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The accurate measurement of nonlinear liquid sloshing in a liquid-filled spacecraft is of importance for precise

flight control. In this paper, a novel noncontact method combining the fringe transmission technique with the liquid-

level reflection technique has beendeveloped to accurately evaluate suchbehavior. Todo this, a printed fringe pattern

was first placed underneath a transparent test tank with fabricated calibration tails on the wall and, when viewed

from above with a high-speed camera, a series of distorted transmission-fringe images with reflected images of the

liquid level at different times during the sloshing process were achieved. Combing the quantitative relationship

between the shape of the liquid surface and the distortion of the transmission fringes, as well as considering the height

curves of the liquid level, the three-dimensional dynamic deformation field could be calculated usingmultidirectional

Newton iterative algorithms. Both the dynamic deformation field of the liquid surface and the residual liquid volume

in the tank could be accurately measured at the same time. An experimental verification was carried out, and the

results obtained demonstrated the feasibility and reliability of this new method.

Nomenclature

dh = height difference
f = generic function
H = height, mm
h = out-of-plane displacement, mm
L = length, mm
N = node
n = refractive index
p = height of scattered points
S = the in-plane displacement
t = time, s
u = argument
V = volume, ml
x, y, z = coordinates
α, β = angles
ψ = functional

Superscripts

i, j = index of coordinates in x and y directions
n = number of scattered points

I. Introduction

L IQUID sloshing is of interest in fundamental fluid dynamics and
control research, as well as for various practical applications

including liquid-filled natural gas carriers, elevated water towers,
underground motion when subject to earthquakes, fuel tanks for the
automotive industry, and preventing dam breaking [1–8]. This is
especially important for the aerospace industry in order to accom-
plish long and complicated space missions, such as orbit insertion,

orbit maintenance, and momentum unload, as modern spacecraft
require large amounts of liquid propellant, most of which have high
transparency and fluidity. Hence, since the early 1960s, the problem
of liquid sloshing dynamics has been of major concern to aerospace
engineers studying the influence of liquid propellants sloshingwithin
fuel tanks on the attitude control, performance, and stability of space-
craft [9–15].
The influence of liquid sloshing may hamper critical maneuvers in

space, with a series of failures leading to catastrophe, as exemplified
by problems that occurred on theATS-V spacecraft, Intelsat IV series
of spacecraft, the NEAR Shoemaker mission, and Gravity Probe B
[16]. As the ratio between propellant and dry mass increases, the
impact of sloshing also increases. Since the reaction forces and
moments caused by fuel sloshing can degrade the pointing accuracy
of a control system and impact the stability of the integral structure, it
is hence very important to predict its effects.
The challenge of solving such a fascinating problem has attracted

the attention of engineers, mathematicians, and scientific researchers
over the past few decades. Abramson [3] provided a comprehensive
review and discussion of the analytical and experimental studies of
liquid sloshing that took place prior to 1966. With the advent of
high-speed computers, the numerical approach grew into a new and
powerful method to study sloshing. The subsequent maturing of
computational techniques, like the finite element method or the
boundary element method for the small-scale sloshing and com-
putational fluid dynamics of large-scale sloshing in low gravity, has
made contributions toward solving the problem [17–23]. For the
experimental study of liquid dynamics and liquid management
problems in space, a spacecraft named Sloshsat FLEVO was
launched inGeostationary Transfer Orbit as part of the test payload of
Ariane 5 Evolution Cryotechnique type A on 12 February 2005. The
Sloshsat experiments were designed to give more information on
contact line behavior and damping [24,25].
Comparedwith the theoretical and numerical approach, the experi-

mental investigations have led to novel techniques. The experiments
for liquid sloshing usually focus on sloshing wave amplitude, fre-
quency, sloshing force, pressure exerted on thewalls, and the effect of
sloshing on stability in a container environment. To get this in-
formation mentioned above, multiple sensors were developed, such
as liquid velocity sensors, accelerometers, and gyroscopes for the
Sloshsat FLEVO satellite state measurement [24], wave height
sensors made of capacitance probes [26], and pressure transducers or
gauges used by Akyildiz and Ünal [27] and Panigrahy et al. [28].
These sensors were deployed on the walls or baffles of tanks for
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detecting the desired information only at the location of the sensor by
using traditional single-point measurement techniques. However,
very little information can be obtained about the measurement of the
full-field dynamic deformation of a liquid surface for nonlinear liquid
sloshing: in particular, in the tanks of space vehicles. Aswe know, the
measurement of the morphology of a free surface can suggest an
intuitive understanding in the sloshing phenomenon, in a broader
sense, it is also able to provide most of the information such as
frequency, vibration modal, amplitude, damper rate, and residual
volume in tracing the liquid surface in the tanks. Such specific
scientific information has important implications for the study of
liquid sloshing dynamics, fluid–structure interactions [29,30], and
liquid management problems. Furthermore, it is also significant for
the design of tanks, the altitude adjustment of aircraft, and avoiding
accidents caused by the liquid sloshing and the stability of liquid-
filled spacecraft, as examples.
A great many conventional optical methods for evaluating solid

surface topography have failed in this sloshing issue [31,32]. Existing
techniques for measuring the three-dimensional (3-D) shape of a
deformed liquid surface, like holographic interferometry [33] and
holographic shearing interferometry [34], have very high sensitivity
and accuracy, but themeasurement range is within the sub-millimeter
or micrometer scale and is limited by the fringe resolution. On the
other hand, the optical path and devices used are complicated. Huang
et al. improved the fringe reflection technique by developing
monoscopic fringe reflectometry for sensing water wave variations
[35]. However, these methods contain some insurmountable
limitations, meaning that they are not suitable for measuring
specular surfaces with large curvatures. Liu et al. [36] and Shi et al.
[37] first proposed the fringe transmission technique (FTT) for
measuring liquid surface deformation by analyzing the virtual
images of transmission fringes [36,37]; however, this method is
generally used for measuring the morphology of deformed liquid
surfaces containing at least an undeformed area as the reference,
and thus is not suitable for measuring a complete sloshing liquid
surface.
A novel method based on the FTT and the liquid-level reflection

technique is introduced here for evaluating the dynamic deformation
of a liquid surface during nonlinear liquid sloshing. The new
measurement method inherits most of the ordinary FTT merits such
as a simple setup, high sensitivity, low cost, and full-field and non-
contact measurements. The complete relationship between the
variation of transmitted light and liquid surface deformation was
theoretically and systematically investigated. With this, the new
technique, which was verified experimentally, proved to be a feasible
method formeasuring a sloshing liquid by capturing the transmission
fringes and liquid level simultaneously.

II. Measurement Principles of the Three-Dimensional
Dynamic Deformation Field of Nonlinear Liquid Sloshing

A. Basic Principles of Fringe Transmission Technique

The FTT for measuring a micro-3-D shape of a deformed liquid
surfacewas first carried out by Liu et al. in 2012 [36]. Figure 1 shows
the experimental layout of the method for investigating a deformed
liquid surface. The out-of-plane deformation leads to changes of the
exit angle of transmitted light from the bottom of the liquid, resulting
in a deformation of the virtual image of an object submerged in the
liquid. When a periodic fringe is placed in the liquid, the transmitted
virtual image will be modulated by the 3-D shape of the liquid, with
the transmission-fringe distortion being directly related to the out-of-
plane deformation of the liquid surface. As shown in Fig. 1a, for
example, point A transfers to point A 0 when the water surface sinks,
whereas the virtual image A 0 is on the reverse extension line of the
refracted ray and on the image plane as observed.
The geometrical relationship between the displacement of a

distorted fringe and the height distribution of the liquid surface is
presented in Fig. 1b. It is assumed that the deformed curve of the cross
section in the liquid surface is simply segmented and approximated
into a number of continuous ultrashort polylines at time t, whereNi is
the node of the polylines (i � 1; 2; 3; : : : ). When the refracted ray of
point A is transmitted out of the water surface at the position Ni,
Snell’s law applies [36,37]:

nw · sin βi � na · sin αi (1)

where nw and na (usually equal to one) are the refractive indices of
water and air; and βi and αi are the incidence and emergence angles
toward the surface normal, respectively.
The image of point A (prior to deformation) and point A 0

(transferred from the image of point A) are on the same plane. So, for
right triangle A–Ni–A

0, the geometric relationship is as follows:

�
H − h�x; y; t� � S�x;y;t�

tan�αi−βi�
S�x; y; t�jx�0 � β�x; y; t�jx�0 � 0

(2)

where H is the initial water depth that can be directly measured;
h�x; y; t� is the out-of-plane displacement field of the liquid surface at
time t; S�x; y; t� is the in-plane displacement of the virtual image of
the underwater fringe at time t, which is the distortion deformation of
the transmission-fringe image; and ∠A–Ni–A

0 � αi − βi (see the
cross-section view of the deformed liquid surface curve in Fig. 1b).
In addition, from Fig. 1b, it also can be seen that, in right triangle

Ni−1 − Ni − P, the mathematical relations between h and α can be
derived using the definition of the integration:

Fig. 1 Representations of a) schematic diagram of the deformed liquid surface; and b) geometrical relationship shown in the cross section. (CCDdenotes
charge-coupled device.)
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8<
:
h�x; y; t� �

R
x
0

∂h�x;y;t�
∂x dx �

R
x
0 tan α · dx

h�x; y; t�jx�0 � ∂h�x;y;t�
∂x

����
x�0
� α�x; y; t�jx�0 � 0

(3)

where in the process of integral computation, y and t are kept
constant; x varies; and h and S are functions of x, y, and t.
Combining Eqs. (1) to (3) gives

8>>>>><
>>>>>:

h�x; y; t� � H − S�x; y; t� Ψ
n
∂h�x;y;t�

∂x

o

Ψ�u� �
�����������������������
n2w��n2w−1�·u2
p

�u2

u×f
�����������������������
n2w��n2w−1�·u2
p

−1g

h�x; y; t�
����
x�0
� ∂h�x;y;t�

∂x

����
x�0
� 0

(4)

This is the mathematical basis of the method for measuring liquid
surface deformation, which reveals that the 3-D deformation [i.e.,
h�x; y; t�] can be changed into the in-plane displacement mea-
surement of a virtual image of a transmitted fringe, i.e.,S�x; y; t� [37].
In the study of Liu et al. [36] and Shi et al. [37], the liquid level of

the area away from the tested region does not change during the entire
process; this static area of the liquid surface is considered as the
reference plane where the initial water depth H can be directly
measured. The step height is h�x; y; t�, with an initial value of zero in
the undeformed liquid plane. The displacement S�x; y; t� for every
pixel in the virtual image at time t can be calculated through the
distortion of the fringes, and then the height difference between each
node dh�x; y; t� can be calculated point by point using the Newton
iteration algorithm along the x direction from the reference plane,
which is static. All the profile curves can eventually be obtained to
reconstruct the 3-D shape of the water surface at time t using this
method.
However, it is more complicated for the case of sloshing within

tanks where there is no static reference plane. Additionally, an initial
value for an iterative algorithm is needed. Thus, a real full-field
dynamic deformation of a liquid surface in nonlinear liquid sloshing
cannot be acquired by only using the ordinary FTT. The development
of an advanced method for measuring the dynamic deformation of a
liquid surface for nonlinear liquid sloshing is imperative.

B. Principle of Three-Dimensional Deformation Measurement With-
out a Static Reference Plane

The principle of the new method for measuring dynamic defor-
mation of a sloshing liquid surface is to print high-precision ortho-
gonal calibration tails on the wall of a tank along the toroidal and
radial directions for recording the dynamic deformation of the liquid
level during the sloshing evolution. The curves of the liquid level can
then be obtained by interpolation and fitting, and the heights of each
curve as initial values can be extracted. Reconstructing the dynamic

deformation of a liquid surface by combining the heights of the liquid
level and the iterative algorithm based on the relationship between the
variation of the fringes and liquid surface deformation has been cited
from literature [37].
As an example, the liquid motion in an upright transparent circular

cylindrical tank was used to demonstrate the principle and layout for
measuring the deformation of a sloshing liquid surface without a
static reference plane, as shown in Fig. 2. Besides the periodic fringe
placed under the tank, high-precision orthogonal calibration tails
could printed, drawn, or pasted on the wall along the toroidal and
radial directions as a scale for height and position coordinates. For
performing the iterative algorithm, the observed toroidal calibration
tails must be orthorhombic with the principal direction of the fringe.
As presented in Fig. 2, high-speed camera 1 is set up horizontally for
recording the height of the contact line between the free surface and
the vertical wall; and high-speed camera 2 is set up vertically, making
the target surface of the camera parallel with the fringe pattern for
recording the distortion of the transmission fringes. Images of the
height of the contact line and distortions of the transmission fringes
are hence captured by two high-speed cameras simultaneously and
continuously during sloshing. The images are then recorded for
computation and analysis. It should be noted that, before the sloshing,
a transmission-fringe pattern should be acquired as a carrier fringe
pattern at the time the liquid surface is flat. Displacement calculated
from the transmission-fringe patterns subtracts the displacement of
the carrier fringe pattern to obtain a distortion displacement field at
each time, i.e., to obtain displacements S�x; y; t� of each point on the
transmission fringe. As stated previously, when sloshing occurs in a
tank, the liquid-level height is not fixed and the initial value at the tank
edge is not zero, so the height of the contact line between free surface
and the vertical wall needs to be calibrated and acquired at each point
at each time. In this paper, the height of some scattered points selected
from the contact lines are calibrated as p1; p2; p3; : : : ; pn by the
calibration tails with an interpolation algorithm. In this way, the
height of each pixelH�x; y; t� at the contact lines as initial values for
iterative algorithm will be obtained. Combining Eq. (4) gives

8>>>>><
>>>>>:

h�x; y; t� � H�x; y; t� − S�x; y; t� Ψ
�
∂h�x;y;t�

∂x

�

Ψ�u� �
����������������������
n2��n2−1�·u2
p

�u2

u×f
����������������������
n2��n2−1�·u2
p

−1g
H�x; y; t� � f�p1; p2; p3; : : : ; pn�

(5)

where n � nl∕ng; n1 is the refractive index of the liquid in the tank;
ng is the refractive index of the ambient gas; and

h�x; y; t�jx�t�0 �
∂h�x; y; t�

∂x

����
x�t�0

≠ 0

is the sloshing condition. Putting the height of one point on the
contact line H�x; y; t� and the displacement S�x; y; t� of this
corresponding point for the transmission fringe in the principal
direction into Eq. (5), the height difference of the next point
dh�x; y; t� can be obtained and put into the calculation of the third
point. An iterative algorithm is performed along the x direction to
obtain the height difference between the deformed liquid level and
the initial liquid surface of this cross section in the z direction.
According to this method, all of the out-of-plane deformed dis-
placements of different points along the y direction can be obtained,
eventually reconstructing the liquid surface morphology over time.
To save experimental costs and improve efficiency, the mea-

surement principle and system have been further improved by using
only a single high-speed camera for data acquisition. On the basis of
the required initial data, the displacement of transmission fringes, and
the liquid level of a free surface, a flat mirror at a certain angle was
used for changing the vertical direction of the images of the wall into
the horizontal direction. With this monoscopic method, information
in different dimensions could be captured in one dimension
simultaneously.

Fig. 2 Layout of measuring the deformation of a sloshing liquid surface
without a static reference plane.
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Figure 3 illustrates the improved experimental setup for a
monoscopicmethod.Mirror 1 is placed at an angle of 45 deg,with the
vertical direction above the transparent circular cylindrical tank. A
single high-speed camera is mounted horizontally towardmirror 1. A
rectangular mirror (mirror 2) is placed beside the tank at an angle
about 50 to 60 deg in the horizontal direction, which is used to reflect
the image of at least half a wall of the tank. It should be noted that the
lower edge of mirror 2 needs to be strictly vertical with the principal
direction of the fringe pattern. By adjusting the angle of these two
mirrors, the image of the distorted transmission fringes and liquid
level of the free surface will be reflected in the horizontal direction
and captured by the single high-speed camera simultaneously; these
images will be displayed in the same field of view.
Since this improved method has been adopted, the approach has

been found to bemore suitable for detecting the dynamic deformation
of a continuous surface for nonlinear liquid sloshing, which has no
static reference plane during its shape variation. Furthermore, this
developed method is outstanding not only for its cost reduction
(easily obtaining all of the required information that, in different
dimensions, can only be collected by a single high-speed camera) but
also provides a powerful approach to avoid synchronization issues
for two high-speed cameras as well as reducing systematic errors. For
future work, if needed, multiple sets of flat mirrors or a horn-shaped
mirror could be used around the tank for capturingmore images of the
liquid level to acquire a rich set of initial values of an iterative
algorithm, to improve the accuracy.

III. Validation Test

A. Experimental Setup and Procedure

Avalidation testwas performed in a transparent circular cylindrical
tank in normal gravity and air conditions, as illustrated in Fig. 3. The
open tankwasmade of glass and had an inner diameter of 71mm.Red
wine of 12% alcohol content was used to imitate transparent pro-
pellant (for instance, hydrazine, kerosene, and furfuryl alcohol) as its
properties, such as transparency, viscosity, surface tension, etc., are
similar, and it has the advantage of enhancing the contrast, hence
being more suitable than water. The height of the static liquid surface
before sloshing was 25.23 mm. The refractive index of the liquid n1
was 1.340, and the refractive index of the glass used for the tank was���
2
p

, which was ignored in subsequent calculations because the glass
was very thin. The periodic fringe pattern used in the experiment had
a frequency of 0.66 lines∕mm. High-precision orthogonal cali-
bration tails printed on the wall along the toroidal and radial
directions as the scale of height and position coordinates were used
for obtaining the height of the liquid level at each point by physical or
digital interpolation, with spacing of 10 and 1 mm, respectively.
A high-speed camera (Photron FastCamSA1.1), with aNikonAF-

Nikkor 50 mm 1∶1.4D lens, was used for the image acquisition. The

camera speed was set to 1000 frames per second at its full resolution
of 1024 × 1024 pixels. To remove the specular reflection at the
interface, polarizers were placed in front of the lens. If the defor-
mation of the surface was too large, a double-telecentric lens
(Schneider Kreuznach Xenoplan 1∶5 0.13∕11) could also be used to
avoid severe defocus phenomenon.
As the exposure time of the camera was very short, an even,

efficient, and high level of illumination would be required such that it
should be in pure dc operation to eliminate strobing. In this inves-
tigation, a 150 W dc light-emitting diode (LED) illuminator was
mounted vertically underneath the periodic fringe pattern,making the
high-speed acquisition clearer.
The procedure designed for the experiment was as follows:
1) The experimental system (transparent circular cylindrical tank,

light illuminators, high-speed camera, lens,mirrors 1 and 2, and other
optical instruments) was established according to the experimental
layout in Fig. 3.
2) A physical periodic fringe was placed under the transparent

circular cylindrical tank partly filled with liquid, with its size and
frequency preset as required.
3) The angles of mirrors 1 and 2, the position of the camera, the

focal length, the aperture size, and other parameters of the lens were
all adjusted to ensure the observed frameswere clear and displayed in
a same field of view.
4) An original transmitted fringe image was captured when the

liquid surface was flat, as a reference for subsequent calculations and
elimination of environmental factors on the final results.
5) Blowing abruptly through a straw into the tank generated liquid

sloshing. It should be noted that deformation and relative position
deviation between the fringe, calibration tails, and camera were
forbidden in the sloshing process.
6) A series of distorted transmitted fringe images and liquid-level

images were recorded during the sloshing evolution for computation.

B. Measurement Results and Discussion

Figure 4 shows an instantaneous image of a distorted transmission-
fringe pattern and liquid-level information. A magnified view of the
observed liquid level is demonstrated in Fig. 4c. The line connecting
the numbers is the contact line between the free surface and the wall
of the tank in Fig. 4c. The heights of the scattered points selected from
the contact lines are p1; p2; p3; : : : ; pn, and they were calibrated by
the calibration tails with an interpolation method. There have been
various interpolationmethods used to implement into the calibration.
In this paper, image-processing software was used to obtain the
coordinates of all the scattered points as well as the separation
distance between each adjacent toroidal calibration tail. Since the real
spacing of the calibration tails was known, the real height of each
scattered point on the contact line can be calculated via the
corresponding conversion. Then, the height of all the continuous
pixels H�x; y; t� for the contact line could be obtained by one-
dimensional interpolation (the cubic spline interpolation was used in
this study) operated upon the scattered points. Profiles of the
observed liquid level at different moments are plotted in Fig. 5. A
wetting phenomena occurred in the liquid–solid contact during the
test; when reading a depth scale on the side of a tank filled with
liquid, the fluid meniscus must be taken into account in order to
obtain an accurate measurement [38]. Hence, in the process of
calibration, the difference in heights between the contact line and the
free surface should be considered carefully due to the surface tension
(approximately 1 mm in this study).
Another part of the experimental data needed is the displacement

of the transmission fringe. Images of the distorted transmission
fringes at different times are presented in Fig. 6. Preprocessing of the
fringe patterns such as image smoothing, denoising, and contrast
enhancement will facilitate the subsequent processing. Image space
transformation was also performed to establish a global context
structure for the images. The centerline of the fringes can then be
exacted by Moiré analysis software [39]. Besides, a transmission-
fringe pattern should be acquired as a carrier fringe pattern when the
liquid surface is flat. After the ordering and interpolating of the

Fig. 3 Schematic of the improved experimental setup for a monoscopic
method.
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thinned fringe patterns, calculating the full-field displacement of the
deformed transmission-virtual fringes and subtracting the virtual
displacement from the carrier fringes, full-field displacement of the
deformed transmission fringe can be achieved. The displacement
distribution image is shown in Fig. 7.
Put the height H�x; y; t� of one point on the contact line and the

displacement S�x; y; t� of the corresponding point for the trans-
mission fringe in the principal direction, which were calculated as
shownpreviously, into Eq. (5). The height difference dh�x; y; t� of the

next point can then be obtained and put into the calculation of the
third point. Here, the Newton iteration was used pixel by pixel to
work out the displacement of the deformed liquid in the z direction
and, eventually, reconstruct the liquid surface morphology at dif-
ferent times.After frame-by-frame reconstruction, the dynamic scene
of the liquid sloshing can be digitalized. Here, six frames of the
typical 3-D shape results from 0.003 to 0.018 s with an interval of
0.003 s are shown in Fig. 8, from which the evolution of nonlinear
liquid sloshing is demonstrated. Figure 9 shows profiles of the free

Fig. 4 Representations of a) instantaneous image captured by a high-speed camera, b) distorted transmission-fringe pattern, and c) the observed liquid
level.

Fig. 5 Profiles of the observed liquid level at different times.
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surface measured for the dynamic liquid wave along the y direction.
The measurement results indicated that the largest amplitude of the
sloshing liquid was approximately 18.7% of the radius of the liquid-
filled tank. As displayed in Figs. 8a, 8b, and 8c, when blowing into
the tank, the liquid surface sinks at the beginning and then surges and
rises with some ripples occurring around the peak. After some up and

down motions, the waves quickly die out and the liquid surface
subsides gradually, as shown in Figs. 8d through 8f. Combining
Figs. 8 and 9, there is no flat area on the surface that can be observed
during the whole sloshing process. Besides, the amplitude and
vibration modes, and so on, will be obtained by the morphology of
the liquid surface measured beforehand. Cited from the literature

Fig. 6 Images of the distorted transmission fringe at different times.

Fig. 7 Displacement distribution images at different times.
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[40], the sensitivity of the fringe center method is 10% of the fringe
spacing. In this experiment, by Eq. (5), the sensitivity of measuring
the liquid surface height is better than 4.0 μm under the condition
of a fringe frequency of 0.66 lines∕mm with a calculation step of
0.167 mm and a static liquid depth of 25.23 mm. A liquid can be
idealized as incompressible; thus, the volume of liquid in the tank can
be estimated as a constant during sloshing. Hence, such a processwas
demonstrated to verify the validity of the method as follows. The real
volume of liquid in the tank is 99.89ml, and the volumeV at different
times during sloshing can be calculated through the height of each
point on the free surface, which is given in Eq. (6):

V �
Xm
i�1

Xn
j�1

Li × Lj × hij (6)

The surface is divided into numerous microregions (m rows and n
columns), where Li refers to the length of the ith row and Lj refers to
the length of the jth column, and they are related to the computing
precision (where Li � Lj � L is the step length that influences the
accuracy of the calculation). The area of the ith row and jth column of
the small region is Li × Lj, and the distance between the liquid
surface and the bottom is hij [herein, hij � h�x; y; t�].
Table 1 lists the calculated volume of liquid and the error and

relative error at different times. These errorsmaymainly be caused by
a number of factors, such as the actual difference in height between
the concave and convex surface being less than 1 mm of the liquid-
level measurement; the cylindrical bottom of the tank not being
perfectly round but being treated as a perfect circle in postprocessing;
the accumulation of calculation errors and lens distortion; and so on.
However, the average relative error is only 4.0%, indicating that the
developed method is feasible and reliable.

Fig. 8 Evolution of a liquid surface in nonlinear liquid sloshing measured at different times.
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IV. Conclusions

A real-time and noncontact method has been proposed for
measuring the full-field 3-D dynamic deformation of a liquid surface
in nonlinear sloshing. The new method, combining the fringe trans-
mission technique with the liquid-level reflection technique, has
solved the problem of measuring the real-time deformation mea-
surement for a sloshing liquid surface that has no static reference
plane. In this paper, the basic principle has been thoroughly explored
and the theoretical equation for the 3-D liquid surface morphology
measurement was derived mathematically. A special fringe pattern
was placed underneath the transparent tank, fabricated calibration
tails were placed on the wall of the tank, and a single high-speed
camera was mounted above the tank to capture a series of distorted
transmission-fringe images and reflected images of a liquid level
at different times during sloshing evolution. The quantitative
relationship between the shape of the liquid surface and the distortion
of transmission fringes was applied to obtain the relative deformation
of the liquid surface at different times and extract the fitted height
curves of the liquid level at different times on the contact lines as the
initial values; the full-field dynamic deformation of a liquid surface
can be calculated using the Newton iteration algorithm. The method
can accurately measure the dynamic deformation of a liquid surface
for nonlinear liquid sloshing, and it is able to achieve the accurate
measurement of residual liquid volume in the tank. Furthermore, it
has the potential for investigating the vibration mode and frequency.
Exploratory experiments have been conducted for the dynamic
deformation of a liquid surface caused by propellant sloshing in the
tank of a spacecraft in normal gravity, which have successfully dem-
onstrated the feasibility and reliability of this method. Since the
whole measuring system requires only one high-speed camera while
collecting deformation information about the transmission surface
and lateral liquid level, the whole system has the characteristics of a
compact structure with low cost. Meanwhile, the developed method
is outstanding for its ease of operation and minimal effect on the
measured object, as well as high sensitivity. It provides a new ap-
proach for relevant researchers in the area of dynamic characteristics
of liquid sloshing in the tank of space vehicles in the future.
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