure and the first
absorption is instantaneous.

The preferred features of any of the various aspects of the invention described
above may be equally applicable to the other aspects of the invention.

The improved efficiency and selectivity possible for the removal of acid gases
makes the present invention particularly valuable as awareness is increased of the
pOtential damage to the environment that can be caused by acid gases in effluents such as
combustion gas.

Furthermore, the small size of the apparatus compared to conventional absorption
columns render the invention especially applicable to use in marine applications, such as
on board shuttle tankers. ‘ '

The invention may be put into practice in various ways and a number of 'speciﬁc




CA 02303779 2000-03-14

WO 99/13966 . PCT/GB98/02772

10

15

20

23

30

106

8

embodiments will be described by way of example to illustrate ‘the invention with
reference to the accompanying drawings, in Whiéh: ,
Figure 1 is a flow diagram of the proceSs for use when the gas is under low
pressure; N | ' '
Figure 2 is a flow diagram of the process for use when the gas is under high
pressure; ' '

Figure 3 is a view of a suitable first turbulent contactor;

Figure 4 shows an alternative first contactor design;

Figure 5 shows a contactor similar to that in figure 3 but with the perforated tube
'arranged so that all the fluid which passes through the outlet does so by way of the tube; '

Figure 6 shows a variant of the contactor shown in figure 5;

Figure 7 shows a jet pump for use as an alternative to the contactors of figures 3

Figure 8 shows a second turbulent contactor located in the pipe extending from
the venturi section of the first turbulent contactor; '
Figure 9 is a block diagram of the apparatus as used in a series of experiments;
Figure 10 is a schematic diagram of a sampling point; '
Figure 11 is a graph of predicted outlet CO, concentration against mcasumd
outlet concentration in the turbulent contactor; and

Figure 12 is a graph of CO, concentration versus residence time in the contactor

pipeline for different exhaust gas mixtures.

In one embodiment of the invention, a continuous process operation for the

removal of one or more selected gases from a gas stream is shown in figure 1. A liqud

solvent stream 1, for example MEA (monoethanolamine), is conducted by a pump 2 to a
first turbulent contactor 3 (though this could be an ejector) capable of inducing turbulent
mixing. A gas stream 4, including the gases which are to be removed, is drawn into the
first contactor 3 by the low pressure generated in the venturi by the liqud stream after it
has passed through the pump (stream la). This arrangement provides an automatic
means of self-regtﬂation as the gas mixture to solvent ratio can be maintained for varying

‘flow rates. At the outlet of the first contactor 3 the liquid solvent and the gas stream are
' in the form of a homogeneous mixture (stream S5) and the mass transfer of the selected
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gases from the gas phase to the hquxd Occurs very rapldly
The mixed two-phase stream 5 is then conveyed to a second turbulent contactor
6. If there are two different gases to be removed, the liquid solvent containing the first '
gas may be separated before entry into the second turbulent contactor. This separation
5  may be via any suitable means, for example a hydrocyclone. The liquid solvent may be
treated to remove the selected gas and then recycled through the first contactor.

" The fluid mixture may be subjected to phase separation into a gas phase and a
liquid phase by, for example, an annular flow generator (not shown) before entry into the
second turbulent contactor. There may or may not be additional fresh liquid solvent

10  added via stream 7, which may or may not be at the same pressure as the fluid in stream

5. Further mass transfer occurs in the second turbulent contactor. The same gas may be

absorbed in the same reagent or a second gas may be absorbed in an appropriate reagent

in the second contactor. This reagent may be the same as that for the first .gas or may be
different. .

15 The mixed 2-phase stream 8 at the outlet of the second turbulent contactor is then

conveyed to a cooler 9 and to a hydrocyclone 10. The “cleaned” gas stream 11 is taken

off and the liquid stream 12 passes on to 2 regeneration system. At this point in the

circuit all the selected gases are in the liquid phase (stream 12) and the gas stream 11

contains little of the selected gases. The selected gases may be CO,, H,S or other acid

20 gasesto be removed from exhaust gas.
The regeneration of the liquid solvent is aclnevod by boiling off the selected gas
in a heater 13. The selected gas is taken off as a gas stream 14 and the liquid solvent 1s
- optionally passed through a flash tank (not shown) to remove any residual dissolved gas
before being recycled into the feed stream 1 The liquid solvent in stream 1 is topped up
25  from the reservoir 15 as necessary to maintain a regular flow rate around the system.
It will be clear to a person skilled in the art that the cooler 9 and the heater 13

may be combined to form a heat exchange unit.
An alternative system for the removal of selected gases from a high-pressure gas
stream is shown in figure 2. A high-pressure gas stream 20 containing the selected gases
30 - which are to be removed 1S conveyed to a first contactor 21 similar to that shown in
ﬁgure 3. The high pressure of the gas draws a controlled amount of liquid solvent, for
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example MEA, from the recycle stream 22 and, if necessary, from a feservoir 23 into the
contactor 21. -

At the outlet of the contactor 21 the two phases are in the form of a homogeneous
mixture (stream 24) and the mass transfer of the selected gas from the gas stream to the
liquid solvent takes place. The residence time may be as little as 0.1 Seconds since, for
example, the reaction kinetics for the absorption of CO, by MEA are very rapid. The
required residence time will vary with the solvent used and the gas to be transferred from
the gas to thé liquad. '

The two phase mixture (stream 24) may be separated into a gas phase and a
hquxd phase, for example by an annular flow generator (not shown), before entry into a
second contactor 25. Alternatively, the liquid phase may be taken off and treated to
remove the first selected gas thereby regenerating a first liquid solvent. Additional liquid
may be added to the second turbulent contactor from a reservoir 26, either to include an
appropriate solvent for the second selected gas, or to top up the liquid solvent to maintain
a suitable flow rate around the system. Again, mass transfer occurs from the gas phase to

~ the liquid phase in the second turbulent contactor.

The two-phase mixture (stream 27) passes through a cooler 28 to a hydrocyclone
unit 29. The gas stream free of the selected gas(es) is taken off in stream 30 and the
remaining liquid stream 31 including the selected gas(es) is passed to a regeneration
system. '

" The liquid stream 31 is fed into a heater 32 to remove the selected gas(es) as a
gas stream or streams 33. This regenerates the solvent for re-use in the system. This
solvent (stream 22) is then drawn into the contactor 21 by the low pressurc generated in
the venturi by the high-pressure gas (stream 20) as explained above. Any shortfall in the
solvent liquid is made up by addiﬁon from the reservoir 23. As in the first embodiment,
the heater 32 and the cooler 28 can be combined to form a heat exchange unit.

" The first turbulent contactor used in both the above embodiments may be that
shown in figure 3. The turbulent contactor 100 comprises a vessel 101 having a gas inlet
102, a liquid inlet 103 and an outlet 104- leading to a venturi passage 105. There is a tube
106 (which may or may not be perforated) extending from the outlet 104 back into the
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In a first arrangement, the gas mixture is supplied to the vessél 101 and the hiqud

 is supplied to the tube 106 whereby the gas is drawn into the venturi by the liquid and the

two phases are mixed.

In a second arrangement, the liquid 1s supphed to the vessel 101 and the gas
mixture is supplied to the tube 106, whereby the liquid is drawn into the venturi by the
gas and the two phases are mixed. '

In a third arrangement, the hqmd and the gas mixture are supplied to the vessel
101, the liquid being supplied to a level above the level of the outlet 104, whereby the
gas 1S forced out through the outlet 104 via the tube 106, thereby drawing the liquid into
the venturi so that the two phases are mixed. '

A fourth variant is shown in figure 4. This embodiment is similar to that shown
in figure 3, but the contactor 110 is inverted. It comprises a vessel 111 with a liquid inlet
112, a gas inlet 113 and an outlet 114 leading to a venturi passage 115. There 1s atube
116 (wh1ch may or may not be perforated) extending from the outlet 114 back into the
vessel 111. The tube 116 may be connected directly to the gas inlet 113.

The contactor may alternatively be that shown in figure 5. The turbulent
contactor 120 comprises a veSsel 121 having a first fluid inlet 122, a second fluid inlet
123 and an outlet 124 leading to a venturi passage 125. There is a perforated tube 126
extending from the outlet 124 back into the vessel 121. The perforated tube 126 is
arranged such that there is no gap at the outlet 124 of the vessel 121 for the fluids to pass
through. The result of this arrangement is that all the fluid exits the vessel 121 via the
perforated tube 126.

In a first arrangement, the gas mixture is supplied to the vessel 121 and the liquid
is supplied to the tube 126 whereby the gas is drawn into the venturi by the liquid and the

~ two phases are mixed.

In a second arrangement, the liquid is supplied to the vessel 121 and the gas

mixture is supplied to the tube 126 whereby the liquid is drawn into the venturi by the
gas and the two phases are mixed.

In a third arrangement, the liquid' and the gas mixture are supplied to the vessel
121, the liquid being supplied to a level above the level of the outlet 124, whereby the
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gas is forced out through the outlet 124 via the tube 126, thereby drawing the liquid into

the venturi so that the two phases are mixed. |

A fourth variant is shown in figure 6. This embodiment is similar to that shown
in figure 5, but the contactor 130 is inverted. It compnises a vessel 131 with a liquid inlet
132, a gas inlet 133 and an outlet 134 leading to a venturi passage 135. There is a

' perforated tube 136 extending from the outlet 134 back into the vessel 131. As for the

embodiment shown in figure 5, the perforated tube 136 is arranged such that there 1s no
gap at the outlet 134 of the vessel 131 for the gas mixture to pass through. All the fluids
must pass through the perforated tube 136 to the venturi passage 135.

In this embodiment, the liquid is forced up the tube 136 and the gas is drawn into
the venturi passage 135 by the liquid and the two phases are mixed. Since the tube 136 1s
perforated, the gas is drawn into the tube 136 through the perforations.

The first turbulent contactors referred to in the above embodlments may be

' Figure 7 shows a jet pump 140 comprising a first fluid inlet 141 for the high-pressure

fluid and a second fluid inlet 142 for the low-pressure fluid. The high-pressure flud
draws the low-pressure fluid along the length of the jet pump 140 to the outlet 143. The
fluids are well mixed into a homogenised mixture in the region 144 at the outlet of the
high-pressure inlet 141. '

Figure 8 shows an example of the second turbulent contactor being located 1n a
pipe éxtending from the venturi section of the first contactor. In this example, the first

" turbulent contactor is the embodiment shown in figure 3, although other embodiments of

the first turbulent contactor are equally applicable. The homogeneous gas/liquid mixture

from the first turbulent contactor 100 enters an annular flow generator 150 from a spool

piece 151, or directly from the diffuser of the venturi 105. As the gas/liquid mixture
flows through the expanding outlet part of 150, a liquid film establishes at the wall to
form an annular gas/liquid flow essentially with the gas in the pipe core and the liquid at -
the pipe wall. The liquid film will be maintained in the annulus between inner and outer
pipes 152 and 153 respectively. - ' |
The conditions at the outlet 154 of the inner pipe 152 are similar to the conditions
at the outlet 104 of the first turbulent contactor. Therefore, an additional stage has been
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added to the process. It is clear that, in principle, any number of stages can be added to

the system, although considerations such as pressure drop should be taken into account.

The invention is not limited to the embodiment of the second turbulent contactor
shown here. For example, a limited performance system can be operated without the
annular flow generator 150 since there will be a ceftain liquid film flow on the walls of
the pipe from the first turbulent contactor. |

As stated previously, the seeond turbulent contactor may‘ also be equipped with
an inlet pipe from a liquid reservoir. This may either distribute additional fresh solvent to
absorb the selected gas, or may add a second solveht or reagent chosen to remove a
second selected gas component. '

In one embodiment, the two or more contactors are used to selectively absorb
one or more gas components from a gas stream. In this case, the absorption rate of
reaction for the selected gas components is different causing the first selected component
to be absorbed in the first turbulent contactor and the second selected component to be
absorbed in the second turbulent contactor. This embodiment is particularly effective

when a common solvent is used for each of the two or more gases and the first

abserption is instantaneous. An example of this is the selective absorption of H,S and
CO, from, for example, natural gaS,' using seawater as the solvent. In this case, all the
H,S is absorbed virtually instantaneously in the first contactor and the CO, is absorbed in
the second contactor. The liquid containing the H,S may be removed and regenerated
between the two contactors. .

In a second embodiment, the second contactor may be used to further remove the

large amounts of piping downstream of the contactor to provide the necessary residence

time. In particular, the low pressure drop across these systems enable them to be used in
low pressure situations where 1t would normally not be possible to use more than one
contactor without using compressors.

The invention is further illustrated by reference to the following examples. These
serve to verify the operating principles of the invention. In particular it is intended to

show that the rate of reaction is faster in the contactors than in the pipe section
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downstream by comparing theoretical models with experimental results.

In a series of experiments conducted, the performance of prediction models for the
absorption of CO, from a diesel engine exhaust was compared with the experimental results. The
contactor used was a FRAMO™ contactor generally as described in EP 379319 and shown in
Figure 3. The mixer injection pipe was adjusted to yield a gas/liquid ratio of about 25 and a
superficial mixture velocity of about 15 m/s in the contactor line. The exhaust gas was at a
pressure of 0.3 barg. The solvent used was a 50% by volume mixture of water and MEA at a
temperature of 10°C.

A schematic diagram of the apparatus for the series of experiments is shown in Figure 9.

The apparatus in figure 9 comprises a contactor 51, corresponding to that shown in figure
3, a vertical pipe section 56 leading from the venturi 52, and a horizontal pipe section 59 joining
the vertical section 56 to a receiver 61 via a quick closing valve 60. The vertical section 56 has
two quick closing valves 57,58. A reservoir of liquid solvent 54 leads to the contactor 51 via a
valve 55. A diesel engine 75 has its exhaust connected to the contactor via a line 71 including
an orifice plate 74. The line 71 is provided with a by-pass valve 70 in a by-pass line 72.

The receiver 61 is slightly inclined and has a liquid drain 65 at its lowest point, leading
to a tank 67 via a valve 66. The tank 67 has an outlet 68 with a valve 69. The receiver 61 also
has a gas cylinder 62 (not used) which can be used to pressurise the receiver 61 via a line 63 with
a valve 64.

Measurements are taken variously at five sampling points designated SP in figure 9.
SP..... is located at the exhaust entry to the contactor 51. SP,, is 1 metre after the contactor with
SP, and SP, within the next 1.5 metres. SP, is in a vertical portion of the pipe 59, SP; is at the
entry to the receiver 61 and SP, is at the opposite end of the receiver 61. The final SP, is in the
receiver outlet.

Each sampling point, as shown in Figure 10, comprises a centrally located sampling tube
81 opening in the downstream direction and protected by a cap 82. The cap serves to reduce
liquid entrainment in the gas sample. The sampling tube leads to a hydrocyclone 83 which

removes any residual moisture so that dry gas leaves the gas outlet 84 for analysis.
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The contactor 51 and pipe section 56 were charged with liquid solvent from the

- reservoir tank 54. Exhaust gas from a YANNMAR 4TN84E 15 KVA water-cooled

~ diesel engine 75 was used as the feed gas. A 30% load was placed on the diesel engine

to increase the exhaust gas temperature and also to obtain a higher level of CO, in the -
exhaust gas. An even more elevated CO, level could be obtained by supplying CO, from
a pressurised CO, gas bottle into' line 71 (not shown in figure 9). The orifice plate 74
provided for continuous flow measurement of the exhaust gas. .

The approach was based on sampling continuous flow in the pipe. The sampling ‘
probes were situated in the centre of the pipe with a cover, which accommodated the
retrieval of a gas/liquid sample with low liquid content. This two-phase flow from each

‘sampling was then routed thmugh a gas/liquid cyclone from which a dry gas sample was
 taken from the gas outlet. [This arrangement with the sampling probe described could be

repeated in seven different locations downstream of the first contactor as well as in the
exhaust feed entering the contactor.] The sampling locations are shown on Figure 9 and

- referred to in the Tables.

An experiment would commence by initially charging exhaust gas into the first
stage contactor to the steady state pressure level experienced for a long run. The quick
opening/closing valves were then triggered to open and two-phase flow adnntted through
the system. After steady state conditions were achieved, gas samples were taken from
the sampling points. The residénce times as reported in the Tables were calculated from

the total flow rate of gas and liquid, local position in a given pipe section and the pipe
length and diameter of the connected sections. The analyses were carried out using a
Chromopack Model CP 2002 chromatograph.

" The results of the experiments are shown in the Tables. The predicted
concentrations listed in the Tables are calculated from models for the two sections in the
overall system — the gas/liqud contactor and the contactor pipeline.

Looking first at the contactor pipeline, this serves to transport the gas-liquid
mixture from the contactor to a gas/liquid separator, and to continue the CO, absbrption

from the gas mixture to the liquid solvent during the pipeline transport.
Unlike the flow through the gas liquid contactor, the flow is not exposed to any

variations in pipe diameter. In normal operation the pipeline flow can therefore be
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classified as a steady' state flow both with respect to time and position. Thé pipe flow
regime and associated COQ-absorption performance is then characterised by the local
superficial gas and liquid velocities, the pipe inclination, the pressure level and the fluid
properties. If the flow conditions correspond to annular-dispersed flow (high superficial
mixture velocity) the CO, reduction rate of the gas mixture can be assumed to be a
function of the local conditions only. Analogous to most attenuation/absorption
processes in nature the reduction of CO, from the gas mixture obeys a first Grder
differential equation: |

dng mm-}w,no.(l"’ nL ] (1)
dt T , Ny o | |

where n is the concentration of CO, in the gas mixture, © is the characteristic time

constant of the process, n, is the number of moles CO, in the solvent per unit volume of

the solvent, n,,,, is the maximum number of moles CO, 1n the solvent per unit volume of

the solvent (saturation).

For the system pressures and solvent types in concern:

.‘3...( i’ J<< _9ng (2)
dt M max dt

Which upon integration of equation (1) yields:

ng = nGO.eXp[—-;l_-.[l«- nnL D (3)
L max

where n, is the mole fraction CO, in the gas mixture at time t=0.

“ Equation (3) shows that the CO, in the gas mixture drops exponentially as the
two-phase mixture of gas and solvent propagates along the contactor pipeline.' The time t
represents the residence in the pipeline as calculated from the superficial mixture
velocity U, and the distance propagated by the two-phase mncture The effect of partial
CO, saturation of the solvent is observed to increase the characteristic time constant t by
a factor of 1/(1-n,/n,._,) and hence serves to reduce the absorption rate of CO, into the
solvent. By measunng the mole fraction CO, at several positions along the contactor
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pipeline, the time constant T can be determined eXperimentally. The time constant 1s

assumed to be a function of superficial mixture velocity, gas/liquid flowrate ratio,

solvent mixture, system pressure and temperature.

' Turning now to a model for the gas-liquid contactor. Upstream of the mixing
5 point the separated gas and liquid phases are guided into an annulus-venturi mixer
geometry. Initially, the liquid flows in the annulus and the gas flows in the core of the

conical shaped mixer pipe. Due to significantly different velocity profiles for the gas and
the liquid at the mixing point, a high shear flow is generated in the contactor. This
enhances the gas-liquid interaction and thus also the homogeneity of the gas-liquid phase
10 distribution over the pipe cross section. As efficient absorption of CO, from the gas

phase into the liquid solvent is associated with high interfacial area between the gas and
the liquid, the combination of small liquid droplets, high droplet entrainment rate and
homogeneous phase distribution is desired. These conditions are generally associated
with high superﬂcml mixture vcloclty in which annular-dxsmrsed flow is the naturally

15 occurring flow reglme .
The modellmg of the Cco, absorpuon in the contactor locally obeys the same

mole fxacﬁon of CO, in the gas phase at the exit ng,,, should be calculated by integrating

20 along the contactor unit:

~ ' i t.—1. n,.
_ N/ J-l Lj
P axt =Nt EXP| — 2 :---------{1 - ) (4)

- Jj=0 z-j 7 max

where the contactor is split into a total of i sections. As the contactor is short compared
to the contactor pipeline and fixed in length, a more practical version of equation (4) is
applied for design purposes:

PG exie = PG, inter ~(1 - x) (5)
25 - '
where x is the integral absorption efficiency for the contactor unit for the process
conditions in concern. As for the time constant for the contactor pipeline, the absorption
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efficiency x is determined experimentally.
Typically, per unit length, the absorption rate in the contactor by far exceeds the
absorption rate in the contactor pipeline. Thus in order to design and manufacture the

|separation device as compactly as possible, multistage mixing, effected by installing
repeated contactor units, should be considered. If this is done, ng,,; the mole fraction of

CO, in the gas mixture after a total of m identical mixers will be:

— C\m |
nG,exx‘t "" nG,inler (l o x) (6)

Here it is assumed that the flow conditions at the gas mixing point and through the '
contactor are comparable for the sequentially arranged contactors. '
Combining the characteristics of m identical contactor units with absorption
efficiency x and a contactor pipeline with characteristic time constant T, the overall
performance of the separator as used for design purposes can be described by:

- {1, n
| - L max

where ng, now is the mole fraction CO, in the gas mixture at the entrance to the contactor
and t is the residence time in the contactor pipeline as calculated from the superficial

mixture velocity and propagated distance in the pipeline. Again, the constants x and <t are
assumed to be functions of superficial mixture velocity, gas/liquid flowrate ratio, solvent
mixturé, system pressure and temperature.

The performance of the prediction model for the absorption in the contactor,
equation (5), is tabulated in Table 1 and illustrated in figure 11. As can be seen, the
maximum variation between the predicted outlet concentration of CO, and the
experimentally measured outlet concentration of COZ' 15 0.6%.
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Inlet concentration Outlet concentration
“

I

—
Table 1 - CO, mole fraction in gas mixture (%)
5 The performance of the prediction model for the absorption in the contactor

pipeline, equation (3), is tabulated in Tables 2-4 and illustrated in figure 12. The tables
correspond to the three different inlet concentrations of CO, selected, namely 2, 8 and
17%.

Position No.

Residence time (8) 0.09 m 021 | 038 | 0.48
Measured concentration (%) | 0.75 | O. 55 | 050 | 0.25 m

' Predlcted concentration (%) | 0.75 | 0. 59 m 0.28
10 .. _
Table 2 — Concentration v. residence time for exhaust gas with 2% initial CO,
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[ Predicted concentration (%) 283 | 235 | 132 | 0.92

Table 3 - Concentration v. residence time for exhaust gas with 8% initial CO,

D T N e I

Measured concentration (%) 470 | 240 | 1.80

The first measured point, at approximately 0.08s, is taken as the inlet
concentration of CO, to the pipeline in equation (3). Hence, the predicted and measured
values are set to be equal. The same t_ime constant T = 0.29s has been applied for all three

10
cases. You will see that the predicted values and the measured values are very similar

(see figure 12). .. . |
' It will be apparent to a person skilled in the art that the above results are not

dependent upon the gas to be absorbed or on the solvent used to absorb that gas.
Therefore it is clear that the above method of selective transfer of a gas from a mixture of

gases to a liquid solvent for that gas is applicable to any gas and any respective solvent.

15
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AMENDED CLAIMS
[received by the International Bureau on 17 February 1999 (17.02. 99):
original claims 1-67 replaced by new claims 1-28 (4 pages)l

1. A method for removing one or more selected gas components from a gas stream
which comprises: bringing the gas stream into contact with a liquid including a solvent
or a reagent for a selected component in a first turbulent contactor; subjecting the gas
stream and the liquid to turbulent mixing conditions in the contactor thereby causing a
selected gas component to be absorbed by a respective solvent or reagent in the liquid;
passing the ﬂuid mixture into a second turbulent contactor; and subjecting thé fluid
mixture to further turbulent mixing conditions in the second contactor, thereby causing
further absorption of the same selected gas component, or absorption of another selected
gas component, 'by' a respective solvent or reagent; the method being a continuous

process with the gas stream and liquid flowing co-currently, and at least one of the

' turbulent contactors comprising a vessel having a gas inlet, a liquid inlet, an outlet

leading to a venturi passage, and a tube extending from the outlet back into the vessel.

2. AmethodasclmmedmClatml mwhtchﬂtembexsperforatedand/ortsspaood
from the penphery of the outlet

3. A method as claimed in Claim 1 or Claim 2, in which the gas mixture is supplied

to the tube and the liquid is supplied to the vessel, whereby the gas mixture draws the

liquid into the venturi and the two phases are mixed.

4, A method as claimed in Claim 1 or Claim 2, in which the gas mixture is supplied
tothevmelandthe hqmdtssupphedtothctube wherebythegas is drawn into the
venturi by the liquid and the two phases are mixed.

5. A method as claimed in Claim 1 or Claim 2, in which the liquid and the gas
mixture are supplied to the vessel, the liquid being supplied to a level above the level of
the outlet, whereby the gas is forced out through the outlet via the tube, thereby drawing
the liquid into the venturi so that the two phases are mixed.

AMENDED SHEET (ARTICLE 19)




10

15

20

CA 02303779 2007-02-02

22
6. A method as claimed in Claim 1, in which the first turbulent mixing is conducted in a jet
pump.
7. A method as claimed in any one of Claims 1 to 6, in which the second contactor is located

in a pipe extending from the venturi section of the first contactor.

8. A method as claimed in any one of Claims 1 to 7, in which the fluid mixture is separated
into a gas phase and a liquid phase between the two contactors, the phase separation preferably

occurring in an annular flow generator.

9. A method as claimed in any one of Claims 1 to 8, in which fresh liquid solvent is added

to the second turbulent contactor.

10. A method as claimed in any one of Claims 1 to 9, further comprising: cooling the mixture
after the second turbulent mixing; separating the cooled mixture into a gas phase and a liquid
phase; removing the gas phase; subjecting the solvent in the liquid phase to a regeneration
treatment to remove the absorbed selected gas component; and recycling the regenerated

solvent-containing liquid phase to the mixture.

11. A method as claimed in Claim 10, in which the regeneration is carried out by heating

and/or by flashing off the absorbed gas component in a flash tank.

12. A method as claimed in Claim 11, in which the post-mixing cooling and the regenerative

heating are achieved, at least in part by mutual heat exchange.

13. A method as claimed in any one of Claims 1 to 12, in which the liquid is pumped to the
first turbulent contactor and thereby draws the gas mixture with it through the contactor.

14. A method as claimed in any one of Claims 1 to 12, in which the gas stream 1s conveyed

to the first turbulent contactor at a high pressure and thereby draws the liquid with it through the
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contactor.

15.  Apparatus for carrying out the method of Claim 10, comprising: a first turbulent contactor
having a liquid inlet, a gas inlet and a fluid outlet; a second turbulent contactor having at least one
fluid inlet and a fluid outlet, at least one of the turbulent contactors comprising a vessel having
a gas inlet, a liquid 1nlet, an outlet leading to a venturi passage, and a tube extending from the
outlet back into the vessel; a cooler for the fluid stream from the fluid outlet of the second
turbulent contactor; a hydrocyclone or a gravity vessel arranged to separate the cooled fluid
stream into a gas phase and a liquid stream; a regenerator arranged to treat the separated liquid
stream; and a recycle line arranged to convey the regenerated liquid stream to either the first or

second contactor or to a reservoir tank.

16.  Apparatus as claimed in Claim 135, including an annular flow generator between the two

contactors.

17.  Apparatus as claimed in Claim 15 or Claim 16, including a pump arranged to supply

liquid to the liquid inlet of the first contactor.

18.  Apparatus as claimed in any one of Claims 15 to 17, in which the regenerator is a heater

and/or a flash tank.

19.  Apparatus as claimed in any one of Claims 15 to 18, in which the tube is perforated and/or

is spaced from the periphery of the outlet.

20.  Apparatus as claimed in any one of Claims 15 to 19, in which the first turbulent contactor

1s a jet pump.

21.  Apparatus as claimed in any one of Claims 15 to 20, in which the second turbulent

contactor is located in a pipe extending from the venturi section of the first contactor.
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22.  The use of more than one turbulent contactor for selectively absorbing one or

more gas components from a gas stream, in which the gas stream is brought into contact
with a liquid including solvents or reagents for the selected gas components, the
absorption rate of reaction for the selected gas components being different tbereby
causing the selected components to be absorbed separately, at least one of the turbulent '

contactors comprising a gas inlet, a liquid inlet, an outlet leading to a venturi p?assagc and

a tube extending from the outlet back upstream.

23. A use as claimed in Clmm 22, in which a first selectéd component is absorbed in
a first contactor and a second selected component is absorbed in a second contactor.

4. A use as claimed in Claim 22 or Claim 23, in which the gas stream is at high
pressure and the first absorption is instantaneous.

25. Auseasclalmedmany oneofClmms22to24 in which the tube is- perforated
and/or is spaced from the penphm'y of the outlet.

26. A use as claimed n any one of Claims 22 to 25, inwhichthe'ﬁrstcontactorisa
jet pump.

27. A use as claimed in any one of Claims 22 to 26, in which the second turbulent
contactor is located in a pipe extending from the venturi section of the first contactor.

28. Auscasclaimedinanj'oneofClaiIns22t02’7_, in which a gas phase and a liquid
phase are separated after exit from a first turbulent contactor before entry into a second
turbulent contactor, the phase separation preferably occurring in an annular flow
generator.

AMENDED SHEET (ARTICLE 19)
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