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Multiphase Separation and Pressure Letdown Method

RELATED APPLICATIONS
[1] This application claims priority to U.S. Provisional Application No. 62/783,165, filed
December 20, 2018.

BACKGROUND OF THE INVENTION

[2] There exist applications where a pressurized solid/liquid slurry is extracted from an
intermediate depth and handling systems must also accept and separate a gaseous phase (e.g. —
air). One example is an air lift system for deep sea mining, in this system compressed air is injected
into a vertical riser pipe in the ocean. The air rises from the injection point and the mixture of
air/water/solids has a density less than the surrounding seawater. This creates a suction (lift). When
the air reaches the surface, it has expanded many times its original (compressed) volume. To
prevent unfavorable velocities and flow conditions the discharge at the surface is pressurized to

several atmospheres. The need for this in a deep-sea mining operation was recognized in the 1960s.

SUMMARY OF EXAMPLE EMBODIMENTS

[3] An example embodiment may include an air-slurry separation system having a separating
tank pressure vessel, an air-slurry inlet to separating tank pressure vessel from an airlift riser, a
diffuser adapted to reduce air-slurry flow velocity through the inlet into the separating tank
pressure vessel, an air release outlet located at or near the top of the separating tank pressure vessel,
a fine slurry outlet located at a mid-level of the separating tank pressure vessel coupled to a fine
slurry flowline, a screen on the fine slurry outlet limiting the maximum particle size that can enter
the fine slurry flowline, and a coarse slurry outlet at or near the bottom of the separating tank
pressure vessel coupled to a course slurry flowline.

[4] An example embodiment may include an air-slurry separation system having a first
separating tank pressure vessel for separation of air and slurry, an air-slurry inlet to the first
separating tank pressure vessel from an airlift riser, a diffuser adapted to reduce air-slurry flow
velocity through the inlet into the first separating tank pressure vessel, an air release outlet located
at or near the top of the first separating tank pressure vessel, a slurry outlet located at the bottom

of the of the first separating tank pressure vessel coupled to a slurry flowline, a second separating
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tank pressure vessel for pressure letdown of a slurry, a fine slurry outlet located at or near the top
of the second separating tank pressure vessel coupled to a fine slurry flowline, a screen on the fine
slurry outlet limiting the maximum particle size that can enter the fine slurry flowline, and a coarse
slurry outlet at or near the bottom of the second separating tank pressure vessel coupled to a course
slurry flowline.

[5] An example embodiment may include an air-slurry separation system having a separating
tank pressure vessel for separation of air and slurry, an air-slurry inlet to the separating tank
pressure vessel from an airlift riser, a diffuser adapted to reduce air-slurry flow velocity through
the inlet into the separating tank pressure vessel, an air release outlet located at or near the top of
the first separating tank pressure vessel, a slurry outlet located at the bottom of the of the first
separating tank pressure vessel coupled to a slurry flowline, a crusher attached to the slurry
flowline to limit the maximum particle size in a fine slurry flowline exiting the crusher.

[6] A variation of the any of the example embodiments disclosed may include a fine slurry
pressure letdown system on the fine slurry flowline. It may include one or more fixed chokes in
the fine slurry flow. It may include one or more variable orifice valves in the fine slurry flowline.
It may include one or more fixed chokes in-line with the variable orifice valves. The variation may
include one or more fixed chokes in line with the fine slurry flow line and one or more choke loops
with multiple fixed chokes and valves to control the number of fixed chokes through which the
fine slurry flows. It may include a hydrocyclone after the fixed chokes on the fine slurry flowline.
It may include comprising a hydrocyclone after the variable orifice valves on the fine slurry
flowline. It may include a hydrocyclone after the fixed chokes on the fine slurry flowline. It may
include a hydrocyclone after the fixed chokes and choke loops in the fine slurry flowline. It may
include a coarse slurry pressure letdown on the coarse slurry flowline. The coarse slurry flow
pressure letdown may be a rotary feeder with pressure differential capability. The coarse slurry
pressure letdown may be a progressive cavity pump. The coarse slurry pressure letdown may be a
lobe pump. It may include a screw conveyer between the separating tank pressure vessel and the
coarse slurry pressure letdown. It may include a cleanout opening in the separation tank pressure
vessel. It may include a level bridle in the separation tank pressure vessel. It may include a solid-
liquid separating device on the coarse slurry flowline after the coarse slurry pressure letdown. It
may include a vertical cuttings dryer after to coarse slurry pressure letdown. It may include a

settling tank on the coarse slurry flowline after the coarse slurry pressure letdown. It may include



10

15

20

25

30

35

WO 2020/132261 PCT/US2019/067510

a crusher on the coarse slurry flowline before the coarse slurry pressure letdown. It may include a
lobe pump on the coarse slurry overflow flowline and a lobe pump on the coarse slurry underflow
flowline from the hydrocyclone. It may include a lobe pump on the coarse slurry overflow flowline
and a lobe pump on the coarse slurry underflow flowline from the hydrocyclone. It may include a
lobe pump on the coarse slurry overflow flowline and a lobe pump on the coarse slurry underflow
flowline from the hydrocyclone. It may include a lobe pump on the coarse slurry overflow flowline

and a lobe pump on the coarse slurry underflow flowline from the hydrocyclone.

BRIEF DESCRIPTION OF THE DRAWINGS

[7] For a thorough understanding of the present invention, reference is made to the following
detailed description of the preferred embodiments, taken in conjunction with the accompanying
drawings in which reference numbers designate like or similar elements throughout the several
figures of the drawing. Briefly:

FIG. 1 shows an example embodiment of a split flow separator with a rotary valve for
discharging liquid and coarse solids and a fixed choke and variable orifice throttle valve for
discharging the fine slurry.

FIG. 2 shows an example embodiment with more details of the separator system in Figure
1 with a mechanical feed device to control the flow of coarse solids to the rotary valve.

FIG. 3 shows an example embodiment of the separator system with a configuration of fixed
chokes in-line and through a choke loop to control the flow if the fine slurry from the pressurized
separator to atmospheric pressure.

FIG. 4 shows an example embodiment with a crusher before the coarse slurry passes to a
pressure letdown device to limit the maximum particle size.

FIG. 5 shows an example embodiment using a sequential gas and slurry separation method.

FIG. 6 shows an example embodiment using a sequential gas and slurry separation method
using a gravity separator.

FIG. 7 shows an example embodiment of a slurry discharge system using a crusher and
hydrocyclone separators to establish flow paths for relatively fine and coarse slurries to pass

through different pressure letdown devices.
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DETAILED DESCRIPTION OF EXAMPLES OF THE INVENTION

[8] In the following description, certain terms have been used for brevity, clarity, and
examples. No unnecessary limitations are to be implied therefrom and such terms are used for
descriptive purposes only and are intended to be broadly construed. The different apparatus,
systems and method steps described herein may be used alone or in combination with other
apparatus, systems and method steps. It is to be expected that various equivalents, alternatives,
and modifications are possible within the scope of the appended claims.

[9] An example embodiment is disclosed in FIG. 1. Flow from the airlift riser 11 enters the
separator 1 through a diffuser 12 in which the flow velocities and turbulence is reduced. Upon
entering the separator 1, the difference in densities of the air 41, water and solids slurry 40 results
in the air migrating to the top of the separator 1 where it is removed through an air discharge line
26.

[10] A slurry 40 consisting of solids and liquid migrates to the bottom of the separator 1. Two
pressure letdown channels are incorporated in the lower portion of the separator 1, below the
air/liquid interface 45. Liquid and fine particles are discharged through a screen 31 which prevents
large particles from leaving separator 1 at opening 42. This forms a fine slurry which then flows
through opening 42 into fine slurry flowline 150. The flow of slurry through the opening 42 may
be controlled, for example, by use of a fixed choke 22 together with a variable orifice valve. There
may be multiple fixed chokes 22 or variable orifice valves to allow the fine slurry to be discharged
at atmospheric pressure. The fine slurry 120 at atmospheric pressure may then be pumped, for
example, to other equipment to separate solid particles from the water for storage or transportation.
The variable orifice valve or the number of fixed chokes 22 may be adjusted to adjust the discharge
pressure of the slurry 120 to a value greater than atmospheric pressure to eliminate the need for
pumps to transfer slurry 120 to the other equipment. The larger particles settle to the bottom of the
separator 1 by gravity, where they are removed by a rotary valve 20, sometimes referred as a star
valve or rotary feeder.

[11]  The flow volume through the rotary valve 20 is fixed by the volume of the valve chambers
and the speed of rotation of the valve. The volume of solids entering the chamber may be controlled
by a device positioned above the rotary valve 20 to meter the solids flow rate. This device (not

shown) may be a screw conveyor for example. The rotary valve discharges a coarse slurry 32 at
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atmospheric pressure. This coarse slurry may be pumped to other equipment, for example, to
separate solid particles from water for storage or transportation.

[12] FIG. 2 shows a more detailed illustration of an example embodiment. An air-slurry mixture
enters separator tank 1 through diffuser 12. The momentum of the flow is absorbed by a removable
momentum absorber 27. The separator tank 1 includes cleanout openings 23 for entering the tank
during service. Level bridles 24 are connected to the side of the tank 1 to facilitate measurement
of the internal tank liquid level. In this example embodiment, air is removed through opening 26.
The flow of slurry and fines which pass through screen 31 and outlet 42 is controlled by the
pressure drop across the fixed choke 22 in line with a variable orifice valve 33 on the fine slurry
flowline 150. Additional variable orifice valves and chokes may be added to allow finer control of
the flow. The flow of coarse particles to the rotary valve 20 is controlled by a feeder 34 to prevent
overfilling of a rotary valve chamber. In this example embodiment the low pressure fine slurry 120
passes to a centrifuge 28 which creates a thickened slurry 31 which is transported to storage 30,
and a dilute slurry 130 which is disposed of as a waste stream. The low pressure coarse slurry 32
is passed to a vertical cuttings drier dewatering device 29 which separates water and particles
smaller than a certain minimum size to create a slurry with small particles 141 which is further
processed for recovery of small particles or delivered to a waste stream. In this embodiment pump
142 delivers the slurry with small particles 141 to the hydrocyclones 28 where the flow 141 is
combined with flow from the fine slurry flowline 150. The vertical cuttings drier 29 also produces
a concentrated slurry with water and coarse solids 140 which is combined with the thickened fine
slurry 31 in the storage facility 30.

[13] Another example embodiment shown in FIG. 3 replaces the variable orifice valve 33 from
FIG. 2 with a fixed choke loop 100 consisting a plurality of fixed chokes 22 and valves 35 to
control the number of fixed chocks through which the slurry flows, thereby allowing control of the
flow rate and pressure drop. In this example embodiment the flow of the slurry with fine
particulates does not require variable orifice valves.

[14] An example embodiment shown in FIG. 4 includes the liquid and fines being discharged
to a hydrocyclone 52 for concentration of the slurry.

[15] The separation steps in the example embodiment of FIG. 4 are as follows. The 3-phase
mixture comes from the air lift exit 11, through the elbow 57 and the diffuser 12. The mixture

enters the 3-way separation tank 1. Air is extracted from the top 26 of the tank 1. Air flow is
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controlled by valve 60. The slurry with small particles is extracted from an intermediate depth
where it passes through a screen 31 and opening 42 to a fine slurry flowline 150 to an optional
variable orifice valve 33 to control the pressure and flow to a series of one or more hydrocyclones
52. The hydrocyclone overflow 51, which contains water and any solid particles below the design
size cutoff size, travels through a lobe pump 53 (or other compact pressure letdown device) to the
waste disposal system 59. The hydrocyclone underflow 56, which contains water and solid
particles larger than the cutoff size, travels through a lobe pump 54 (or other compact pressure
letdown device) to the storage system 30. The high-concentration slurry 61 with large and small
particles travels through a crusher 50 to reduce the maximum particle size delivered to the
progressive cavity pump 121 (or other pressure letdown equipment capable of handling large
solids), and then to conventional slurry separation equipment 62.

[16] An example embodiment is shown in FIG. 5, which includes two tanks 80 and 90. Tank 80
separates the slurry and air, and tank 90 separates the large-solid slurry from the small-solid slurry.
The separation steps are as follows: The 3-phase mixture comes from the air lift exit 11, through
the elbow 57 and diffuser 12. The mixture enters the first 2-way separator 80. Air is extracted from
the top vent 26 of the tank 80. Airflow is controlled by valve 60. The slurry passes through an
opening and through flowline 81 to a second 2-way separation tank 90. Tank 90 may be some
distance from tank 80. The slurry with small particles passes through a screen 31 and passes
through the outlet 42. The slurry with small particles travels to an optional variable orifice valve
33 via fine slurry flowline 150 to control the pressure and flow to a series of one or more
hydrocyclones 52. The hydrocyclone overflow 51, which contains water and any solid particles
below a desired size cutoff, travels through a lobe pump 53 (or other compact pressure letdown
device) to the waste disposal system 59. The hydrocyclone underflow 56, which contains water
and solid particles larger than the desired size cutoff, travels through a lobe pump 54 (or other
compact pressure letdown device) to the storage system 30. The high-concentration slurry with
large and small particles 61 travels through a crusher 50, to eliminate oversized particles, to a
progressive cavity pump 121 (or other pressure letdown equipment capable of handling large
solids), and then to conventional slurry separation equipment 62.

[17] An example embodiment is shown in FIG. 6, which is similar to the example embodiment
of FIG. 5 where the two-phased liquid-solid separation tank 90 is replaced with a gravity separation

tank 110. The two-phase liquid solid flow 81 passes through a diffuser 82 to reduce velocity and
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enters tank 110, where the difference in settling velocities results in large particles settling to the
bottom of tank 110 and passing to flowline 61, and fine particles pass to flowline 65. A variable
orifice control valve in the fine slurry flowline 33 is used to adjust volume of slurry flow between
the two discharges 65 and 61.

[18] An example embodiment is shown in FIG. 7 where the slurry 81 comprising all the water
and solids from the lift system 11 and Tank 80 (Fig. 5 & 6) is sent into a crusher 50 to create a
slurry with small particles 108. The slurry with small particles 108 passes through a variable orifice
valve 33 (or other pressure control device) to hydrocyclone 52. The hydrocyclone overflow 51
passes to lobe pump 53 which reduces the pressure and passes the slurry with fine particles to
disposal 59. The hydrocyclones underflow 56 with water and larger particles (but not so large as
to prevent using a device such as a progressive cavity pump to process) passes to a progressive
cavity pump 54 which reduces the pressure and allows passage of slurry 56 to storage 30. This
would allow complete processing of the slurry and further minimize the amount of large-solid
handling equipment necessary.

[19] Although the invention has been described in terms of embodiments which are set forth in
detail, it should be understood that this is by illustration only and that the invention is not
necessarily limited thereto. Top and bottom could be left and right, respectively. For instance, gas
and air could be used interchangeably. A vertical cuttings dryer is one type of solid-liquid
separation device. Other types of separation devices include vibratory screens, hydrocyclones,
centrifuges, settling tanks. Pressure let down devices described herein may include fixed chokes,
variable orifice valves, a plurality of variable orifice valves in a series, combinations of fixed
chokes and choke loops, lobe pumps, and progressive cavity pumps. Lobe pumps, progressive
cavity pumps mentioned herein in regards to coarse slurry would also work for a fine slurry. The
alternative embodiments and operating techniques will become apparent to those of ordinary skill
in the art in view of the present disclosure. Accordingly, modifications of the invention are

contemplated which may be made without departing from the spirit of the claimed invention.



What is claimed is:
1. An air-slurry separation system comprising:

a separating tank pressure vessel;

an air-slurry inlet to separating tank pressure vessel from an airlift riser;

a diffuser adapted to reduce air-slurry flow velocity through the inlet into the separating
tank pressure vessel;

an air release outlet located at or near the top of the separating tank pressure vessel;

a fine slurry outlet located at a mid-level of the separating tank pressure vessel coupled
to a fine slurry flowline;

a screen on the fine slurry outlet limiting the maximum particle size that can enter the
fine slurry flowline; and

a coarse slurry outlet at or near the bottom of the separating tank pressure vessel coupled

to a course slurry flowline.

2. The slurry separation system of claim 1 further comprising a fine slurry pressure

letdown system on the fine slurry flowline.

3. The slurry separation system in claim 2 further comprising one or more fixed chokes in

the fine slurry flow.

4. The slurry system in claim 2 further comprising one or more variable orifice valves in

the fine slurry flowline.

5. The slurry system in claim 2 comprising one or more fixed chokes in-line with the variable

orifice valves.

6. The slurry separation system in claim 3 further comprising a hydrocyclone after the
fixed chokes on the fine slurry flowline.

7. The slurry separation system of claim 1 further comprising a coarse slurry pressure

letdown on the coarse slurry flowline.



8. The slurry separation system of claim 7 wherein the coarse slurry flow pressure letdown

is a rotary feeder with pressure differential capability.

9. The slurry separation system of claim 7 wherein the coarse slurry pressure letdown is a

progressive cavity pump.

10.  The slurry separation system of claim 7 wherein the coarse slurry pressure letdown is a

lobe pump.

11.  The slurry separation system of claim 7 further comprising a screw conveyer between

the separating tank pressure vessel and the coarse slurry pressure letdown.

12.  The slurry separation system of claim 7 further comprising a solid-liquid separating

device on the coarse slurry flowline after the coarse slurry pressure letdown.

13.  The slurry separation system of claim 7 further comprising a vertical cuttings dryer

after to coarse slurry pressure letdown.

14.  Anair-slurry separation system comprising:

a first separating tank pressure vessel for separation of air and slurry;

an air-slurry inlet to the first separating tank pressure vessel from an airlift riser;

a diffuser adapted to reduce air-slurry flow velocity through the inlet into the first
separating tank pressure vessel,

an air release outlet located at or near the top of the first separating tank pressure vessel;

a slurry outlet located at the bottom of the of the first separating tank pressure vessel
coupled to a slurry flowline;

a second separating tank pressure vessel for pressure letdown of a slurry;

a fine slurry outlet located at or near the top of the second separating tank pressure
vessel coupled to a fine slurry flowline;

a screen on the fine slurry outlet limiting the maximum particle size that can enter the
fine slurry flowline; and

a coarse slurry outlet at or near the bottom of the second separating tank pressure vessel

coupled to a course slurry flowline.



15.  The slurry separation system of claim 14 further comprising a fine slurry pressure

letdown system on the fine slurry flowline.

16.  The slurry separation system of claim 14 further comprising a coarse slurry pressure

letdown on the coarse slurry flowline.

17.  The slurry separation system of claim 16 further comprising a solid-liquid separating

device on the coarse slurry flowline after the coarse slurry pressure letdown.

18.  Anair-slurry separation system comprising:

a separating tank pressure vessel for separation of air and slurry;

an air-slurry inlet to the separating tank pressure vessel from an airlift riser;

a diffuser adapted to reduce air-slurry flow velocity through the inlet into the separating
tank pressure vessel;

an air release outlet located at or near the top of the first separating tank pressure vessel;

a slurry outlet located at the bottom of the of the first separating tank pressure vessel
coupled to a slurry flowline; and

a crusher attached to the slurry flowline to limit the maximum particle size in a fine

slurry flowline exiting the crusher.

19.  The slurry separation system of claim 18 further comprising a fine slurry pressure

letdown system in the fine slurry flowline.
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