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(57) ABSTRACT

Apparatus and techmques are described for monitoring slosh
of a liquid within a propellant tank. The approaches
described herein can use an electromagnetic transmitter
positioned at a {first location on or within the tank, the
clectromagnetic transmitter coupled to a source of electro-
magnetic energy and arranged to establish a specified elec-
tromagnetic field configuration within the tank using a signal
from the source, and an electromagnetic receiver positioned
at a diflerent second location on or within the tank, the
clectromagnetic receiver arranged to sense an electromag-
netic field established within the tank by the electromagnetic
transmitter. A control circuit can be coupled to the electro-
magnetic receiver, the control circuit configured to deter-
mine a characteristic of a spatial configuration of the liquid
using the sensed electromagnetic field. The characteristic
can include one or more of a position, a quantity, or a spatial
distribution of the liquid, as an 1llustration.
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ELECTROMAGNETIC SLOSH AND LIQUID
POSITION DETECTION

CLAIM OF PRIORITY

[0001] This patent application claims the benefit of prior-
ity of Rojas et al., U.S. Provisional Patent Application Ser.
No. 63/080,490, titled “RADIO-FREQUENCY BASED
SLOSH AND LIQUID POSITION DETECTION,” filed on

Sep. 18, 2020 (Attorney Docket No. 4568.009PRV), which
1s hereby incorporated by reference herein 1n its entirety.

FIELD OF THE DISCLOSURE

[0002] This document pertains generally, but not by way
of limitation, to liquid position or liquid motion monitoring,
and more particularly to electromagnetic-based liquid posi-
tion or liquid motion monitoring, such as for slosh and liquid
position detection in propellant tanks.

BACKGROUND

[0003] Vehicles with liquid-filled tanks can be subject to

inertial sloshing forces induced by vehicle motion. Mechani-
cal interaction occurs when there 1s relative movement
between a vessel and a liquid contained therein. This liquid-
vessel 1nteraction, which 1s known as an 1inertial wave,
aflects the overall dynamic behavior of the vessel, such as a
container or tank, and can aflect a vehicle housing or
carrying such a vessel. Liquid slosh 1s a recognized dynamic
phenomenon 1n the aerospace engineering field and 1s con-
sidered 1n relation to spacecralt, ships, and aircrait, as well
as 1 road or rail-based vehicles such as tank wagons, tank
trucks, or tank railcars. Spacecrait are particularly vulner-
able to slosh, which can induce unwanted dynamic behavior,
such as un-commanded oscillation or rotation.

SUMMARY OF THE DISCLOSURE

[0004] The present inventors have recognized that gener-
ally applied mitigation techniques for sloshing can present
vartous drawbacks, such as a large weight penalty. For
example, 1n one approach, tank sloshing 1s addressed
through passive means for mitigating forces and through
mechanical analysis, such as for quantitying the sloshing
forces. Such passive technologies can include fixed baftiles,
slotted plates or tabs, or other mechanical features that are
built into or 1nstalled within the tank. Baflles, for example,
are simple but cannot fully eliminate sloshing forces. In
addition, baflles add design and construction complexities to
the tank as well as weight. In another approach, either
alternatively or 1n addition to passive techniques, sloshing
forces not addressed through tank configuration can be
accounted for in guidance, navigation, and control (GNC)
systems, such as counteracted with onboard thrust or inertial
systems.

[0005] For spacecratt, for example, modeling of sloshing
ellects 1n propellant tanks can be used to bound the sloshing
forces, such as to aid in the implementation of GNC systems
and dynamic control features of a spacecrait, such as thrust-
ers or mnertial gyroscopes. The present inventors have also
recognized that uncertainty 1n the modeling can result esti-
mating the sloshing forces 1n such a manner that conserva-
tive tolerances result in larger, heavier, components for
counteracting sloshing forces. To help address such chal-
lenges, the present inventors have recogmized that active
monitoring of the liqud (e.g. propellant) properties 1n tanks
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can help reduce uncertainty 1n sloshing forces and provide
more accurate information to the GNC systems, for
example, such as capturing an actual liquid configuration
state or other parameters 1n real time or near-real-time. Use
of an active approach for slosh monitoring for feedback can
allow a reduction 1n size or weight of passive features such
as baflle systems, or a reduction in forces associated with use
ol thrusting or inertial control systems. Generally, the pres-
ent subject matter can generally provide liquid configuration
monitoring, such as liquid position data, 1n a non-invasive
and reliable manner. The approaches herein do not require
moving parts and can function in inertial or accelerated
frames.

[0006] In an example, a system for monitoring slosh of a
liquid within a propellant tank can include an electromag-
netic transmitter positioned at a first location on or within the
tank, the electromagnetic transmitter coupled to a source of
clectromagnetic energy and arranged to establish a specified
clectromagnetic field configuration within the tank using a
signal from the source, an electromagnetic receirver posi-
tioned at a diflerent second location on or within the tank,
the electromagnetic receiver arranged to sense an electro-
magnetic field established within the tank by the electro-
magnetic transmitter, and a control circuit coupled to the
clectromagnetic recerver, the control circuit configured to
determine a characteristic of a spatial configuration of the
liquid using the sensed electromagnetic field. The liquid can
include fuel or oxidizer, as illustrative examples. The elec-
tromagnetic transmitter can include an antenna structure or
coupler configured to excite a cavity structure defined by a
vessel such as a tank, or a portion thereof.

[0007] In an example, a technique such as a method can
include monitoring slosh of a liquid within a propellant tank,
the method comprising establishing a specified electromag-
netic field configuration within the tank using an electro-
magnetic transmitter at a first location, sensing an electro-
magnetic field established within the tank by the
clectromagnetic transmitter using an electromagnetic
receiver at a different second location, and using a control
circuit, determining a characteristic of a spatial configura-
tion of the liguid using the sensed electromagnetic field.

[0008] The determination of the characteristic of the spa-
tial configuration can include using a model-based approach
or otherwise using stored representations of different can-
didate liquid configurations. In yet another example, a
technique such as a method can be used for establishing data
related to candidate liquid configurations for use 1 moni-
toring slosh of a liquid within a propellant tank, the method
comprising establishing a specified electromagnetic field
configuration within the tank using an electromagnetic trans-
mitter at a first location, sensing an e¢lectromagnetic field
established within the tank by the electromagnetic transmit-
ter using an electromagnetic receiver at a different second
location, and using a control circuit, associating an indepen-
dently measured characteristic of a spatial configuration of
the liquid with at least one determined value associated with
a resonance corresponding to the sensed electromagnetic

field.

[0009] This summary 1s mtended to provide an overview
ol subject matter of the present patent application. It 1s not
intended to provide an exclusive or exhaustive explanation
of the mvention. The detailed description 1s included to
provide further information about the present patent appli-
cation.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0010] Inthe drawings, which are not necessarily drawn to
scale, like numerals may describe similar components 1n
different views. Like numerals having different letter sui-
fixes may represent diflerent instances of similar compo-
nents. The drawings illustrate generally, by way of example,
but not by way of limitation, various embodiments discussed
in the present document.

[0011] FIG. 1 i1llustrates an example of a system that can
include a tank having a liquid (e.g., propellant) blob 1nside,
along with an electromagnetic transmitter and an electro-
magnetic receiver.

[0012] FIG. 2A and FIG. 2B 1llustrate field distribution for
two different transverse electric (TE) modes corresponding,
to resonant frequencies 1, and 2(1,), respectively.

[0013] FIG. 2C 1s an 1illustrative example showing
expected shifts changes in the transmission S-parameter
magnitude response of a tank, such as in response to a
presence versus an absence of a liquid.

[0014] FIG. 3 15 an illustrative example comprising a tank
configuration that 1s used to generate the simulated trans-
mission S-parameter magnitude responses shown 1n FIG. 4.
[0015] FIG. 4 1s an illustrative example comprising a
simulated transmission S-parameter magnitude response of
the tank configuration of FIG. 3 for different liquid locations
(c.g., different AZ values of 14 millimeters (mm), 28 mm,
and 42 mm, respectively).

[0016] FIG. 5A 1s another 1llustrative example comprising
a tank configuration that 1s used to generate the simulated
transmission S-parameter magnitude responses shown in
FIG. 6A, corresponding to different locations of the liqud
sphere along a linear axis.

[0017] FIG. 3B shows in detail a portion of FIG. 5A

corresponding to the electromagnetic recerver.

[0018] FIG. 6A 1s an 1illustrative example comprising a
simulated transmission S-parameter magnitude response of
the tank configuration of FIG. 5A for different liquid loca-
tions (e.g., different Ax values).

[0019] FIG. 6B 1s an illustrative example comprising
experimentally obtained transmission S-parameter magni-
tude response ol the tank configuration of FIG. SA for
different liquid locations (e.g., different Ax values) and FIG.
6C shows the corresponding transmission S-parameter
phase responses.

[0020] FIG. 7A 1s an illustrative example comprising
experimentally obtained transmission S-parameter magni-
tude response peak values for the tank configuration of FIG.
5A for different liquid locations (e.g., different Ax values)
and FIG. 7B shows corresponding simulated transmission
S-parameter magnitude response peak values for selected
liquid locations.

[0021] FIG. 81s a block diagram illustrating an example of
a machine upon which one or more examples may be
implemented, at least 1n part.

DETAILED DESCRIPTION

[0022] A physical characteristic such as a spatial configu-
ration (e.g., quantity or position) of a liquid within a tank can
be determined using an electromagnetic sensing approach.
For example, by treating the tank as a resonating cavity,
movement of the fuel 1nside will produce one or more of a
shift 1n resonant frequencies (e.g., 1 electromagnetic reso-
nances) or a change in quality factor (e.g., a change in
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damping behavior), as illustrative examples. Such eflfects
result from differing dielectric properties air, gas, or
vacuum, compared to the liquid 1n the tank (e.g., a liquad
comprising a propellant constituent such as an oxidizer or a
fuel). As shown generally below, a sphere of a dielectric
medium such as distilled water can be moved linearly across
a resonating cavity, and observed scattering parameters (e.g.,
a transmission scattering parameter, S,,) also changes.
Accordingly, use of a frequency domain technique can be
used to determine a characteristic of a spatial configuration
of a liquid, even 1n microgravity environments, and without
requiring moving parts such as floats or mechanical sensors.

[0023] Generally, the examples disclosed herein describe
systems and methods that can be used for monitoring a
position or other characteristic of propellent in a tank such
as for provision to a GNC system. Generally, the examples
disclosed herein use an time-varying electromagnetic exci-
tation scheme (e.g., a “radio frequency (RF)” technique such
as using a specified range of frequencies in the microwave
frequency range) to measure one or more characteristics of
a liquid inside the tank. For an example, two electromag-
netic transducers (e.g., antennas or couplers) are electro-
magnetically coupled with the tank. For example, an elec-
tromagnetic transmitter can be positioned on one of side of
the tank and an electromagnetic receiver can be positioned
on an opposite side. An electromagnetic receiver can detect
the electromagnetic field intensity which changes as the
center-ol-mass of the propellent moves throughout the tank.
By measuring the electromagnetic field intensity relative to
a tank resonance, a position of the center-of-mass of the
propellent can be estimated. The techmiques herein are
suitable for tanks comprising an electrically conductive
material, as an illustrative example. Generally, the present
subject matter can be used for estimating in real-time or
near-real-time (e.g., with suthiciently low latency to permit
functioning of guidance or control), the position or another
characteristic of a liquid inside of a tank. Such a measured
characteristic (or multiple such characteristics) can be used
by a vehicle control system to suppress or inhibit potential
adverse eflect of slosh, such as suppressing or preventing
unwanted oscillation and rotation. For example, by measur-
ing the movement of the liquid, reactive measures can be
taken by activating thrusters to mitigate the interaction of the
liquid with the spacecrait or otherwise suppress unwanted
dynamic behavior relating to propellent or other liquid
movement within a tank.

[0024] FIG. 1 illustrates an example of a system 100 that
can 1nclude a tank 106 having a liquid 102 (e.g., propellant)
blob 1nside, along with an electromagnetic transmitter 124
and an electromagnetic receiver 122. The propellant tank
106 can include an electromagnetic transmitter 124 (e.g., an
antenna structure, waveguide, horn, or other structure to
couple electromagnetic energy from the source to the inte-
rior of the tank 106) at a first location, such as driven by a
frequency-sweeping RF source 104, and the electromagnetic
receiver (€.g., another antenna structure, waveguide, horn, or
other structure) can be located at a second location. The
system 100 can include a receiver circuit 112, such as 1n
communication with a control circuit 110, to determine
resonant frequencies or resonant bandwidth ranges for dif-
ferent resonant modes corresponding to the tank 106 and
liquid 102 configuration. As an 1llustration, a location of one
or more resonant peaks in the transmission scattering params-
eter response or other transmission measurement can be
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used to determine a relative or absolute position (e.g., in
cartesian X,Y,7Z coordinates or in another coordinate frame)
of the liguid 102 1nside the tank 106, or a center of mass 108
related thereto. Various resonant modes can have a corre-
sponding different electromagnetic field distribution inside
the tank 106. Resonance characteristics (e.g., Ifrequency,
peak magnitude, bandwidth or quality factor) may be more
sensitive to the material present where the electromagnetic
field intensity 1s high for the spatial field distribution cor-
responding to a specific resonance. Accordingly, electro-
magnetic modes can be selected (e.g., either using a speci-
fied spatial location or arrangement ol transmitters or a
speciflied range of frequencies, or a combination of specified
spatial transmission and frequency characteristics) to pro-
vide desired spatial selectivity within the tank 106.

[0025] The control circuit 110 can include one or more
processor circuits (e.g., a processor 114) such as coupled to
a memory circuit 116, where the memory circuit stores
instructions that, when executed by the processor 114, cause
the system 100 to transmit electromagnetic energy using the
transmitter 124 and to receive electromagnetic energy using,
the receiver 122, and to determine a characteristic of the
liquid 102, such as providing data indicative of the charac-
teristic to other portions of the system 100, such as a
guidance, navigation, and control (GNC) system 118, or to
display 120 for presentation to a user.

[0026] The techniques described herein can be referred to
generally as “resonance gauging.” Generally, electromag-
netic resonance gauging works by exciting one or more
specified modes 1 a tank and comparing measured field
behavior to simulated results, or logged results correspond-
ing to different liquid configurations. For example, by find-
ing the best fit between the measured field behavior and a
simulated candidate profile, an estimate or approximation
for a liquid characteristic (such as a quantity, center of
gravity, or other indicium of spatial configuration such as
position) can be obtained. Modes that can be used include
transverse modes (such as transverse electric field modes as

described below), or other modes (e.g., propagating or
evanescent modes, more generally).

[0027] Forexample, successive higher order modes can be
excited and one or more of a resonant frequency and
associated quality factor, O, can be determined. From an
analytical standpoint, a resonance of a wave 1n a cavity 1s
generally dependent upon the size of the cavity and can be
determined using the formula:

Ckmn.{ (1)

where 1, 1s the resonant frequency at the given mode, k__ .
1s the wave number for the given mode, ¢ 1s the speed of
light, and p, and €, are the relative permeability and permit-
tivity of the cavity material, respectively. By modifying the
contents of the cavity, both 1 and €, are changed, causing the
resonant frequency to shift. At the same time, 1t will also
modity higher order TM modes. Due to the shift in resonant
frequency, the quality factor of the signal should also be
modified and can be approximated using;:
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fmn.‘,’ (2)

Q?"&f

where Af 1s the bandwidth of the resonant frequency. By
analyzing S,, of the cavity resonator, the resonance and
quality factor for respective observed modes can be
obtained. By comparing these to modeled behavior or prior
measurements, it 1s possible to get one or more of a quantity
or a position of a liquid (e.g., propellant) 1n the cavity. By
measuring one of the quantity or the position of the hiquid
102, or both, a movement of the liquid 102 can be tracked,
and reactive measures can be taken such as by activating
thrusters to suppress or inhibit the interaction of the liquid
with a vehicle such as spacecrait, for example.

[0028] FIG. 2A and FIG. 2B 1illustrate field distribution for

two different transverse electric (1TE) modes corresponding
to resonant frequencies 1, and 2(1,), respectively and FIG.
2C 1s an 1illustrative example showing expected shiits
changes 1n the {transmission S-parameter magnitude
response of a tank, such as 1n response to a presence versus
an absence of a liquid. As shown 1n FIG. 2A, the TE, , mode
has a single spatial location of peak intensity and the
resonant frequency, resonant peak level, and bandwidth wall
be most sensitive to the material that 1s located at the region
230A highlighted as sensitive in FIG. 2A. For the TE,,
mode, which 1s expected at approximately twice the fre-
quency depending on the material distribution, the electric
field has two locations having peak field intensity, and 1ts
characteristics are more sensitive to the liquid material at
these peaks, and surrounding regions 230B and 230C, which
are 1n a different location when compared with the TE,,
mode of FIG. 2A. The TE modes will continue to increase
the numbers of peaks as frequency increases, having n
peaks, at around nf0, where 10 1s the first TE resonance
frequency when the tank 1s empty. FIG. 2C illustrates the
expected S-parameter response of the propellant tank for the
TE,, and TE,, modes (Correspondmg to a peak at 1, and a
peak at 2xf,, respectively), in both empty and ﬁlled condi-
tions. As shown illustratively i FIG. 2C, a resonant peak
frequency or a transmission S-parameter magnitude, or both,
can shift between an empty state and a state where liquid 1s
present, and such shifts can also occur as the liquid moves
within the tank. The magmtude shifts are represented by
AlS,,la (e.g., TE;, mode) AlS,, b (e.g., TE,, mode) values,
and the frequency shifts are represented by Af, and Af,
values.

[0029] FIG. 3 15 an illustrative example comprising a tank
configuration that i1s used to generate the simulated trans-
mission S-parameter magnitude responses shown 1n FIG. 4,
which 1s an illustrative example comprising a simulated
transmission S-parameter magnitude response of the tank
configuration of FIG. 3 for different liquid locations (e.g.,
different AZ values of 14 millimeters (mm), 28 mm, and 42
mm, respectively). In FIG. 3, a tank 306 1s model having a
finite vessel wall thickness, with a liquid 302 block located
within the tank 306. A transmitter 324 1s located on one wall
ol the tank 306 and a receiver 322 1s located elsewhere. The
transmitter 324 and receiver 322 can include short antennas
or other structures to couple electromagnetic energy 1nto the
tank 306. The tank interior cavity dimensions are 99.54 mm,
98 mm, and 70 mm, respectively, in the X, Y, and Z axes, and
a blob position of AZ measured from the bottom of the
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cavity. Referring to FIG. 4, a simulation of the S-parameter
response of the tank 306 with a liguid 302 (modeling a
propellant blob) inside was performed using Ansys High-
Frequency Structure Simulator (HFSS). In particular, FIG. 4
illustrates the simulated response of the cavity for AZ values
of 14 mm (at 300), 28 mm (at 302), and 42 mm (at 304). The
resonance and anti-resonance frequencies, as well as the
quality factor values, are functions of the position of the
liquid 302 (AZ). Note that other transverse electric (TE) and
transverse magnetic (ITM) modes can also be used ifor
detecting position of the liquid, and the modes spanning the
frequency range 1n FIG. 4 are merely illustrative.

[0030] As mentioned elsewhere herein, 1n one approach, a
characteristic of a liquid within a tank can be determined by
comparing measured data acquired using an electromagnetic
receiver against candidate frequency-domain profiles or
other data, such as candidate profiles corresponding to
different candidate liquid configurations (in terms of quan-
tity or spatial extent of liquid, for example).

[0031] FIG. SA 1s another 1llustrative example comprising
a tank configuration that 1s used to generate the simulated
transmission S-parameter magnitude responses shown in
FIG. 6A, corresponding to different locations of the liqud
sphere along a linear axis, and FIG. 3B shows 1n detail a
portion of FIG. 5A corresponding to the electromagnetic
receiver. In FIG. 5A and FIG. 5B, the modeled tank 506 can
be established 1n a simulation tool (e.g., HFSS), along with
an electromagnetic transmitter 524 and an electromagnetic
receiver 322, such as having locations similar to those
shown 1n FIG. 3. Knowing the physical dimensions of the
tank 506, resonant modes were calculated to occur at 2.148
gigahertz (GHz), 3.380 GHz, and 4.773 GHz 1n a 99.54 mm
by 98 mm by 70 mm tank. Simulations were run using HESS
by moving a sphere 502, having a radius of 20 mm, in
increments of 10 mm across the x-axis of the tank. The
sphere 502 was modeled as comprising distilled water,
which can be modeled as having a relative dielectric con-
stant of about 81 1n the frequency range of interest. Without
being bound by theory, similar behavior 1s expected when
the tank 506 1s filled with a propellant such as fuel or
oxidizer. In this manner, the sphere 502 acts as a proxy for
common propellants such as hydrazine, which has a dielec-
tric constant of 52 in the frequency range of interest.

[0032] FIG. 6A 1s an 1illustrative example comprising a
simulated transmission S-parameter magnitude response of
the tank configuration of FIG. 5A for different liquid (e.g.,
sphere 502) locations (e.g., different Ax values). The simu-
lations shown 1n FIG. 6 A can be compared to actual experi-
mentally obtained magnitude responses, as shown i FIG.
6B. FIG. 6B i1s an illustrative example comprising experi-
mentally obtained transmission S-parameter magnitude
response of the tank configuration of FIG. 5A for different
liquid locations (e.g., different Ax values) and FIG. 6C
shows the corresponding transmission S-parameter phase
responses. FIG. 6C illustrates that experimentally obtained
phase responses also illustrate detectable differences in
phase 1n response to movement of the spherical liquid
phantom within the tank. For the experimentally obtained
S-parameter measurements, the tank was fabricated using 10
pieces of Yisth inch 110 Copper cut and bent to form the
dimensions specified by the HFSS model. SMA bulkhead
connectors were placed 1n both of the specified locations as
well. The CAD file for this physical model was imported
into HFSS and simulated as a confirmation that the subtle
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changes 1n geometry would have a negligible effect on the
S-parameter responses for frequencies of interest. The cop-
per sheets were milled, bent, and soldered together with
63/37 solder, and tolerances were verified to within plus or
minus 5 mm.

[0033] The testing method included incrementing the
phantom sphere x-position through the cavity and measuring
the S-parameter response with a Vector Network Analyzer
(VNA). A regulation sized ping-pong ball (40 mm diameter)
filled with distilled water was used as the test entity, mim-
icking the previously simulated sphere. To increment the
position of the test enfity, cylindrical foam standofls were
constructed of heights varying from 5 mm to S0 mm 1n 5 mm
increments and placed under the ball. These standoils were
drilled through axially, providing a hole used to consistently
align standoils 1n the center of the cavity along with the test
entity. The VNA was configured to perform sweeps from 2-5
GHz with the Intermediate Frequency (IF) bandwidth set to
100 Hz. The empty cavity response was measured five
separate times, ensuring the cavity lid was repeatably seated
correctly and responses were then measured for each of the
standofls. This approach 1llustrates generally that candidate
liquid positions and corresponding profiles can be estab-
lished eitther experimentally or using simulation, or both.

[0034] One approach to automate determination of a char-
acteristic of a liquid can include detecting a peak frequency
and a corresponding magnitude 1n a swept-irequency trans-
mission S-parameter measurement. FIG. 7A 1s an 1llustrative
example comprising experimentally obtained transmission
S-parameter magnitude response peak values for the tank
configuration of FIG. 5A for different liquid locations (e.g.,
different Ax wvalues) and FIG. 7B shows corresponding
simulated transmission S-parameter magnitude response
peak values for selected liquid locations. The plots shown 1n
FIG. 7A and FIG. 7B were obtained using a peak detection
script implemented 1n MATLAB (available from Math-
works, Natick, Mass., USA). In the examples of FIG. 7A and
FIG. 7B, peak magnitude extraction was performed for the
frequency range of 4-4.5 GHz. The detected peaks were then
plotted as individual points. Generally, a visible trend exists
in FIG. 7A and FIG. 7B corresponding to movement of a
liquid phantom and a corresponding frequency or magnitude
of a detected peak in a transmission S-parameter obtained
using electromagnetic excitation and sensing as shown in
FIG. 7A (or corresponding simulation as shown in FIG. 7B).

[0035] The empirical and simulation-based approaches
mentioned above can be used to establish candidate liquid
configurations. For example, a method for establishing data
related to candidate liquid configurations for use 1 moni-
toring slosh of a liquid within a propellant tank can include
establishing a specified electromagnetic field configuration
within the tank using an electromagnetic transmitter at a first
location, sensing an electromagnetic field established within
the tank by the electromagnetic transmitter using an elec-
tromagnetic recerver at a diflerent second location, and using
a control circuit, associating an independently measured
characteristic of a spatial configuration of the liquid with at
least one determined value associated with a resonance
corresponding to the sensed electromagnetic field. Such
independent measurement can include filling the tank with
known quantities of the liquid, or using a phantom vessel
(e.g., a sphere or other container) similar to other examples
herein. Alternatively, or 1n addition, candidate liquid con-
figurations can be simulated, and corresponding frequency
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domain profiles or other characteristics such as resonant
peak frequencies, peak magnitudes, phase values, or quality
factor values can be determined, corresponding to a candi-
date liquid profile that can then be matched or correlated
with an observed characteristic.

[0036] FIG. 81sablock diagram illustrating an example of
a machine 800 upon which one or more examples may be
implemented, at least 1n part. For example, the machine 800
can be included as a portion of the control circuit 110, such
as comprising onboard processor or computer for an aircrait
or spacecrait. Examples, as described herein, may include,
or may operate by, logic or a number of components, or
mechanisms in the machine 800. Circuitry (e.g., processing,
circuitry) 1s a collection of circuits implemented in tangible
entities of the machine 800 that include hardware (e.g.,
simple circuits, gates, logic, etc.). Circuitry membership
may be tlexible over time. Circuitries include members that
may, alone or in combination, perform specified operations
when operating. In an example, hardware of the circuitry
may be immutably designed to carry out a specific operation
(e.g., hardwired). In an example, the hardware of the cir-
cuitry may include variably connected physical components
(c.g., execution units, transistors, simple circuits, etc.)
including a machine readable medium physically modified
(c.g., magnetically, electrically, moveable placement of
invariant massed particles, etc.) to encode instructions of the
specific operation. In connecting the physical components,
the underlying electrical properties of a hardware constituent
are changed, for example, from an insulator to a conductor
or vice versa. The instructions enable embedded hardware
(e.g., the execution units or a loading mechanism) to create
members ol the circuitry in hardware via the variable
connections to carry out portions of the specific operation
when 1n operation. Accordingly, 1n an example, the machine
readable medium elements are part of the circuitry or are
communicatively coupled to the other components of the
circuitry when the device 1s operating. In an example, any of
the physical components may be used in more than one
member ol more than one circuitry. For example, under
operation, execution units may be used 1n a first circuit of a
first circuitry at one point in time and reused by a second
circuit 1n the first circuitry, or by a third circuit in a second
circuitry at a different time. Additional examples of these
components with respect to the machine 800 follow.

[0037] In alternative embodiments, the machine 800 may
operate as a standalone device or may be connected (e.g.,
networked) to other machines. In a networked deployment,
the machine 800 may operate 1n the capacity of a server
machine, a client machine, or both in server-client network
environments. In an example, the machine 800 may act as a
peer machine 1n peer-to-peer (P2P) (or other distributed)
network environment. The machine 800 may be a personal
computer (PC), a tablet PC, a set-top box (STB), a personal
digital assistant (PDA), a mobile telephone, a web appli-
ance, a network router, switch or bridge, or any machine
capable of executing instructions (sequential or otherwise)
that specily actions to be taken by that machine. Further,
while only a single machine i1s 1illustrated, the term
“machine” shall also be taken to include any collection of
machines that individually or jointly execute a set (or
multiple sets) of instructions to perform any one or more of
the methodologies discussed herein, such as cloud comput-
ing, soltware as a service (SaaS), other computer cluster
configurations.
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[0038] The machine (e.g., computer system) 800 may
include a hardware processor 802 (e.g., a central processing
umt (CPU), a graphics processing unit (GPU), a hardware
Processor core, or any combination thereof), a main memory
804, a static memory (e.g., memory or storage for firmware,
microcode, a basic-input-output (BIOS), unified extensible
firmware 1nterface (UEFI), etc.) 806, and mass storage 808
(e.g., hard drive, tape drive, flash storage, or other block
devices) some or all of which may communicate with each
other via an interlink (e.g., bus) 830. The machine 800 may
further include a display unit 810, an alphanumeric nput
device 812 (e.g., a keyboard), and a user interface (UI)
navigation device 814 (e.g., a mouse). In an example, the
display unit 810, input device 812 and Ul navigation device
814 may be a touch screen display. The machine 800 may
additionally include a storage device (e.g., drive unit) 808,
a signal generation device 818 (e.g., a speaker), a network
interface device 820, and one or more sensors 816, such as
a global positioning system (GPS) sensor, compass, accel-
erometer, or other sensor. The machine 800 may include an
output controller 828, such as a senal (e.g., universal serial
bus (USB), parallel, or other wired or wireless (e.g., inirared
(IR), near field communication (NFC), etc.) connection to
communicate or control one or more peripheral devices
(e.g., a printer, card reader, etc.).

[0039] Registers of the processor 802, the main memory
804, the static memory 806, or the mass storage 808 may be,
or may include, a machine readable medium 822 on which
1s stored one or more sets of data structures or instructions
824 (c.g., software) embodying or utilized by any one or
more of the techniques or functions described herein. The
instructions 824 may also reside, completely or at least
partially, within any of registers of the processor 802, the
main memory 804, the static memory 806, or the mass
storage 808 during execution thereot by the machine 800. In
an example, one or any combination of the hardware pro-
cessor 802, the main memory 804, the static memory 806, or
the mass storage 808 may constitute the machine readable
media 822. While the machine readable medium 822 1s
illustrated as a single medium, the term “machine readable
medium”™ may include a single medium or multiple media
(e.g., a centralized or distributed database, and/or associated
caches and servers) configured to store the one or more
instructions 824.

[0040] The term “machine readable medium™ may include
any medium that 1s capable of storing, encoding, or carrying
instructions for execution by the machine 800 and that cause
the machine 800 to perform any one or more of the tech-
niques of the present disclosure, or that 1s capable of storing,
encoding or carrying data structures used by or associated
with such instructions. Non-limiting machine readable
medium examples may include solid-state memories, optical
media, magnetic media, and signals (e.g., radio frequency
signals, other photon based signals, sound signals, etc.). In
an example, a non-transitory machine readable medium
comprises a machine readable medium with a plurality of
particles having invariant (e.g., rest) mass, and thus are
compositions of matter. Accordingly, non-transitory
machine-readable media are machine readable media that do
not 1nclude ftransitory propagating signals. Specific
examples of non-transitory machine readable media may
include: non-volatile memory, such as semiconductor
memory devices (e.g., Electrically Programmable Read-
Only Memory (EPROM), Electrically Erasable Program-
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mable Read-Only Memory (EEPROM)) and flash memory
devices; magnetic disks, such as internal hard disks and
removable disks; magneto-optical disks; and CD-ROM and
DVD-ROM disks.

[0041] The nstructions 824 may be further transmitted or
received over a communications network 826 using a trans-
mission medium via the network interface device 820 uti-
lizing any one of a number of transfer protocols (e.g., frame
relay, iternet protocol (IP), transmission control protocol
(TCP), user datagram protocol (UDP), hypertext transier
protocol (HT'TP), etc.). Example communication networks
may 1include a local area network (LAN), a wide area
network (WAN), a packet data network (e.g., the Internet),
mobile telephone networks (e.g., cellular networks), Plain
Old Telephone (POTS) networks, and wireless data net-
works (e.g., Institute of Electrical and Electronics Engineer

(IEEE) 802.11 family of standards known as Wi-Fi®, IEE.
802.16 family of standards known as WiMax®), IEE.
802.16.4 family of standards, peer-to-peer (P2P) networks,
among others. In an example, the network interface device
820 may include one or more physical jacks (e.g., Ethemnet,
coaxial, or phone jacks) or one or more antennas to connect
to the communications network 826. In an example, the
network interface device 820 may include a plurality of
antennas to wirelessly communicate using at least one of
single-input multiple-output (SIMO), multiple-input mul-
tiple-output (MIMO), or multiple-input single-output
(MISO) techniques. The term “transmission medium”™ shall
be taken to 1include any intangible medium that is capable of
storing, encoding or carrying instructions for execution by
the machine 800, and includes digital or analog communi-
cations signals or other itangible medium to facilitate
communication of such software. A transmission medium 1s
a machine readable medium.

(L) L4

Various Notes

[0042] Each of the non-limiting aspects above can stand
on 1ts own or can be combined 1n various permutations or
combinations with one or more of the other aspects or other
subject matter described 1n this document.

[0043] The above detailed description includes references
to the accompanying drawings, which form a part of the
detailed description. The drawings show, by way of 1llus-
tration, specific embodiments 1n which the invention can be
practiced. These embodiments are also referred to generally
as “examples.” Such examples can include elements 1n
addition to those shown or described. However, the present
inventors also contemplate examples 1 which only those
clements shown or described are provided. Moreover, the
present 1nventors also contemplate examples using any
combination or permutation of those elements shown or
described (or one or more aspects thereof), either with
respect to a particular example (or one or more aspects
thereol), or with respect to other examples (or one or more
aspects thereol) shown or described herein.

[0044] In the event of inconsistent usages between this
document and any documents so incorporated by reference,
the usage 1n this document controls.

[0045] In this document, the terms @’ or “an’ are used, as
1s common 1n patent documents, to include one or more than
one, independent of any other instances or usages of “at least
one” or “one or more.” In this document, the term “or” is
used to refer to a nonexclusive or, such that “A or B”

includes “A but not B,” “B but not A,” and “A and B,” unless
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otherwise indicated. In this document, the terms “including”
and “in which” are used as the plain-English equivalents of
the respective terms “comprising” and “wherein.” Also, 1n
the following claims, the terms “including” and “compris-
ing” are open-ended, that 1s, a system, device, article,
composition, formulation, or process that includes elements
in addition to those listed after such a term 1n a claim are still
deemed to fall within the scope of that claim. Moreover, 1n
the following claims, the terms “first,” “second,” and
“third,” etc. are used merely as labels, and are not intended
to 1impose numerical requirements on their objects.

[0046] Method examples described herein can be machine
or computer-implemented at least 1n part. Some examples
can include a computer-readable medium or machine-read-
able medium encoded with instructions operable to config-
ure an electronic device to perform methods as described 1n
the above examples. An implementation of such methods
can 1nclude code, such as microcode, assembly language
code, a higher-level language code, or the like. Such code
can 1clude computer readable instructions for performing
various methods. The code may form portions of computer
program products. Such instructions can be read and
executed by one or more processors to enable performance
of operations comprising a method, for example. The
instructions are in any suitable form, such as but not limited
to source code, compiled code, interpreted code, executable
code, static code, dynamic code, and the like.

[0047] Further, in an example, the code can be tangibly
stored on one or more volatile, non-transitory, or non-
volatile tangible computer-readable media, such as during
execution or at other times. Examples of these tangible
computer-readable media can include, but are not limited to,
hard disks, removable magnetic disks, removable optical
disks (e.g., compact disks and digital video disks), magnetic
cassettes, memory cards or sticks, random access memories

(RAMSs), read only memories (ROMs), and the like.

[0048] The above description 1s mntended to be 1llustrative,
and not restrictive. For example, the above-described
examples (or one or more aspects thereol) may be used 1n
combination with each other. Other embodiments can be
used, such as by one of ordinary skill in the art upon
reviewing the above description. The Abstract 1s provided to
allow the reader to quickly ascertain the nature of the
technical disclosure. It 1s submitted with the understanding
that 1t will not be used to interpret or limit the scope or
meaning of the claims. Also, 1n the above Detailed Descrip-
tion, various features may be grouped together to streamline
the disclosure. This should not be mterpreted as intending
that an unclaimed disclosed feature 1s essential to any claim.
Rather, inventive subject matter may lie 1n less than all
features of a particular disclosed embodiment. Thus, the
following claims are hereby incorporated into the Detailed
Description as examples or embodiments, with each claim
standing on 1ts own as a separate embodiment, and 1t 1s
contemplated that such embodiments can be combined with
cach other 1 various combinations or permutations. The
scope of the invention should be determined with reference

to the appended claims, along with the full scope of equiva-
lents to which such claims are entitled.

The claimed 1invention 1s:

1. A system for monitoring slosh of a liquid within a
propellant tank, the system comprising:

an electromagnetic transmitter positioned at a first loca-
tion on or within the tank, the electromagnetic trans-
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mitter coupled to a source of electromagnetic energy
and arranged to establish a specified electromagnetic
field configuration within the tank using a signal from
the source:

an electromagnetic receiver positioned at a different sec-

ond location on or within the tank, the electromagnetic
receiver arranged to sense an electromagnetic field
established within the tank by the electromagnetic
transmitter; and

a control circuit coupled to the electromagnetic receiver,

the control circuit configured to determine a character-
1stic of a spatial configuration of the liquid using the
sensed electromagnetic field.

2. The system of claim 1, wherein the control circuit 1s
configured to determine a change 1n a position or distribu-
tion of the liquid using the sensed electromagnetic field.

3. The system of claim 1, wherein the control circuit 1s
configured to determine a position or a distribution of the
liquid using at least one of a magnitude value, a phase value,
a frequency value, or a quality factor value associated with
a resonance excited by the electromagnetic transmitter.

4. The system of claim 3, wherein the control circuit 1s
configured to compare at least one determined value asso-
ciated with the resonance to stored data indicative of can-
didate liquid configurations to determine at least one of the
position or the distribution of the liquid within the tank.

5. The system of claim 1, wherein the control circuit 1s
configured to determine a center-of-mass of the liquid using
a frequency-domain analysis of sensed electromagnetic field
established within the tank.

6. The system of claim 1, wherein the electromagnetic
transmitter 1s arranged to excite at least one transverse
clectric field (TE) mode within the tank, corresponding to
the specified electromagnetic field configuration.

7. The system of claim 1, wherein the electromagnetic
transmitter 1s driven using a swept-frequency excitation
scheme by the source.

8. The system of claim 1, further comprising the source;
and

wherein the source 1s configured to drive the electromag-

netic transmitter using a range of frequencies from
within a range of about 1 gigahertz (GHz) to about 6
GHz.

9. A method for monitoring slosh of a liquid within a
propellant tank, the method comprising:

establishing a specified electromagnetic field configura-

tion within the tank using an electromagnetic transmit-
ter at a first location;

sensing an electromagnetic field established within the

tank by the electromagnetic transmitter using an elec-
tromagnetic receiver at a different second location; and

using a control circuit, determining a characteristic of a

spatial configuration of the liquid using the sensed
clectromagnetic field.
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10. The method of claim 9, comprising, using the control
circuit, determining a change in a position or distribution of
the liquid using the sensed electromagnetic field.

11. The method of claim 9, comprising, using the control
circuit, determining a position or a distribution of the liquid
using at least one of a magnitude value, a phase value, a
frequency value, or a quality factor value associated with a
resonance excited by the electromagnetic transmitter.

12. The method of claim 11, comprising, using the control
circuit, comparing at least one determined value associated
with the resonance to stored data indicative of candidate

liquid configurations to determine at least one of the position
or the distribution of the liquid within the tank.

13. The method of claim 9, comprising, using the control
circuit, determining a center-of-mass of the liqud using a
frequency-domain analysis of sensed electromagnetic field
established within the tank.

14. The method of claim 9, wherein the establishing a
specified electromagnetic field configuration comprises

exciting at least one transverse electric field (TE) mode
within the tank.

15. The method of claim 9, wherein the electromagnetic
transmitter 1s driven using a swept-frequency excitation
scheme.

16. The method of claim 9, wherein the electromagnetic

transmitter 1s driven using a range of frequencies from
within a range of about 1 gigahertz (GHz) to about 6 GHz.

17. A method for establishing data related to candidate
liquid configurations for use 1n monitoring slosh of a liquid
within a propellant tank, the method comprising:

establishing a specified electromagnetic field configura-
tion within the tank using an electromagnetic transmit-
ter at a first location:

sensing an electromagnetic field established within the
tank by the electromagnetic transmitter using an elec-
tromagnetic recerver at a different second location; and

using a control circuit, associating an independently mea-
sured characteristic of a spatial configuration of the
liqguid with at least one determined value associated
with a resonance corresponding to the sensed electro-
magnetic field.

18. The method of claim 17, comprising associating a
plurality of independent measured spatial configurations of
the liquid with respective different determined values cor-
responding to diflerent sensed electromagnetic fields.

19. The method of claim 17, wherein the spatial configu-

ration comprises a position or distribution of the hqud
within the tank.

20. The method of claim 19, wherein the spatial configu-
ration comprises a quantity of liquid within the tank.
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