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(57) Abstract: A vortex control device for modifying a vortex in a fluid stemming from a wall is disclosed. The device includes a
rotatable hub disposed within an opening in the wall. The device also includes an inlet port and an outlet port in the rotatable hub.
The inlet port forms a suction port to suction fluid from or about the vortex, and the outlet port forms an injection port to inject fluid
into or about the vortex.
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SYSTEMS AND METHODS FOR ACTIVELY CONTROLLING A VORTEX IN A
FLUID

CROSS-REFERENCE TO RELATED APPLICATIONS
[0001] The disclosure claims priority to and the benefit of U.S. provisional patent
application No. 62/583,538, filed November 9, 2017, which is incorporated by reference

herein in its entirety.

FIELD OF THE DISCLOSURE
[0002] The disclosure generally relates to vortices and more particularly relates to

systems and methods for actively controlling a vortex in a fluid.

BACKGROUND
[0003] Wall-bounded vortex arises in both nature and various engineering
applications. There have been efforts to understand the dynamics of vortices and to
develop techniques to modify their behavior. Flow control is often employed to diminish
the appearance of vortices or alter the characteristics of vortices in a liquid. For example,
in a sump pump, the emergence of submerged vortices may degrade pump performance.
If the submerged vortices are sufficiently strong, these vortices can include strong low-
pressure cores, which can entrain air/vapor along their vortex cores. If such hollow-core
vortices are engulfed by the pump, they can cause unbalanced loading and vibration,
leading to undesirable noise and possible structural failure. Strong wall-normal vortices
appear inside and outside of many fluid-based machines as well as in natural settings,
including tornadoes and hurricanes.
[0004] There have been numerous attempts to introduce passive vortex control
techniques to prevent the generation of the aforementioned vortices or alter their pressure
distributions. Yet passive control techniques do not offer the ability to adaptively adjust
the control efforts to unsteady flow conditions (beyond design conditions). Moreover,
some passive control devices are difficult to manufacture. Thus, these past efforts have
shortcomings in offering reliable techniques to modify the pressure distribution of these
vortices. Designing a more efficient and flexible vortex control strategy remains a

challenge.
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SUMMARY
[0005] In certain embodiments, a vortex control device for modifying a vortex in a
fluid stemming from a wall is disclosed. The device includes a rotatable hub disposed
within an opening in the wall. The device also includes an inlet port and an outlet port in
the rotatable hub. The inlet port forms a suction port to suction fluid from or about the
vortex, and the outlet port forms an injection port to inject fluid into or about the vortex.
The device may therefore alter a pressure distribution of the vortex by injecting

momentum perturbations to the flow.

BRIEF DESCRIPTION OF THE DRAWINGS
[0006] The detailed description is set forth with reference to the accompanying
drawings. The use of the same reference numerals may indicate similar or identical
items. Various embodiments may utilize elements and/or components other than those
illustrated in the drawings, and some elements and/or components may not be present in
various embodiments. Elements and/or components in the figures are not necessarily
drawn to scale. Throughout this disclosure, depending on the context, singular and plural
terminology may be used interchangeably.
[0007] FIG. 1 depicts a vortex control device in accordance with one or more
embodiments of the disclosure.
[0008] FIG. 2 depicts a vortex control device in accordance with one or more
embodiments of the disclosure.
[0009] FIG. 3 depicts a vortex control device in accordance with one or more
embodiments of the disclosure.
[0010] FIG. 4 depicts a vortex control device in accordance with one or more
embodiments of the disclosure.
[0011] FIG. 5 depicts a vortex model based on Burgers vortex in accordance with one
or more embodiments of the disclosure.
[0012] FIG. 6 depicts a computational setup for a vortex model in accordance with
one or more embodiments of the disclosure.
[0013] FIGS. 7A to 7D depict a baseline flow field visualization of an instantaneous
flow field in accordance with one or more embodiments of the disclosure.
[0014] FIG. 8 depicts a baseline flow field visualization of a vortex bursting structure

1n accordance with one or more embodiments of the disclosure.
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[0015] FIG. 9 depicts the control effect of counter- and co-rotating mass injection in
accordance with one or more embodiments of the disclosure.

[0016] FIG. 10 depicts the control effect of co-rotating mass injection in accordance
with one or more embodiments of the disclosure.

[0017] FIG. 11A depicts the control effect of co-rotating mass injection in accordance
with one or more embodiments of the disclosure.

[0018] FIG. 11B depicts the control effect of counter-rotating mass injection in
accordance with one or more embodiments of the disclosure.

[0019] FIG. 12 depicts a computational setup for a vortex model with an off-centered
control device in accordance with one or more embodiments of the disclosure.

[0020] FIG. 13 A depicts the location of the control device in a counter-rotating
simulation in accordance with one or more embodiments of the disclosure.

[0021] FIG. 13B depicts the time averaged flow fields for the counter-rotating
simulation in FIG. 13A in accordance with one or more embodiments of the disclosure.
[0022] FIG. 14A depicts the time-averaged vortex core pressure distributions along
the axial direction for co-rotating simulations in accordance with one or more
embodiments of the disclosure.

[0023] FIG. 14B depicts the time-averaged vortex core pressure distributions along
the axial direction for counter-rotating simulations in accordance with one or more
embodiments of the disclosure.

[0024] FIG. 15 depicts a vortex control device in accordance with one or more

embodiments of the disclosure.

DETAILED DESCRIPTION
[0025] The present disclosure is directed to spreading the core region of a coherent
wall-normal vortex and alleviating the low-pressure in the core in a flow field. Such
vortices are ubiquitous in nature and engineering systems, ranging from
hydrodynamic/aerospace applications to nature, such as hurricanes and subsurface
vortices. Many passive control techniques exist for wall-normal vortices, but none
include active flow control methods that can be applied in an adaptive manner. To solve
this problem, the present disclosure introduces a control device comprising forcing input
(e.g., a fluid jet and suction) at or near the core region of the vortex to destabilize the

local flow and spread the core region. The injected fluid modifies the dynamics of the



10

15

20

25

30

WO 2019/094691 PCT/US2018/059980

vertical flow and lowers the local angular velocity, increasing the core pressure of the
vortex. The increase of the pressure has engineering benefits because low pressure at the
core can create detrimental engineering effects for vortices in air and liquids. In some
instances, the forced input follows a sinusoidal form in time and in a co-rotating/counter-
rotating direction for effective breakup of the vortex.

[0026] The present disclosure provides a more adaptive technique than passive
controls for alleviating the low-pressure effect of the vortex core using active flow control
techniques. That is, the present disclosure provides a vortex control technique and device
for control of vortices stemming from the wall in different flow conditions. To achieve
this, two different types of control strategies are disclosed based on co-rotating and
counter-rotating mass injection and suction from the wall surface on which the vortex
resides. The control strategy is employed on the wall where the vortex core is positioned
and the mass injection/suction device is placed underneath the surface. The control
device may be centered or off-centered from the core of the vortex. The control input is
adjusted with its frequency, amplitude, and direction of mass injection/suction. The
control device may draw fluid from the system that the vortex is formed and inject said
fluid back into the system. That is, the same fluid in which the vortex is formed may be
injected/suctioned at or about the vortex. In other instances, the control device may inject
fluid from outside the system into the vortex. In some instances, injection/suction is
introduced from multiple locations in a rotational manner with respect to the vortex core.
These devices allow the control input to be tuned for vortices with different strengths.
[0027] Vortex Control Device

[0028] FIGS. 1-4 and 15 depict examples of a vortex control device 100. The vortex

control device 100 may be disposed at or below a wall plate 102 to which a vortex 104 is
pinned. The vortex 104 may be formed in a fluid. The fluid may be a liquid or a gas. In
some instances, a plurality of vortex control devices 100 may be used. That is, two, three,
or more of the vortex control devices 100 may be disposed at various locations about the
wall plate 102 around the vortex 104,

[0029] In certain embodiments, the vortex control device 100 includes a hub 106.

The hub 106 may be disposed within an opening 108 in the wall plate 102. In some
instances, the hub 106 includes a surface 110 that is flush with a surface 112 of the wall
plate 102. In other instances, the surface 110 of the hub 106 may not be flush with the
wall plate 102. That is, the surface 110 of the hub 106 may be recessed within the wall

4



10

15

20

25

30

WO 2019/094691 PCT/US2018/059980

plate 102, or the surface 110 of the hub 106 may protrude out from the wall plate 102.
The hub 106 may be any suitable size, shape, or configuration. The hub 106 may act as a
stationary or rotating manifold for the vortex control device 100.

[0030] In certain embodiments, as depicted in FIG. 1, the hub 106 is stationary. That
is, the hub 106 may not rotate. In such instances, the hub 106 may include a port 109.
The port 109 may be fixed in place and act as an inlet port (suction port) or an outlet port
(injection port) depending its attachment to a pump and the control device configuration.
In some instances, the port 109 is located at or near a core of the vortex 104. In other
instances, the port 109 is disposed around a perimeter of the vortex 104. The port 109
may be located in any suitable location at or about the vortex 104. The number of ports
109 may be increased. That is, a number of ports 109 may be located at or about the
vortex 104. In some instances, the ports 109 may all be suction ports. In other instances,
the ports 109 may all be injection ports. In yet other instances, some of the ports 109 may
function as injection ports while other ports 109 function as suction ports. In some
instances, the ports 109 may be operated simultaneously. In other instances, the ports 109
may be selectively operated. That is, some ports 109 may be turned “on” while other are
turned “off™ at certain, potentially variable, times.

[0031] The angle of the port 109 may be controlled (e.g., tilted or the like) to further
modify the vortex 104. For example, the blow or suction angle of the port 109 may be
adjusted relative to the surface 110 of the hub 106. In other instances, the hub 106 itself
may be manipulated (e.g., tilted) so as to adjust the blow and/or suction angles.

[0032] In one embodiment, the vortex control device 100 includes a pump 120 in
fluid communication with the hub 106. In some instances, the pump may be in fluid
communication with two conduits. For example, a first conduit 122 can be fluidly
coupled to the port 109 such that the port 109 functions as a suction port. In other
instances, the port 109 can be fluidly coupled to a second conduit 124 such that the port
109 functions as an injection port. The vortex control device 100 also may include a
valve 126 to control the mass flow of the vortex control device 100. In this particular
embodiment, the valve 126 is a rotary valve. However, any suitable valve 126 may be
used. In other instances, the mass flow may be controlled via an inverter to control the
pump speed.

[0033] As used herein, the term “fluidly couples™ refers to the coupled parts being

operably connected together and effective for a fluid to be communicated therebetween.
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[0034] In other instances, as depicted in FIGS. 2-4, the hub 106 rotates about a central
axis 114. In such instances, the hub 106 can rotate in either direction (i.e., clockwise or
counterclockwise). Depending on the rotation of the vortex 104, the hub 106 may rotate
with the vortex 104 (i.e., co-rotate) or rotate opposite the vortex 104 (i.e., counter-rotate).
[0035] In some instances, the hub 106 includes an inlet port 116 and an outlet port
118. The inlet port 116 may form a suction port, and the outlet port 118 may form an
injection port. In some instances, the inlet port 116 and the outlet port 118 are located at
or near a core of the vortex 104. In other instances, the inlet port 116 and the outlet port
118 are disposed around a perimeter of the vortex 104. The inlet port 116 and the outlet
port 118 may be located in any suitable location about the vortex 104. In some instances,
the vortex control device 100 may include a plurality of the number of inlet ports 116 and
outlet ports 118. When a plurality of inlet ports 116 and outlet ports 118 are present, the
inlet ports 116 and outlet ports 118 may be operated simultaneously. In other instances,
the inlet ports 116 and outlet ports 118 may be selectively operated, such as in a
predetermined sequence, e.g., serially. That is, some the inlet ports 116 and outlet ports
118 may be turned “on” while other are turned “off™ at various times.

[0036] In any case, fluid, e.g., aliquid, may be drawn into the inlet port 116 and
expelled out of the outlet port 118. As the hub 106 rotates within the wall plate 102, the
location of the inlet port 116 and the outlet port 118 may rotate about the central axis 114.
In some instances, the core of the vortex may be aligned with the central axis 114. In
other instances, the core of the vortex may be offset from the central axis 114. To modify
the vortex 104, the outlet port 118 is used to inject fluid, e.g., a liquid, into or about the
vortex 104, and the inlet port 116 is used to suction fluid from or about the vortex 104.
The inlet port 116 and the outlet port 118 may be operated simultaneously. That is, the
inlet port 116 may suction fluid from or about the vortex 104 at the same time that the
outlet port 118 injects fluid into or about the vortex 104. In other instances, the inlet port
116 and the outlet port 118 may not operate simultaneously. That is, only one of the inlet
port 116 and the outlet port 118 may operate at once.

[0037] In certain embodiments, the angle of the inlet port 116 and the outlet port 118
may be controlled (e.g., tilted or the like) to further modify the vortex 104. For example,
the blow angle of the outlet port 118 may be adjusted relative to the surface 110 of the
hub 106. Similarly, the suction angle of the inlet port 116 may be adjusted relative to the
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surface 110 of the hub 106. In other instances, the hub 106 itself may be manipulated
(e.g., tilted) so as to adjust the blow and/or suction angles.

[0038] In one embodiment, the vortex control device 100 includes a pump 120 in
fluid communication with the hub 106. For example, a first conduit 122 fluidly couples
the inlet port 116 to the pump 120, and a second conduit 124 fluidly couples the outlet
port 118 to the pump 120. The vortex control devices 100 also may include a valve 126
to control the mass flow of the vortex control device 100. In this particular embodiment,
the valve 126 is a rotary valve. However, any suitable valve 126 may be used. In other
instances, the mass flow may be controlled via an inverter to control the pump speed.
[0039] As depicted in FIG. 15, the vortex control device 100 may include a controller
128 in electrical communication with the various components of the vortex control device
100. The controller 128 may be any computing device capable of controlling the
operation of the vortex control device 100. The controller 128 may include one or more
processors in communication with one or more memory. In some instances, the controller
128 may include wireless communication capabilities. That is, the controller 128 may
wirelessly communicate with the various components of the vortex control device 100 or
other outside devices, such as a computer or server.

[0040] The controller 128 may be in communication with at least one hub actuator
130, which may be in electrical and/or mechanical communication with the hub 106. In
this manner, the hub actuator 130 may be configured to control the movement of the hub
106. For example, the hub actuator 130 may control the rotation or tilt of the hub 106 or
the ports associated therewith. The controller 128 also may be in communication with at
least one valve actuator 132, which may be in electrical and/or mechanical
communication with the valve 126. In this manner, the valve actuator 132 may be
configured to control the operation of the valve 126. In addition, the controller 128 may
be in communication with the pump 120. In this manner, the controller 128 may be
configured to control the operation of the pump 120.

[0041] Vortex Model

[0042] Extensive numerical simulation and experimental investigations were
performed on a vortex control device. For example, FIG. 5 depicts a vortex model using
Burgers vortex. Burgers vortex is an axis symmetric vortex subjected to an axial strain
field of constant strain rate y. The velocity field is expressed in cyclical coordinates (r, 6,

z) as
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size ao = 1, circulation: I' = 9.848, us, max = 1, and Re = I'/v = 5000.

[0043] In one example, a submerged vortex model was a modification of Burgers
vortex by ano-slip boundary condition along the symmetry plane. As depicted in FIG. 6,
ano-slip boundary condition was included along the symmetry plane. To examine the
effectiveness of the vortex control device using unsteady mass injection on the lower
control region, incompressible 3D direct numerical simulation (“DNS”) was performed
on the submerged vortex model generated by the Burger vortex velocity profile. In this
manner, FIG. 6 depicts the computational setup of a 3-D direct numerical simulation of
the submerged vortex model generated by the Burgers vortex-type velocity profile. In
this computation, the geometric setup was as follows: r radius ur; 6 azimuthal angle us;

and z axis uz,. The boundary conditions were defined as follows:

Lo ¥

du L Su
— o+ {5 At == .
Inlet : (ur, ue, uz); Outlet: s ¢ T odx ; and Bottom: u = 0. The control input

comprised unsteady mass injection imposed from the lower surface, where

o = Aces{f + w.tde™" where «, is the control frequency, and A is amplitude. The

control efforts were evaluated using

N P iii‘:%s.ss
Y i
= U0, & = o e ® . .
25T P emmaa o8 = 2,77 7% = ] (axial unit length); and
. i §° ot Rl e e
DG S 7 ? é ? {re e dfcds
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[0044] FIGS. 7A-7D and FIG. 8 depict a baseline flow field visualization of the
computational setup. FIGS. 7A to 7D depict the instantaneous flow field of the
computational setup, and FIG. 8 depicts the vortex bursting structure of the computational
setup.

[0045] Mass Injection

[0046] The vortex control devices disclosed herein provide effective unsteady forcing
for single-phase vortex modification. Co-rotating and counter-rotating forcing can excite
vortex wake and instability, respectively. In the co-rotating vortex control case, as

depicted in FIGS. 9 and 11A, the core pressure tends to be more uniform at the near-wall
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region. The low-pressure region enlarges but with increased pressure along the vortex
core axis and modifies the vortex behavior. In the co-rotating mass injection control, as
depicted in FIG. 11A, the toroidal structure encloses the columnar vortex, splits to the
thinner vortex rings, and sweeps upward. On the other hand, in the counter-rotating
vortex control case, as depicted in FIG. 10 and 11B, the low-core pressure increases
immediately at the lower core region, the vortex diffuses, and small-scale helical vertical
structures are stripped from the controlled vortex taking advantage of the hydrodynamic
instabilities. As depicted in FIG. 13B, during counter-rotating control, the columnar
vortex exhibits a waving structure, which is no longer vertical, especially in the higher
region. A number of small-scale short wavelength helical waves are stripped from the
columnar vortex and diffuse. Both co-rotating and counter-rotating forcing techniques
successfully increased the time-average core pressure of the vortex.

[0047] As depicted in FIGS. 9, 10, and A-11B, the two different control approaches
include mass injection/suction variation over time in a rotational manner. The overall
concept is applicable not only to a sump pump but also to wall-normal vortices in general,
which appear in a wide range of engineering and natural fluid flow settings.

[0048] Off-Centered Vortex Control

[0049] The robustness of the vortex control was evaluated using an off-centered
approach. That is, the vortex control device was disposed off-center from the core of the
vortex. As depicted in FIG. 12, actuation input was placed R away from the baseline
vortex center. R was normalized by the vortex core radius. Both co-rotating and counter-
rotating control inputs were examined. In particular, the robustness of the control to
increase core pressure was examined via numerical simulation. As depicted in Table 1,

six simulations were conducted with off-center control inputs.

Table 1
[0050] The arrow in FIG. 13 A indicates the location of the control device in a

counter-rotating simulation. In this simulation, A = 1; fc = 0.08; Q-criterion = 2 and e
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=2. FIG. 13B depicts the corresponding time averaged flow fields for the counter-
rotating simulation in FIG. 13A. Table 2 depicts the time-averaged vortex core pressure

distributions along the axial direction for co-rotating and counter-rotating simulations,

i Y
fmersmas C9 cofe
e

Where & SRR

P ganin Fryscrsase 73 Pinerense
Bl ~1.367 58.02%, ~2 093 3848%
Rl -2.503 36.58% -1.6490 50.18%
B -1.242 H3.58%% -2.3141 37.03%
B3 ~1.824 46455 ~1.533 A5.35%
Baseline -3.410 e -3.416 s
Table 2

[0051] FIG. 14A depicts the time-averaged vortex core pressure distributions along
the axial direction for co-rotating simulations, and FIG. 14B depicts the time-averaged
vortex core pressure distributions along the axial direction for counter-rotating
simulations. The control robustness has been assessed by shifting the action away from
the core vortex. Both co-rotation and counter-rotation off-centered control attained
significant vortex core pressure increases. The off-centered control setup confirms the
robustness of the vortex pressure increase device discussed above.

[0052] The disclosed device/technique enables the modification of the vortex and
alleviates the low-pressure core by introducing active mass injection/suction at ports on
the surface in a circulation arrangement around the vortex core (e.g., centered and off-
center). The blowing direction can be tuned but in general is oriented in a normal manner
to the surface. Suction is also introduced with injection at different ports but at the same

time. The strengths of injection and suction changes in time along the ports along their

10
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circular arrangement. The device can introduce mass injection and suction in a co-rotating
or counter-rotating manner with respect to the wall-normal vortex.

[0053] Although specific embodiments of the disclosure have been described,
numerous other modifications and alternative embodiments are within the scope of the
disclosure. For example, any of the functionality described with respect to a particular
device or component may be performed by another device or component. Further, while
specific device characteristics have been described, embodiments of the disclosure may
relate to numerous other device characteristics. Further, although embodiments have been
described in language specific to structural features and/or methodological acts, it is to be
understood that the disclosure is not necessarily limited to the specific features or acts
described. Rather, the specific features and acts are disclosed as illustrative forms of
implementing the embodiments. Conditional language, such as, among others, “can,”
“could,” “might,” or “may,” unless specifically stated otherwise, or otherwise understood
within the context as used, is generally intended to convey that certain embodiments
could include, while other embodiments may not include, certain features, elements,
and/or steps. Thus, such conditional language is not generally intended to imply that

features, elements, and/or steps are in any way required for one or more embodiments.
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CLAIMS

We claim:
1. A vortex control device for modifying a vortex in a fluid stemming from a wall,
the device comprising:

arotatable hub disposed within an opening in the wall; and

an inlet port and an outlet port in the rotatable hub, wherein the inlet port forms a
suction port which is configured to suction the fluid from or about the vortex, wherein the
outlet port forms an injection port which is configured to inject the fluid into or about the

vortex, and wherein the suctioning and the injecting of the fluid is effective to disrupt the

vortex.

2. The device of claim 1, wherein a surface of the hub is flush with a surface of the
wall.

3. The device of claim 1, wherein the inlet port and the outlet port are located at or

near a core of the vortex.

4, The device of claim 1, wherein the inlet port and the outlet port are disposed

around a perimeter of the vortex.

5. The device of any one of claims 1 to 4, wherein the hub is configured to co-rotate

with the vortex.

6. The device of any one of claims 1 to 4, wherein the hub is configured to counter-

rotate with the vortex.
7. The device of any one of claims 1 to 4, wherein the inlet port is configured to
suction fluid from or about the vortex at the same time that the outlet port is configured to

inject fluid into or about the vortex.

8. The device of claim 7, wherein an angle, rotation speed/direction, and

blowing/suction rate of the inlet port and/or the outlet port are controllable.

12
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9. The device of claim 1, further comprising a pump in fluid communication with the
hub.
10. The device of claim 9, further comprising a valve configured to control a mass

flow of the fluid from the inlet port and to the outlet port.

11. The device of claim 1, which is configured to be off-set from a vortex core of the

vortex.

12. A method of disrupting a vortex in a fluid, the method comprising:
suctioning the fluid from or about the vortex; and
injecting the fluid into or about the vortex,
wherein the suctioning and the injecting of the fluid is effective to disrupt the

vortex.
13. The method of claim 12, further comprising:
rotating a location of an inlet of the suction of the fluid about the vortex; and

rotating a location of an outlet of the injection of the fluid about the vortex.

14. The method of claim 13, wherein the location of the suction and injection are

configured to co-rotate with the vortex.

15. The method of claim 14, wherein the location of the suction and injection are

configured to counter-rotate with the vortex.

16. The method of any one of claims 12 to 15, further comprising offsetting a control

device from a vortex core of the vortex.

17.  The method of any one of claims 12 to 15, wherein the fluid comprises water in a

sump basin.

13



WO 2019/094691 PCT/US2018/059980

18. A method for modifying a vortex in a fluid, the method comprising:
rotating a suction port and an injection port about the vortex;
suctioning the fluid from or about the vortex; and

injecting the fluid into or about the vortex.

19. The method of claim 18, wherein the suction port and the injection port are

configured to co-rotate with the vortex or counter-rotate with the vortex.

20. The method of claim 19, further comprising:
rotating a location of an inlet of the suction port about the vortex; and

rotating a location of an outlet of the injection port about the vortex.

21.  The method of any one of claims 18 to 20, wherein the fluid is a liquid.

22. The method of claim 21, wherein the suctioning and the injecting of the fluid is

effective to disrupt the vortex.

23. A method for modifying a vortex in a liquid, the vortex stemming from a wall
plate, the method comprising:
operating the vortex control device of claim 1 in a manner effective to modify and

disrupt the vortex.

24, The method of claim 23, wherein the operating comprising:
rotating a location of the suction port about the vortex; and

rotating a location of the injection port about the vortex.

25. The method of claim 24, wherein the suction port and the injection port are

configured to co-rotate with the vortex or counter-rotate with the vortex.

26. A system for disrupting a vortex in a liquid, the system comprising;
a rotatable hub which comprises an inlet port and an outlet port, wherein the inlet
port is operable as a suction port to suction the liquid about the vortex, and the outlet port

is operable as an injection port to inject liquid into or about the vortex;

14



WO 2019/094691 PCT/US2018/059980

a pump in fluid communication with the hub; and

a valve configured to control a mass flow of the liquid from the inlet port and to
the outlet port.

a controller operably connected to the pump and the valve to control the rate of

suction of liquid into the inlet port and/or the rate of injection of liquid to outlet port.

27. The system of claim 26, wherein the controller is operably connected to the hub to

control the angle, rotation speed, and/or rotation direction of the hub.

15
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