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TRANSFER

(57)  The invention relates to a method and system
for enhancing gas volumetric mass transfer. The method
comprises the steps of;

- providing an enhancing gas system comprising:

- anentry part comprising an entry room and a liquid inlet;
- a hyperbolic funnel operatively coupled with the entry
part; and

- a back pressure regulator, which is operatively coupled
with the outlet of the hyperbolic funnel;

- providing a liquid to the entry room via the liquid inlet;
- providing a gas to the entry room via a gas inlet; and
- providing a back pressure at the outlet of the hyperbolic
funnel.

METHOD, SYSTEM, AND USE OF SAID SYSTEM FOR ENHANCING GAS VOLUMETRIC MASS
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Description

[0001] The present invention relates to a method, system, and use of said system for enhancing gas volumetric mass
transfer. For example, the method enhances gas volumetric mass transfer in an aqueous stream.

[0002] Itis known from practice to enhance aliquid streamwith gastoincrease the gas content ofthe liquid. Conventional
techniques include bubbling gas through the liquid and aeration using a waterfall or fountain. Other methods or known
aeration technologies range from mixers and impellers to macroscopic orifices or porous materials, whose main purpose
is to transfer gas (oxygen) to a liquid. Said porous materials may be fine-pore diffusers, which have a low gas volumetric
mass transfer.

[0003] Conventional methods and systems for volumetric mass transfer of gas into a liquid, also referred to dissolving
gas in a liquid, involve high energy consumption compared to the amount of mass transfer. For example, the energy
consumption of energy for enhancing gas volumetric mass transfer is about 45% to 75% of the total energy consumption
in treating waste water.

[0004] An objective of the present invention is to provide a method for enhancing gas volumetric mass transfer that
obviates or least reduces the aforementioned problems and is more efficient and/or effective compared to conventional
methods and systems.

[0005] This objective is achieved with the method for enhancing gas volumetric mass transfer, wherein the method
comprises the steps of;

- providing an enhancing gas system comprising:

- an entry part comprising an entry room and a liquid inlet;
- a hyperbolic funnel operatively coupled with the entry part; and
- aback pressure regulator, which is operatively coupled with the outlet of the hyperbolic funnel;

- providing a liquid to the entry room via the liquid inlet;
- providing a gas to the entry room via a gas inlet; and
- providing a back pressure at the outlet of the hyperbolic funnel.

[0006] The method according to the invention for enhancing gas volumetric mass transfer may start with providing an
enhancing gas system. Said enhancing gas system may comprise an entry part comprising an entry room and a liquid
inlet, a hyperbolic funnel operatively coupled with the entry part, and a back pressure regulator which is operatively
coupled with the outlet of the hyperbolic funnel. Together with or after the step of providing an enhancing gas system,
the step of providing a liquid to the entry room via the liquid inlet is performed.

[0007] The step of providing a liquid to the entry room via the liquid inlet is followed by or combined with the step of
providing a gas to the entry room via a gas inlet. Providing a gas to the entry room has the advantage that the liquid
may be enhanced with gas by volumetric mass transfer. Experiments showed that the gas may be ambient air or
pressurised gasses. Said gasses may for example be one or more selected from the group oxygen, nitrogen, carbon
dioxide, ammonia, carbon oxide. Preferably, the gas is oxygen or carbon dioxide.

[0008] In one of the preferred embodiments according to the invention, the method comprises the step of pressurising
the entry room with the desired gas. As a result the mass transfer of the gas into the liquid is increased compared to the
method using ambient air or an open entry room.

[0009] The hyperbolic funnelin combination with the entry room and liquid inlet enables developing the desired vortex
regime. For example, a restricted vortex regime, a twisted vortex regime, or a straight vortex regime may be achieved.
An advantage of said vortex regimes is that the interface, also referred to as exchange surface, to volume ratio is
increased, wherein the interface to volume ratio relates to the surface between the gas and the liquid. In other words,
said ratio depends on the surface between the liquid and the gas created by the vortex regime. Thus, a larger exchange
surface enables efficient and effective gas transfer.

[0010] As aresult, an efficient and effective mass transfer of the gas to the liquid is achieved with the hyperbolic funnel
according to the invention.

[0011] Preferably, the method according to the invention comprises the step of forming at least two phase flows
extending from the entry part into the hyperbolic funnel, wherein the at least two phase flows form a multiple helix, such
as a double or triple helix depending on the number of gas and liquid flows. Providing said multiple helix provides the
largest interface to volume ratio. Said multiple helix is also referred to as a twisted vortex regime.

[0012] This twisted vortex regime is typically obtained when no constriction is applied to the outlet of the hyperbolic
funnel and the inlet flow is stabilized such that a twisted vortex regime is obtained. It is noted that obtaining a twisted
vortex regime depends on the dimensions and material of the entry part and hyperbolic funnel. The entry part and/or
the hyperbolic funnel may for example be manufactured from glass, plastic, and/or metal such as aluminium, stainless
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steel, zinc, or copper.

[0013] Itis noted thatthe at least two phase flows may refer to one ore more liquid flows and/or one or more gas flows.
[0014] It was found that the two phase flows originate from the step of providing a gas to the entry room via a gas
inlet. Said step may include providing a single gas flow to the entry room or providing multiple gas flows to the entry room.
[0015] Another advantage of the step of forming at least two phase flows extending from the entry part into the
hyperbolic funnel, wherein the at least two phase flows form a multiple helix, is that an enhanced turbulence is achieved.
As a result, efficient and effective volumetric gas mass transfer may be achieved.

[0016] In orderto achieve the desired vortex regime, the flow rate ofthe liquid may be slowly increased and/or adapted
during the process. Furthermore, the liquid inlet may be adapted to achieve the desired angle between liquid inlet and
entry room.

[0017] Forexample, the oxygen volumetric mass transfer coefficient (K a) may be calculated by Equation |.

1 dc
T (Cs=C) dt

K.a EQ. 1

[0018] The oxygen volumetric mass transfer coefficient is defined as variation of concentration C in mg L' in time t
(hour), with Cs the saturation concentration along the interface with area a.
[0019] Furthermore, K a may also be defined by Equation 2,

K.a= KL§ EQ.2

where, K| is the liquid phase mass transfer coefficient (m/s), V is the volume (m3), and A is the area of the gas/liquid
interface (m2).
[0020] The mass balance of oxygen in the system can be expressed by Equation 3,

Q- Cun+ Kpa 'V(CS - Cout) =Q - Cour EQ.3

wherein Q is the flow rate (m3/s), C;, is the concentration of dissolved oxygen in water entering the system (mg/L), and
C,ut is the concentration of dissolved oxygen in water exiting the system.

[0021] The step of forming at least two phase flows extending from the entry part into the hyperbolic funnel, wherein
the at least two phase flows form a multiple helix, relates to the twisted helix extending from the entry part into the
hyperbolic funnel. The individual vortexes of the twisted helix may cross or overlap each other. Preferably, a substantially
rotational symmetry is achieved.

[0022] A further advantage of the step of forming at least two phase flows extending from the entry part into the
hyperbolic funnel, wherein the at least two phase flows form a multiple helix is that said helix enables to dissolve at least
1.5 mg/L of the desired gas. As a result, said helix may provide efficient and effective gas mass transfer into the liquid
that is better as compared to conventional techniques under similar conditions.

[0023] Furthermore, itwas found thatthe method according to the invention is energy efficient because the only energy
to enhance gas volumetric mass transfer is to provide the liquid to the entry part. Therefore, the method according to
the invention is environmental friendly and may be used to enhance a liquid with a desired gas in an environmental manner.
[0024] In order to provide the desired vortex regime, the liquid may enter the entry room by the liquid inlet that is
positioned tangentially and at an angle relative to the horizontal. For example, the angle is between 5° to 10°, preferably
wherein the angle is between 6° to 8°, more preferably wherein the angle is about 7°. It was found that such liquid inlet
position provides the desired vortex regime and thus an efficient and effective gas mass transfer to the liquid.

[0025] In a presently preferred embodiment according to the invention, the method further comprises the step of
measuring the liquid flow using a flow meter. Preferably, the method further comprises the step of controlling the liquid
flow and/or controlling the liquid to gas ratio.

[0026] Measuring the liquid flow enables to control the liquid and/or gas input and therefore also to control the vortex
regime. As a result, the desired vortex regime may be obtained and preserved for the operating time. Furthermore, this
allows switching between different vortex regimes (restricted, twisted, and straight).

[0027] In addition, measuring and controlling the liquid flow may provide the need to control the gas flow in order to
achieve an optimal gas mass transfer. An advantage of controlling the gas may be that an optimal use of the available
gas is achieved and thus the available resources are used in an optimal manner.

[0028] In a further presently preferred embodiment according to the invention, the method further comprises the step
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of controlling the liquid to gas ratio.

[0029] An advantage of controlling the liquid to gas ratio is that the (gas) saturation in the liquid may be controlled.
This enables a constant saturation of the gas in the liquid and thus a stable output of the hyperbolic funnel. In other
words, the saturation level may be adjusted to the desired level and then said level may be maintained over a period oftime.
[0030] In a further presently preferred embodiment according to the invention, the method further comprises the step
of measuring the oxygen demand level using an oxygen demand sensor. Preferably, the method further comprises the
steps of measuring the pH using a pH sensor and/or measuring the redox potential using a redox potential sensor.
[0031] Measuring the oxygen demand level using an oxygen demand sensor, and/or measuring the pH using a pH
sensor, and/or measuring the redox potential using a redox potential sensor enables to monitor the liquid provided to
the entry room and/or released from the hyperbolic funnel. As a result, the quality or properties of the final liquid may
be known.

[0032] A further advantage of measuring said parameters is that said parameters may be used for a quality check of
the liquid before the liquid is used for further processing and/or release of the liquid into the environment. Mismatches
of said parameters with reference values may terminate or adapt the method according to the invention. Alternatively,
or in combination therewith, the measurements can be used for feedforward and/or feedback control of the process.
[0033] In a further presently preferred embodiment according to the invention, the liquid is one or more selected from
the group of; fresh waste water, saline waste water, fresh drinking water, ground water, river water, rain water, surface
water. Preferably, the liquid is fresh waste water.

[0034] It was found that the method according to the invention may provide one or more selected from the group of:
fresh waste water, saline waste water, fresh drinking water, ground water, river water, rain water, surface water to the
entry room and that said water was efficiently and effectively aerated. As a result, treatment of the aerated water by
micro organisms was improved. For example, treatment of aerated waste water by micro organisms was improved.
Experiments showed that the waste water treated by the method according to the invention was treated up to 15% more
efficiently compared to conventional aerated waste water using the same amount of energy for aerating the waste water.
[0035] In a further presently preferred embodiment according to the invention, the method further comprises the step
of providing a gas flow and/or an air flow to the entry room, preferably comprising the step of providing an oxygen flow
to the entry room.

[0036] To further increase the volumetric gas mass transfer into the liquid, the method according to the invention may
actively provide a gas flow and/or an air flow to the entry room. Providing a gas flow and/or air flow may include providing
pressurised gas or air to the entry room. The step of providing a gas flow and/or air flow to the entry room enables
efficient and effective solvation of the provided gas and/or (ambient) air.

[0037] Preferably, the method according to the invention comprises the step of providing an oxygen flow to the entry
room. Said flow may be provided actively to the entry room by using pressurised oxygen. It was found that (actively)
providing oxygen to the entry room, an efficient and effective aerated liquid was achieved.

[0038] In a further presently preferred embodiment according to the invention, the hydraulic retention time in the
hyperbolic funnel is in the range of 10 seconds to 60 seconds, preferably 10 seconds to 40 seconds.

[0039] Itwas foundthat an efficient and effective gas volumetric mass transferwas achieved with an hydraulic retention
time in the hyperbolic funnel in the range of 10 seconds to 60 seconds, preferably 10 seconds to 40 seconds. Therefore,
a high throughput may be achieved with the method according to the invention.

[0040] In a further presently preferred embodiment according to the invention, the back pressure is provided in the
range of 0 mbar to 100 mbar, preferably is provided in the range of 2.5 mbar to 80 mbar, more preferably is provided in
the range of 20 mbar to 80 mbar, even more preferably is provided in the range of 50 mbar to 75 mbar. Preferably, the
back pressure is provided by a pressure gauge.

[0041] Providing a back pressure in the range of 0 mbar to 100 mbar, preferably is provided in the range of 2.5 mbar
to 80 mbar, more preferably is provided in the range of 20 mbar to 80 mbar, even more preferably is provided in the
range of 50 mbarto 75 mbar enabled to achieve the desired vortex regime, such as a restricted regime, twisted regime,
or straight regime.

[0042] An advantage of providing a back pressure is that the method may switch between different vortex regimes.
As a result, the method according to the invention may provide a vortex regime on demand.

[0043] Inanotherpreferred embodiment, a back pressure of about 0 mbaris provided to achieve atwisted vortexregime.
[0044] Preferably, the liquid is provided to the entry room at a flow rate in the range of 5 L min-1 to 50 L min-', preferably
at a flow rate in the range of 10 L min-' to 40 L min-1, more preferably at a flow rate in the range of 10 L min-1 to 30 L
min-'. Preferably, the hyperbolic funnel is 94 cm long, has a top radius of 15 cm, and outlet radius of 0.8 cm.

[0045] It was found that a flow rate in the range of 5 L min-1 to 50 L min-"1, preferably at a flow rate in the range of 10
L min-' to 40 L min-1, more preferably at a flow rate in the range of 10 L min-! to 30 L min- results in an efficient and
effective gas volumetric mass transfer.

[0046] In a further presently preferred embodiment according to the invention, the method further comprises the step
of logging and/or controlling the volumetric gas mass transfer, wherein the sensors and/or flow meter provides data to
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a computer which is configured for logging and/or controlling the liquid flow, backpressure, and/or gas flow.
[0047] The invention also relates to a system for enhancing gas volumetric mass transfer, the system being capable
of performing the method in one or more embodiments according to the invention, wherein the system comprises:

- an entry part comprising an entry room and a liquid inlet positioned at a side of the entry room;

- a hyperbolic funnel operatively coupled with the entry part;

- aback pressure regulator, which is operatively coupled with the outlet of the hyperbolic funnel; and
- aregulator configured for regulating the liquid flow.

[0048] The system provides the same effects and advantages as those described for the method.

[0049] It is noted that a side of the entry room may be a side wall or the top of the entry room.

[0050] A further advantage of the system according to the invention is that the system may be adapted to specific
needs of the customer.

[0051] Furthermore, the system according to the invention may operate continuously. This results in an efficient and
effective gas volumetric mass transfer. In addition, the system according to the invention is scalable. For example,
multiple systems may be placed in series or parallel. Therefore, the desired volume may be processed and thus the
system may be tuned to the volume to be processed.

[0052] In a preferred embodiment according to then invention, the system further comprises a vortex regime analyser.
Preferably, said vortex regime analyser may be operatively coupled with a computer, wherein the computer is configured
to log or control the vortex regime inside the hyperbolic funnel by tuning the liquid flow, gas flow, and/or angle of the
liquid inlet with the entry part.

[0053] An advantage of a vortex regime analyser is that the type of vortex regime may be determined within the
hyperbolic funnel. For example, a vortex regime analyser may be a laser, camera, and/or infrared spectrometer.
[0054] As a result, an operator or computer may change of tune the vortex regime to provide an optimal interface,
also referred to as exchange surface, to volume ratio.

[0055] In a preferred embodiment according to the invention, the system further comprises a flow meter operatively
coupled with the liquid inlet.

[0056] Providing a flow meter which is operatively coupled with the liquid inlet enables to detect the flow of the liquid.
An advantage of the flow meter is therefore that the flow of the liquid may be adjusted, such that the desired flow and
thus the desired vortex regime may be achieved.

[0057] Itis notedthatthe flow meter may be configured between the liquid inlet and the regulator or before the regulator.
Preferably, the flow meter is configured between the liquid inlet and the regulator.

[0058] In a preferred embodiment according to the invention, the system further comprises at least one sensor con-
figured for measuring the oxygen demand level and/or pH and/or redox potential of the liquid.

[0059] An advantage of measuring the oxygen demand level and/or pH and/or redox potential of the liquid is that the
liquid may be analysed during the volumetric gas mass transfer. As aresult, the process may be adjusted during operation.
This allows anticipating to changes in composition of the liquid provided to the entry part.

[0060] Inapreferred embodiment according tothe invention, the regulator comprises a control valve which is configured
to adjust the amount provided to the liquid inlet.

[0061] An advantage of the control valve is that the amount of liquid provided to the entry part may be controlled. This
enables to provide the desired vortex regime.

[0062] In a preferred embodiment according to the invention, the system further comprises a gas inlet coupled to a
gas source and configured to provide gas to the entry room.

[0063] Providing the system according to the invention with a gas inlet coupled to a gas source and configured to
provide gas to the entry room, enables to dissolve different gasses in the liquid. For example, the oxygen, nitrogen,
carbon dioxide, ammonia, carbon oxide gas may be used. Preferably, the gas is oxygen or carbon dioxide is applied to
the entry room.

[0064] As a result, the desired gas or desired multiple gasses may be provided to the entry room.

[0065] It is noted that pressurised air may also be used.

[0066] In a preferred embodiment according to the invention, the liquid inlet is tangential, wherein the liquid inlet is
positioned at an angle with the horizontal, wherein the angle is 5° to 10°, preferably wherein the angle is 6° to 8°, more
preferably wherein the angle is about 7°. Preferably, the hyperbolic funnel has a length in the range of 90 cmto 100 cm,
has an entry room radius in the range of 10 cm to 20 cm, and has an outlet radius in the range of 0.6 cmto 1 cm.
[0067] Itis noted that an angle of about 7° may refer to an angle of substantially 7°.

[0068] Itwas foundthatthe desired vortexregime, restricted, twisted, or straight, was efficiently and effectively achieved
when the liquid inlet is tangential, wherein the liquid inlet is positioned at an angle with the horizontal, wherein the angle
is 5° to 10°, preferably wherein the angle is 6° to 8°, more preferably wherein the angle is about 7°.

[0069] Furthermore, the volumetric gas mass transfer was even further enhanced using a hyperbolic funnel with a
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length in the range of 90 cm to 100 cm, has an entry room radius in the range of 10 cm to 20 cm, and has an outlet
radius in the range of 0.6 cm to 1 cm. Most preferably, the hyperbolic funnel is 94 cm long, has a top radius of 15 cm,
and outlet radius of 0.8 cm.

[0070] Preferably, the computer may log and analyse the data received from the sensors and/or flow meter and/or
vortex regime analyser and/or control and tune the liquid flow and/or the gas flow in order to provide optimal conditions
to enhance volumetric gas mass transfer.

[0071] Alternatively, the volumetric gas mass transfer may be further enhanced using a hyperbolic funnel with a
dimensions ratio of length : entry room radius : outlet radius of 450 to 500 : 50to 100 : 3 to 5, or similar geometric ratios.
[0072] The invention also relates to use of the system according to the invention to perform the method according to
the invention to increase the oxygen level in a water stream. Preferably, the water stream is one or more selected from
the group of; fresh waste water, saline waste water, fresh drinking water, ground water, river water, rain water, surface
water, more preferably the water stream is a waste water stream, even more preferably the water stream is a saline
waste water stream.

[0073] The use of the system provides the same effects and advantages as those described for the system and the
method.

[0074] It was found that the system according to the invention applying the method according to the invention enables
efficient and effective increase of the oxygen level in the liquid. As a result, treatment of for example waste water is
increased. Said treatment may for example be performed by micro-organisms which require oxygen.

[0075] Furthermore, the system according to the invention performing the method according to the invention may also
be used to perform an oxidation reaction including iron. The liquid may be enhanced with oxygen, wherein the oxygen
enhanced liquid increases the rate of the oxidation reaction. As a result, iron oxide is formed in an efficient and effective
manner. An advantage of the formation of iron oxide is that the iron oxide may be efficiently filtered from the liquid.
Therefore, the system and method according to the invention enable efficient and effective iron reduction in the liquid.
[0076] Another advantage is that iron may be harvested from a waste stream. As a result, valuable material may be
recovered from the waste stream and recycled.

[0077] In a preferred embodiment, the system according to the invention performing the method according to the
invention may also be used to perform anaerobic ammonium oxidation. This enables to remove ammonium from a waste
stream.

[0078] In another preferred embodiment, the system according to the invention to perform the method according to
the invention may be used to increase the oxygen level in saline water. The saline water with increased oxygen level
may be used in a fish farm and/or vessels to transport living fish such as tuna.

[0079] In another preferred embodiment, the system according to the invention to perform the method according to
the invention may be used to increase the carbon dioxide level in a liquid stream. Preferably, the liquid stream is a soda
stream.

[0080] Therefore, the system and method according to the invention may be used to provide carbonated beverages
in an efficient and effective manner. In fact, it was found that the carbonated beverages required less pressurising of
the holding container. Therefore, the holding containers are less likely to burst or break.

[0081] Further advantages, features and details of the invention are elucidated on the basis of preferred embodiments
thereof, wherein reference is made to the accompanying drawings, in which:

- Figure 1 shows a schematic overview of the method according to the invention;

- Figure 2 shows a schematic overview of the system according to the invention;

- Figure 3 shows the outlet redox potential and dissolved oxygen values for different vortex regimes (straight, twisted,
restricted);

- Figure 4 shows oxygen volumetric mass transfer coefficient (K a) and the standard oxygen transfer rate (SOTR) at
different flow rates; and

- Figure 5 shows the dissolved oxygen curves and K| a plotted for a twisted vortex regime at 20 °C.

[0082] Method 10 (Figure 1) for enhancing gas volumetric mass transfer follows a sequence of different steps.
[0083] In the illustrated embodiment method 10 may start with step 12 of providing an enhancing gas system.
[0084] Step 12 of providing an enhancing gas system may be followed by step 14 of providing a liquid to the entry
room via the liquid inlet. The liquid provided to the entry room may be measured and/or analysed and/or controlled. Said
measuring and/or analysing and/or controlling may be performed by step 16 of measuring the liquid flow using a flow
meter and/or step 18 of and/or step 20 of measuring the oxygen demand level using an oxygen demand sensor and/or
step 22 of measuring the pH using a pH sensor and/or step 24 of measuring the redox potential using a redox potential
sensor.

[0085] Any one of steps 16, 18, 20, 22, 24 may be followed by controlling step 26, wherein step 26 of controlling the
liquid flow and/or controlling the liquid to gas ratio provides feedback to the liquid inlet to adjust the flow and/or gas inlet
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to adjust the gas provided to the entry room.

[0086] Furthermore, step 14 of providing a liquid to the entry room via the liquid inlet may be followed by step 28 of
providing a gas to the entry room via a gas inlet. Step 28 may comprise step 30 of providing a gas flow and/or an air
flow to the entry room, preferably comprising the step of providing an oxygen flow to the entry room.

[0087] Step 30 may be followed by step 32 of providing a back pressure at the outlet of the hyperbolic funnel and step
34 of withdrawing the enhanced liquid from the system according to the invention.

[0088] System 40 (Figure 2) comprises entry part 42 including entry room 46 and liquid inlet 44. In the schematic
overview of figure 2, liquid inlet 44 is positioned at a side of entry room 46. Furthermore, system 40 further comprises
hyperbolic funnel 48 and back pressure regulator 50. Hyperbolic funnel 48 is operatively coupled with entry part 42 and
back pressure regulator 50 is operatively coupled with the outlet of hyperbolic funnel 48.

[0089] In addition, system 40 further comprises regulator 52 and/or 62 for regulating the liquid flow. Regulator 52
and/or 62 may comprise control valve 53 and/or 64 which are configured to adjust the amount provided to liquid inlet 44
and/orremoved from hyperbolic funnel 48. Regulator 52 and/or 62 may be a valve. Furthermore, system 40 may comprise
flow meter 54 which is configured for determining the flow of the liquid and is operatively coupled with liquid inlet 44. In
the illustrated embodiment of Figure 2, flow meter 54 is configured before regulator 52.

[0090] In addition, liquid may be pumped through system 40 by pump 72, wherein pump 72 is operatively coupled
with flow meter 54.

[0091] In an alternative embodiment flow meter 54 is configured between liquid inlet 44 and regulator 52, and pump
72 is operatively coupled with regulator 52.

[0092] System40 may further comprise pH sensor56a, 66a, oxygen demand level sensor 56b, 68b, and redox potential
sensor 56c¢, 70c, wherein said sensors are configured for measuring the pH, oxygen demand level, and redox potential
respectively before inlet 44 and/or after back pressure 50. These sensors may be operatively coupled with computer
74. Furthermore, computer 74 may also be operatively coupled with flow meter 54.

[0093] Furthermore, system 40 may further comprise vortex regime analyser 76, which is enabled to analyse the vortex
regime inside hyperbolic funnel 48.

[0094] Computer 74 acts as controller 75 and controls regulators 52, 62 and/or valves 53, 64 preferably based on
measurements of sensors 56a, 56b, 56¢, 66a, 68b, 70c and/or flow meter 54 and/or vortex regime analyser 76.
[0095] Furthermore, system 40 comprises gas inlet 58 which is coupled to gas source 60 and is configured to provide
gas to entry room 46.

[0096] Experiments have been performed with the setup shown in figure 2. Figure 3 shows in the upper graph the
outlet dissolved oxygen (mg/L) versus flow rate (L/min) of the liquid. Furthermore, the lower graph of figure 3 shows the
outlet redox potential (mV) versus the flow rate (L/min) of the liquid. In addition, the upper and lower graphs are divided
in three sections. The bottom section refers to a straight vortex regime, the middle section refers to a twisted vortex
regime, and the top section refers to a restricted vortex regime.

[0097] Furthermore, the outlet dissolved oxygen concentration reaches its highest values (about 2 mg L") inside the
twisted regime. This regime presents the largest area-to-volume ratio and also presents a double helix interface which
indicates enhanced turbulence, thus also enhanced advection. At a flow rate of 20.8 L/min the outlet of the dissolved
oxygen values obtained for the twisted regimeratio are similar compared to those obtained with the straight regime
(around 1.5 mg/L). At this flow rate the twisted interface is not completely developed, thus the area-to-volume ratio is
similar to what is seen in the straight regime. The low dissolved oxygen levels obtained at the restricted regime are due
to the small interface area. The outlet redox potential behaviour follows a similar trend as dissolved oxygen, indicating
that oxygen is the dominant oxidation agent in the system. This is expected because the system is fed with anoxic ground
water which analysis did not indicate the presence of other (strong) oxidants. The low (negative) redox values at both
inlet and outlet are due to a combination of low dissolved oxygen concentrations and high concentrations of Fe2*,
[0098] Figure 4 shows K| a (h") and SOTR (kg/h) values dependent on flow rate, in other words, the flow rate (L/min)
is plotted versus K;a (h'") (bars) or plotted versus SOTR (kg/h) (line). Average K| a values for (conventional) Air Jet,
Impellers and Paddle aerators are shown for comparison. Furthermore, figure 4 comprises four columns, from left to
right these columns refers to a restricted vortex regime, twisted vortex regime, straight vortex regime, other systems for
gas mass transfer.

[0099] The following experimental conditions were applied: T = 13°C, P = 1 atmosphere and dissolved oxygen inlet
(DOinlet) = 0.02 mg/L (see Table 1).

Table 1: Characteristics of the different regimes

Vortex regime | Flow rate (L/min) | Back pressure (mbar) | Hydraulic retention time (s)
Min Max Min Max Min Max
Restricted 14.7 15.7 68 70 21 37
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(continued)

Vortex regime | Flow rate (L/min) | Back pressure (mbar) | Hydraulic retention time (s)
Min Max Min Max Min Max
Twisted 19.9 20.9 0 25 14 22
Straight 22 23 25 5 29 30

[0100] Table 1 summarizes the different characteristics of each regime regarding their flow window and back pressure.
The air volume for each situation was calculated from a visual analysis of the interfaces assuming rotational symmetry.
[0101] The plot shows that the K a values obtained with the free surface vortex in a hyperbolically shaped funnel are
considerably higher than those from the three other commercial systems used as reference, especially for the twisted
regime. These high oxygen transfer rates are a consequence of the aforementioned combination of high area-to-volume
ratios and enhanced turbulence close to the interface. On the otherhand, the SOTR values (up to 0.5 kg/h) are comparable
to Air Jet system but much lower than those reported for Impeller and Paddle systems (between 1.0 and 2.5 kg/h). This
is due to the short hydraulic retention times in the hyperbolic funnel (typically less than a minute). For applications where
this low SOTR is an issue, a cascade of funnels may be applied, which would multiply the hydraulic retention time with
a factor representing the number of funnels whilst maintaining the flow regime and thus the K a value. It was found that
an increased throughput can be achieved with a parallel arrangement of funnels or funnel cascades.

[0102] The largest interface to volume ratio is created in the so called "twisted" regime. This regime is obtained when
no constriction is applied to the outlet valve and the inlet flow is stabilized at approximately 20 L/min. This regime is
characterized by a large air volume (around 51% of the total system volume). Another characteristic observed for this
regime is the formation of a double helix shaped interface. In the straight regime the interface to volume ratio is much
smaller, around 94% of the total funnel volume is occupied by water. It can be obtained when the flow is stabilized at
approximately 22 L/min and no restriction is applied to the system outlet. In this system the interface is rather smooth
(no double helix shape observed) and it prolongs until the system outlet. The restricted regime received its denomination
due to the fact that a small backflow pressure of around 70 mbar was applied by constricting the outlet tubing. Its surface
to volume ratio is slightly lowerthan that of the straight regime, since the air core does not extend until the system outlet.
It stops somewhere mid-way and breaks-up forming bubbles which travel down exiting the system via its outlet. It is
formed when the inlet flow is stabilized at approximately 15 L/min.

[0103] Figure 5 shows dissolved oxygen and K| a in an aeration experiment versus time (). One time unit equals 165
seconds. From the curve, it can be observed that the oxygen in (middle line at t = 0) and out (top line at t =0) follow a
logarithmic trend. The final value is reaching substantially to the saturation limit of 9.1 mg/L, which is the typical saturation
concentration at 20 °C for water. The dissolved oxygen concentrations in and out start at 2.5 mg/L and 3.3 mg/L respec-
tively, reaching convergence at 9 mg/L. Figure 5 also shows a representation of the K a (bottom line at t = 0) calculated.
[0104] In a further experiment, different size funnels have been used. The dimensions of the funnels are provided in
Table 2.

Table 2: Dimensions funnels

Size Small funnel | Medium funnel | Big funnel
Inlet diameter 9 mm 17 mm 30 mm
Outlet diameter 5mm 17 mm 30 mm
Cylinder diameter 153 mm 300 mm 600 mm
Cylinder height 68 mm 117 mm 220 mm
Funnel height 193 mm 940 mm 1290 mm
Total height 261 mm 1057 mm 1510 mm

[0105] Different flow regimes were provided to the medium funnel and big funnel by setting different low rates. Said
flow regimes are provided in Table 3.
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Table 3: Flow rates of different flow regimes

Flow regime Flow rate small funnel | Flow rate medium funnel | Flow rate big funnel
Restricted Schauberger 0.95-1.2 L/min 14.7 - 15.7 L/min 44 - 49 L/min
Twisted Schauberger 1.25-1.3 L/min 19.9 - 20.9 L/min 65 -77 L/min
Straight Schauberger 1.5-1.8 L/min 22.0 - 23.0 L/min 90 - 100 L/min

Table 4: K_a values of medium size funnel

In the different regimes the following oxygen transfer coefficients (K_a) per hour can be achieved for the small
funnel and medium funnel.
It is noted that the K a at 20 °C are corrected values, wherein said values are derived from the K a at 13 °C.

Small funnel

Medium funnel

Flow regime

K.a(T=13°C)

Hydraulic retention time

K.a (T =13 °C)

K.a (T = 20 °C)

Restricted Schauberger

3.0-6.5 (h")

39.3-43.9 (s)

4.7-13.8 (h-)

55-16.4 (h1)

Twisted Schauberger

22.6-29.0 (h")

30.6 - 36.6 (s)

21.8-52.5 (h-)

25.8-62.3 (h-1)

Straight Schauberger

17.0-22.4 ()

33.8-43.8 (s)

15.1-16.0 (h"")

17.9-19.0 (h")

[0108] Table 4 shows that an efficient and effective method for enhancing gas volumetric mass transfer was achieved.
[0109] In the medium funnel, the aeration capabilities of the vortex were used to oxidize Fe2* of natural ground water
to Fe3*. Depending on the pH and the regime, the oxidation efficiencies of Table 5 were achieved.

Table 5: Iron oxidation efficiencies of medium funnel

Flow regime pH6.9 | pH7.3 | pH7.7 | pH81 | pH8.5 | pH38.9
Restricted Schauberger | 3.4% 4.0% 4.5% 4.5% 9.2% 26.7%
Twisted Schauberger 6.3% 7.8% 9.3% 12.5% 18.5% | 55.8%
Straight Schauberger 4.7% 6.2% 6.5% 1.7% 11.3% | 34.7%

[0110] The abovementioned experiment shows that the method for enhancing gas volumetric mass transfer according
to the invention is efficient and effective. Furthermore, it is noted that the higher pH will increase the oxidation efficiencies
even further.

[0111] The presentinvention is by no means limited to the above described preferred embodiments and/or experiments
thereof. The rights sought are defined by the following claims within the scope of which many modifications can be
envisaged.

Claims
1. Method for enhancing gas volumetric mass transfer, comprising the steps of:
- providing an enhancing gas system comprising:
- an entry part comprising an entry room and a liquid inlet;
- a hyperbolic funnel operatively coupled with the entry part; and
- a back pressure regulator, which is operatively coupled with the outlet of the hyperbolic funnel;
- providing a liquid to the entry room via the liquid inlet;
- providing a gas to the entry room via a gas inlet; and

- providing a back pressure at the outlet of the hyperbolic funnel.

2. Method according to claim 1, further comprising the step of forming at least two phase flows extending from the
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entry part into the hyperbolic funnel, wherein the at least two phase flows form a multiple helix.

Method according to any one of the preceding claims, further comprising the step of measuring the liquid flow using
a flow meter, and/or further comprising the step of controlling the liquid flow and/or controlling the liquid to gas ratio.

Method according to any one of the preceding claims, further comprising the step of measuring the oxygen demand
level using an oxygen demand sensor.

Method according to any one of the preceding claims, further comprising the step of measuring the pH using a pH
Sensor.

Method according to any one of the preceding claims, further comprising the step of measuring the redox potential
using a redox potential sensor.

Method according to any one of the preceding claims, wherein the liquid is one or more selected from the group of:
fresh waste water, saline waste water, fresh drinking water, ground water, river water, rain water, surface water.

Method according to any one of the preceding claims, further comprising the step of providing a gas flow and/or an
air flow to the entry room, preferably comprising the step of providing an oxygen flow to the entry room.

Method according to any one of the preceding claims, wherein the hydraulic retention time in the hyperbolic funnel
is in the range of 10 seconds to 60 seconds, preferably 10 seconds to 40 seconds, and/or wherein the back pressure
is provided in the range of 0 mbar to 100 mbar, preferably is provided in the range of 2.5 mbar to 80 mbar, more
preferably is provided in the range of 20 mbar to 80 mbar, even more preferably is provided in the range of 50 mbar
to 75 mbar.

System for enhancing gas volumetric mass transfer, comprising:

- an entry part comprising an entry room and a liquid inlet positioned at a side of the entry room;

- a hyperbolic funnel operatively coupled with the entry part;

- a back pressure regulator, which is operatively coupled with the outlet of the hyperbolic funnel; and
- a regulator configured for regulating the liquid flow.

System according to claim 10, further comprising a flow meter operatively coupled with the liquid inlet, and/or further
comprising at least one sensor configured for measuring the oxygen demand level and/or pH and/or redox potential
of the liquid.

System according to claim 10 or 11, wherein the regulator comprises a control valve which is configured to adjust
the amount provided to the liquid inlet.

System according to any one of the claims 10 to 12, further comprising a gas inlet coupled to a gas source and
configured to provide gas to the entry room.

System according to any one of the claims 10 to 13, wherein the liquid inlet is tangential, wherein the liquid inlet is
positioned at an angle with the horizontal, wherein the angle is 5° to 10°, preferably wherein the angle is 6° to 8°,
more preferably wherein the angle is about 7°, and/or wherein the hyperbolic funnel has a length in the range of 90
cmto 100 cm, has an entry room radius in the range of 10 cmto 20 cm, and has an outlet radius in the range of 0.6
cmto 1 cm.

Use of a system according to any one of the claims 10 to 14 to perform the method according to any one of the
claims 1 to 9 to increase the oxygen level in a water stream.

10
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