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Abstract

Hydrogen-powered aircraft are widely regarded as a key enabler for carbon-neutral aviation, yet their im-
plementation introduces significant challenges, among them, problems related to cryogenic fuel storage and
thermal management. In particular, reliable fill-level measurement in liquid hydrogen tanks remains difficult
as extreme temperatures and two-phase flow behavior result in limitations of the application of conventional
sensing technologies. This work investigates a non-invasive modal-based approach for fill-level estimation,
using shifts in structural resonance frequencies caused by changes in contained liquid mass. mass. Fill level
measurements via modal analysis are potentially robust against flight maneuvers leading to sloshing, while
avoiding tank penetration and direct heat input. The approach combines experimental and numerical results
obtained for the investigated fill levels and sensor configurations. A suspended 50 l steel pressure vessel was
tested at five fill levels between 0 % and 100 %, using externally mounted acceleration sensors and shaker
excitation. Water was used as a substitute fluid for a qualitative proof-of-concept study. The measured fre-
quency response functions were analyzed with respect to fill-level-dependent frequency shifts and compared
with simplified finite element models based on density variation and distributed added mass. The results show
that selected resonance frequencies exhibit clear and trackable shifts with increasing fill level, confirming the
basic feasibility of modal-based fill-level estimation. However, not all modes are equally suitable, and deviations
between simulation and experiment increase for higher fill levels and fluid-influenced resonances. The study
demonstrates the potential of modal gauging as a non-invasive measurement concept for cryogenic aircraft
tank systems, while further work is required regarding repeatability, accuracy, and fluid-structure interaction
effects under representative cryogenic conditions.
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1. Introduction
As the demand for clean aviation and emission reduction continues to increase, a wide range of
alternative propulsion concepts is currently under investigation. Achieving global net-zero targets re-
quires a transition away from conventional kerosene-based propulsion, as aircraft powered by fossil
fuels represent a significant contributor to global CO2 emissions [1]. Among the proposed alter-
natives, hydrogen-powered aircraft are considered a promising pathway toward decarbonizing the
aviation sector [2].
Depending on the selected propulsion concept, hydrogen may be utilized either in fuel cells to gen-
erate electrical power or be directly combusted in gas turbines to produce thrust. These approaches
differ in efficiency and technological maturity [3, 4]. However, in both cases hydrogen storage intro-
duces significant technical challenges, as the chosen physical state strongly affects system design
and operation [5]. While gaseous hydrogen is typically stored at pressures of up to 700 bar, liquid hy-
drogen (LH2) offers a substantially higher gravimetric energy density and approximately three times
the specific energy per unit mass compared to conventional jet kerosene. Consequently, LH2 is widely
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regarded as the preferred storage option for aviation applications. However, its storage at cryogenic
temperatures below 20 K introduces considerable challenges related to thermal management, boil-off
control, and system integration [6, 7].

State of the Art
Reliable fuel management is also of critical importance, requiring robust and accurate fill-level mea-
surement techniques. Common techniques, typically used in civil aircraft for wing embedded tank
systems, such as capacitance probes, ultrasonic sensors, or float gauges rely on warm, stable fluids
and well-defined interfaces, assumptions that are not applicable in cryogenic conditions, particularly
during dynamic operation [8, 9]. Hence, these conventional sensing approaches are significantly af-
fected by the cryogenic environment, including low temperatures, low fluid densities, and two-phase
flow behavior [1, 10]. Furthermore, according to recent studies, such as [11], the structure and layout
of LH2 tank systems need to be significantly adapted compared to kerosene tank systems and tend
to be placed in the fuselage with a cylindrical design, due to pressure induced increased structural
stiffness requirements, safety reasons and practicability. As a consequence, the transferability of
existing concepts is further limited.
Additional challenges arise from vapor and ice formation, in case of water retention, on moving or
optical components, and degradation of material properties at cryogenic temperatures as well as
hydrogen embrittlement of certain materials further limiting the applicability of traditional methods
[12]. Despite extensive research into cryogenic level measurement methods such as thermal, hydro-
static, superconducting, diode-based, and optical techniques, either significant limitations persist or
the technologies have not yet attained sufficient maturity for aerospace cryogenic tank applications
[8, 13, 14, 15, 16, 17].

As an alternative, modal or eigenfrequency-based gauging has gained increasing attention, partic-
ularly in space applications under microgravity conditions. This approach exploits the dependence
of a tank’s structural or acoustic eigenfrequencies on the mass of the contained liquid. Variations
in fill level induce measurable eigenfrequency shifts that can be tracked via the tank’s frequency re-
sponse function using externally mounted accelerometers or piezoelectric actuators. Because the
method senses global fluid mass rather than local fluid motion, it is inherently non-invasive and ro-
bust to sloshing effects, enabling reliable measurements even under dynamic conditions [18, 19].
While most studies have focused on microgravity environments, the underlying physical principle re-
mains valid under terrestrial gravity. Experimental investigations have demonstrated the applicability
of modal gauging in settled 1 g tanks, achieving measurement accuracies on the order of 1.5 % to 2 %
of the total tank volume [20].

Although modal propellant gauging has already been investigated, particularly for space and reduced-
gravity applications, its transferability to aircraft-related cryogenic tank systems remains insufficiently
established. In particular, the influence of structural tank dynamics, sensor placement, and simplified
numerical mass-loading approaches on the practical applicability of modal-based fill-level estimation
requires further investigation.
In this work, modal-based fill-level estimation is applied to terrestrial cryogenic propulsion tanks as
part of a broader research effort on cryogenic composite tank technologies. The use of non-invasive
measurement techniques is particularly important to preserve the structural integrity and mechanical
performance of carbon-fiber-reinforced materials, as tank penetration or embedded sensors would
complicate maintenance, repair and thermal bridges would be established, which will increase the
heat transfer, thus raising the boil-off rate and consequently loosing costly fuel, if the boil-off gas can
not be recovered and used for combustion [21]. The main contribution of this work is the application-
oriented assessment of modal-based fill-level estimation for aircraft-related cryogenic tank systems.
Beyond demonstrating the general principle, the study evaluates mode selection, sensor-position
dependency, and the limitations of simplified added-mass models for predicting experimentally ob-
served fill-level-dependent frequency shifts. The basic suitability of modal-based fill-level detection is
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investigated under simplified boundary conditions in this paper by experimental modal investigation
at five fill levels and identifying fill-sensitive eigenmodes. The focus lies on the relative variation of
modal characteristics with changing fill level rather than the exact quantitative determination of abso-
lute eigenfrequencies. Furthermore, a comparative approach was initiated to assess the correlation
between various simulation methods and the experimental study.
However, in Figure 1 a flowchart schematics of the experimental setup can be seen, including the
tank, exciter, accelerometer and signal processing in a general overview.
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Figure 1 – Schematics of the Experimental Setup

2. Theoretical Background
The dynamic behavior of mechanical systems, thus natural frequencies, damping ratios, and mode
shapes can be described by modal analysis. For linear elastic structures, the vibration response
can be represented as a superposition of individual eigenmodes, each corresponding to a specific
resonance frequency and deformation pattern of the structure [22].
Since the focus of this work lies on the relative shift of natural frequencies rather than on the quanti-
tative prediction of resonance amplitudes or damping behavior, the basic modal formulation is intro-
duced using the undamped equation of motion, which is given by

Mẍ+Kx = 0 (1)

where M denotes the mass matrix, K indicates the stiffness matrix, and x is defined as the displace-
ment vector. Assuming harmonic motion,

x(t) = φeiωt (2)

leads to the classical eigenvalue problem (
K−ω

2M
)

φ = 0 (3)

with eigenfrequencies ω and corresponding eigenvectors φ representing the mode shapes [23].
For fluid-filled tanks, the dynamic system is additionally influenced by the fluid mass and fluid-
structure interaction effects. An increase in fill level changes the effective system mass and therefore
has an impact on the natural frequencies of the system. In general, increasing mass leads to a
reduction of the eigenfrequencies according to

ωn ∝

√
k
m

(4)
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where k represents the effective stiffness and m the effective modal mass. The solution of the eigen-
value problem yields the angular natural frequencies ωn. For improved interpretability and direct
comparison with the experimental results, the natural frequencies are expressed in Hertz according
to

fn =
ωn

2π
. (5)

Besides structural modes, additional fluid-dominated or coupled fluid-structure modes may occur de-
pending on the fill level and fluid behavior [24, 25]. In addition to mass variations, the modal charac-
teristics of thin-walled tanks are also affected by changes in internal pressure. Pressure fluctuations
arising from evaporation, pressurization processes, sloshing, or filling and draining operations alter
the effective stiffness of the tank walls and can therefore influence the natural frequencies, particularly
of lower-order structural modes. As pressure-induced stiffness increases generally lead to higher nat-
ural frequencies, their effect may partially offset the frequency reduction caused by increasing fluid
mass [18, 26].
In simplified numerical approaches, the fluid influence can be represented by an added-mass for-
mulation. Pressure-based acoustic fluid formulations, in contrast, can account for acoustic pressure
fields and coupled structural-acoustic modes, but remain based on a linearized fluid representation.
Such models require a more detailed definition of the fluid domain, interface coupling, boundary con-
ditions, and material properties, and generally involve higher computational effort. Moreover, acous-
tic formulations do not inherently capture nonlinear free-surface motion or large-amplitude sloshing
[24, 25]. The added-mass formulation was therefore used as a first-order approximation to isolate
the inertial effect of the fluid mass and to provide a computationally efficient reference model. More
detailed acoustic or coupled fluid-structure-interaction models are considered necessary for future
work where pressure fields, coupled resonances, and free-surface effects are investigated explicitly.
The distinction between structural and fluid-dominated modes is therefore essential for modal-based
fill level estimation.

The dynamic response of a system can be evaluated using the Frequency Response Function (FRF),
which describes the relationship between the excitation input and the measured structural response
in the frequency domain. The FRF is commonly expressed as

H(ω) =
X(ω)

F(ω)
(6)

where X(ω) denotes the response spectrum and F(ω) the excitation spectrum. Resonance frequen-
cies appear as peaks in the FRF and allow the identification of modal properties such as eigenfre-
quencies and damping characteristics [22].

Sampling Criteria
Since the experimental identification of these resonance peaks relies on digitally acquired time-
domain signals, the sampling parameters must be selected such that the relevant frequency content
is captured without distortion. In order to avoid aliasing effects for digital signal acquisition, the sam-
pling frequency of the measured signal must satisfy the Nyquist criterion. The Nyquist frequency,
fNyquist, is defined as half of the sampling frequency,

fNyquist =
fs

2
(7)

where fs is the sampling frequency. Only frequency components below the Nyquist frequency can
be reconstructed correctly from sampled data [22]. Therefore, the sampling frequency used in modal
testing must be selected sufficiently high to capture all relevant structural and fluid-related reso-
nances.
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Mass Ratio Considerations for Modal Fill-Level Estimation
Furthermore, beyond the measurement requirements, the sensitivity of modal-based fill-level estima-
tion is governed by the physical mass distribution of the tank system and is important for the selection
of the experimental setup. Since the effective system mass is a key parameter governing the natural
frequencies of a structure, the ratio between the tank dry mass mtank and the fuel mass mfuel directly
influences the sensitivity and significance of modal-based fill-level estimation.
Gomez et al. [27] and Onorato et al. [28] characterize the structural efficiency of an aircraft fuel
storage system using the tank-to-fuel mass ratio

λ =
mtank

mfuel
, (8)

which quantifies the amount of tank mass required per unit mass of stored fuel. However, a comple-
mentary metric frequently used in hydrogen storage literature, including the work of Huete et al. [29],
is the gravimetric efficiency

ηgrav =
mfuel

mfuel +mtank
, (9)

which represents the fraction of the total storage system mass that consists of usable fuel. Both
quantities are directly related through

ηgrav =
1

1+λ
. (10)

In conventional aircraft, kerosene is typically stored integrally within the wing structure in a so-called
wet-wing configuration, eliminating the need for dedicated pressure vessels and resulting in very low
tank structural mass fractions [30]. Typical values are in the range of λ ≈ 0.03–0.06, corresponding
to gravimetric efficiencies above 94%. In contrast, cryogenic LH2 storage systems generally exhibit
significantly higher tank mass fractions due to insulation, pressure containment, and structural re-
quirements. Gomez et al. [27] and Onorato et al. [28] report optimistic estimates of λ ≈ 0.2–0.45.
However, Huete et al. [31] present a more conservative assessment, suggesting values in the range
of λ ≈ 0.4–1.3. These estimates provide a baseline for obtaining a suitable and transferable ratio
of structural to fluid mass for the experimental setup, which is approximately λ ≈ 0.5 in the present
experimental setup.

3. Methods
The methodology combines numerical modal analysis and experimental investigations to evaluate
the feasibility of non-invasive fill-level estimation based on eigenfrequency shifts caused by mass
variations. A finite element model of the tank was developed in Ansys Workbench to investigate
the influence of increasing fluid mass on the dynamic behavior, thus the natural frequencies and
mode shapes of the system. Different simulation approaches and discrete fill levels were considered
to evaluate the capability of the numerical models to reproduce the experimentally observed modal
behavior.
The numerical studies were used to identify the relevant frequency range of interest for the exper-
imental measurements, estimate mode shapes for selecting suitable sensor locations, and support
the design of the experimental investigations. Key parameters such as fill level, gravity orientation,
and boundary conditions were considered in order to assess their influence on the modal character-
istics of the tank. Furthermore, the material properties and geometric characteristics of the structure
were incorporated into the numerical model to enable a direct comparison with the experimental re-
sults. The simulation results were subsequently compared with the measured frequency response
functions to assess the applicability of simplified mass-loading models for modal-based fill-level esti-
mation.

3.1 Experimental Setup
For the experimental investigations, a commercially available galvanized steel pressure vessel manu-
factured by MABE with a total volume of 50 l was used. The tank is designed for a maximum operating
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pressure of 16 bar and consists of a cylindrical shell structure with hemispherical end caps. The wall
thickness is 3.5 mm, while the total mass of the empty tank, including all plugs and permanently
mounted support feet, is 25.3 kg.
A full-scale cryogenic tank was not used at this stage, since aircraft-relevant cryogenic tanks require
a more complex double-walled and vacuum-insulated architecture to limit heat ingress and boil-off
losses. Such systems are associated with significantly higher costs, and additional thermal, struc-
tural, and safety-related design constraints. The present tank was therefore selected as a simplified
laboratory-scale demonstrator, allowing the fundamental influence of fluid mass on the modal re-
sponse to be investigated under controlled conditions. Furthermore, tank was chosen to achieve a
comparatively representative structural-to-fluid mass ratio for laboratory-scale investigations of ap-
proximately λ ≈ 0.5, similar to estimations of aircraft LH2 tank systems, corresponding to a maximum
fluid mass of approximately 50 kg and a total system mass of approximately 75 kg at full fill level.

Due to safety considerations and simplified handling procedures, experiments with cryogenic fluids
were not conducted within the scope of this study. Instead, water was used as a substitute fluid for
LH2 for qualitative proof-of-concept.
To minimize the influence of external boundary conditions and avoid undesired mechanical con-
straints, the tank was string suspended with a priority on minimizing vibrations by using multiple
elastic expanders attached to the tank feet, which can be seen in Figure 2a. This suspension config-
uration was selected to approximate free-free boundary conditions and to allow unrestricted structural
vibration behavior over a broad frequency range. Additionally, it was designed such that its dominant
dynamic influence remained below the primary frequency range of interest.

System excitation was introduced using a TIRA TV 50018 electrodynamic shaker. Due to the com-
paratively low nominal excitation force of the shaker and the lack of alternative excitation systems,
the shaker was mounted directly onto the tank, which is visible in Figure 2b, in order to enhance
force transmission into the structure and to improve vibrational energy transfer. For this purpose,
a custom-fitted additively manufactured adapter in combination with a tension strap was used. The
adapter was fabricated from Nylon PA12 reinforced with carbon fibers (PA12+CF15), selected for its
comparatively high stiffness to ensure efficient transmission of excitation forces and reduce additional
structural damping effects introduced by the mounting interface.
The direct shaker attachment may locally influence the structural dynamics due to additional mass
and stiffness contributions. However, this configuration was necessary to achieve sufficient excita-
tion amplitudes within the investigated frequency range. Furthermore, the influence of the shaker
remains constant throughout all measurements and therefore only has a limited effect on the com-
parative analysis of the fill-level dependent modal behavior.

The structure was excited using a linear frequency sweep with a sweep duration of 20 s, a center
frequency of 1225 Hz, a frequency span of 2150 Hz, and an excitation amplitude of 5 V. Furthermore,
the shaker was intentionally positioned outside the principal symmetry and rotational axes of the tank
in order to achieve broader modal excitation and reduce the risk of selectively suppressing specific
vibration modes.

Five fill levels between 0% and 100% of the maximum fluid mass with increments of 25% were exper-
imentally investigated with respect to their modal characteristics. Structural vibrations of the tank wall
were measured using a PCB Piezotronics accelerometer (model 333B30), which was attached to
the external tank surface using a magnetic mounting base. The accelerometer converts mechanical
vibrations into electrical signals, which were subsequently amplified and acquired using a PicoScope
5000 Series oscilloscope manufactured by Pico Technology. Signal acquisition and processing were
performed using the PicoScope 7 software environment, while the analysis was carried out with MAT-
LAB.

Measurements were conducted at four different sensor locations distributed across the tank surface.
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(a) Experimental setup using string suspension
(modified using AI-based image processing) (b) Accelerometer and Shaker on the vessel

Figure 2 – Experimental Setup

Sensor placement, which can be found in Figure 3, was selected such that potential nodal regions
were avoided as far as possible, based on prior numerical simulation results and preliminary ex-
perimental observations. While sensor position 1 was chosen to be next to the shaker, position 4
was approximately on the opposite side. Furthermore, the numerical investigations indicated that
resonance phenomena within the frequency range between approximately 150 and 2500 Hz are par-
ticularly relevant for fill-level dependent modal behavior. Consequently, the sampling frequency of
the analog-to-digital converter was set to fs = 20kSamples/s, thereby satisfying the Nyquist criterion
according to equation (7)

fs > 2 · fmax (11)

with fmax = 2500Hz.

Figure 3 – Positioning of sensor and shaker placement

3.2 Simulation Models
To investigate the influence of varying fill levels on the modal behavior of the tank system, numeri-
cal modal analyses were performed in Ansys Modal Analysis embedded in Ansys Workbench. The
objective of the simulations was not only to approximate the experimentally observed natural frequen-
cies, but also to assess how far simplified mass-based models can represent the fill-level dependent
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dynamic behavior. Two different added-mass approaches were investigated, each for the same five
fill levels as used in the experimental measurements. Both approaches neglect acoustic effects, liq-
uid pressure fields, and the dynamic behavior of the fluid, and therefore represent only the inertial
influence of the added liquid mass.

3.2.1 Material Model and Simplifications
The original CAD geometry from the manufacturer resulted in an overprediction of the structural mass
with an assumption of a material density of 7850 kg/m3 for standard structural steel, which was cho-
sen from a material data base, as the material was not further characterized by the manufacturer.
Therefore, the wall thickness was adjusted from 5 mm to 3.5 mm such that the FE model matched
the experimentally measured tank mass of 25 kg. The Young’s Modulus for structural steel, derived
from the data base, is defined with 200 GPa, while the Poisson’s Ratio is specified with 0.3. Further-
more, the influence of the weight of the shaker and the piezoelectric sensor were neglected and not
included in the model. Additionally, free–free boundary conditions were applied in the simulations
in order to approximate the experimental suspension setup. This suspension method is commonly
used to approximate unconstrained conditions by shifting the suspension modes to frequencies sig-
nificantly lower than the structural eigenfrequencies of interest. Consequently, no additional supports
or constraints were applied in the finite element model, and the first six rigid-body modes were ex-
cluded from the evaluation.

In order to reduce model complexity and computational effort, the following simplifications were intro-
duced in the numerical model:

• Weld seams

• local variations in sheet thickness

• detailed contact interactions between structural components

• residual fluid quantities

• inherent material damping

These simplifications may partly explain deviations between the numerical predictions and the exper-
imentally observed modal characteristics.

3.2.2 Different Approaches
As a baseline case, a purely structural finite element model of the empty tank was created. The model
was based on the provided CAD geometry of the manufacturer of the pressure vessel, including the
main tank body as well as the relevant fittings and connections. The investigated tank has a nominal
volume of 50 l, with an internal diameter of approximately 269 mm and with 3.5 mm sheet thickness,
an overall length of approximately 900 mm, and hemispherical end caps. This model serves as a
reference state for the identification of the fundamental shell and structural modes of the tank without
any fluid interaction effects. It allows the investigation of the intrinsic dynamic characteristics of the
tank geometry and material properties and provides an initial estimation of the dominant resonance
frequencies.

As an alternative methodology to fluid-structure interaction analysis, the influence of the fluid, which
is water, was approximated using an added mass formulation. In this simplified representation, the
fluid contribution is modeled as an additional inertial load acting on the structure. This approach cap-
tures the general reduction of eigenfrequencies caused by increasing effective system mass at higher
fill levels. However, since the fluid itself is not modeled as a dynamic domain, fluid dominated reso-
nances and coupled fluid-structure modes cannot be represented using this method. Consequently,
nonlinear free-surface effects and sloshing phenomena are also not captured within the scope of the
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present simulations.

In the first approach, the density of the structural material was increased such that the total mass of
the model corresponded to the combined mass of the tank structure and the contained liquid. This
results in a homogenized distribution of the additional mass over the entire tank structure. In the
second approach, the additional liquid mass was applied as a distributed mass on the inner wall of
the tank using the distributed mass functionality in Ansys Mechanical. This approach introduces the
additional inertia more locally at the fluid-contacting surface, while still not representing the fluid as a
dynamic domain.

For the empty tank and the added mass configuration, an undamped modal analysis was conducted.
The modal analyses were performed using the direct solver in combination with the Block Lanczos
eigensolver.

3.2.3 Mesh Convergence study
A mesh convergence study was conducted in order to assess the sensitivity of the numerical re-
sults with respect to the spatial discretization. Four different element sizes were evaluated, ranging
from 15 mm, 7.5 mm, 3.5 mm down to 1.5 mm, resulting in meshes with just over 3 million elements
for the finest configuration. Quadratic element order was used throughout the study to improve the
accuracy of the displacement field representation, particularly for capturing curved geometries and
higher-order structural modes. A sweepable meshing strategy was applied where possible, in order
to ensure a structured element alignment through the thickness of the shell regions, which is benefi-
cial for accurately resolving bending dominated behavior in thin-walled structures.

The mesh was generated using tetrahedral elements, which provide a robust and flexible discretiza-
tion approach for complex geometries such as cylindrical shells with hemispherical end caps and
local geometric details.
The results of the convergence study showed only a minor variation in the identified eigenfrequencies
with mesh refinement. The influence of mesh refinement on the calculated eigenfrequencies was
evaluated by comparing selected resonance modes. For example, one representative mode was
obtained at approximately 334 Hz using an element size of 15 mm, while the same mode converged
towards 327 Hz for 3.5 mm and approximately 324 Hz for the finest mesh with 1.5 mm element size,
in order to have at least two layers within the tank’s thickness. Since the relative deviation between
the finer meshes becomes comparatively small while the computational effort increases significantly,
a medium mesh size of approximately 3.5 mm was selected for the subsequent simulations as a
compromise between numerical accuracy and computational cost.

4. Results
This section presents the experimental and numerical results obtained for the investigated fill levels
and sensor configurations. The measured modal responses are analyzed with respect to fill-level
dependent frequency shifts, resonance behavior, and the occurrence of possible fluid-structure inter-
action effects. Furthermore, the experimental observations are compared with the different numerical
modeling approaches in order to evaluate their capability to reproduce the observed modal charac-
teristics and to distinguish between structural and fluid-dominated resonances.

4.1 Simulation Comparison
For both simulation approaches, the first 30 natural frequencies and corresponding mode shapes
were calculated in order to identify the relevant frequency range for the experimental investigations
and to obtain an initial estimate of the expected modal behavior. The first six modes, located between
approximately 0 Hz and 2× 10−3 Hz, were excluded from the evaluation, as they correspond to rigid
body modes resulting from the applied free-free boundary conditions. In addition, modes primarily

9



Modal-Based Gauging of Cryogenic Tanks

associated with the support feet were neglected, since the focus of this study lies on the modal be-
havior of the tank structure itself.

The structural modes of the tank show circumferential nodal patterns and, for higher-order modes, ad-
ditional nodal lines in the axial direction, as shown in Figure 4 for selected empty-tank mode shapes.
The first two depicted shell dominated modes, depicted in Figure 4a at approximately 330 Hz and in
Figure 4b at approximately 396 Hz, exhibit two and three circumferential nodal patterns, respectively,
with the largest displacements occurring near the center of the cylindrical section. Nonetheless, the
mode shown in Figure 4c at approximately 657 Hz represents a higher-order shell mode with nodal
patterns in both the axial and circumferential directions.

(a) First shell mode at 330 Hz (b) Third shell mode at 396 Hz

(c) Sixth shell mode at 657 Hz (d) Twelfth shell mode at 910 Hz

Figure 4 – Mode shape results of the tank at 0 % fill level

The displacement and mode shape of Figure 4d at 910 Hz was categorized as a support foot domi-
nated eigenmode and was therefore not included in the statistical evaluation. However, as a matter
of fact, this mode also exhibits three axial displacement nodes.

Both approaches essentially adhere to the same general trend, as can be seen in Figure 5. The tank
fill level is shown on the y-axis, while the corresponding natural frequency is plotted on the x-axis. The
solid lines with circular markers represent the density-variation approach, whereas the dashed lines
with square markers correspond the alternative method using the distributed added mass approach.

It can be observed that the natural frequency curves obtained from the density-variation approach
remain parallel for the different modes. This indicates a similar relative frequency reduction with
increasing fill level. In contrast, the distributed added-mass approach leads to slightly different mode-
dependent behavior, as the additional mass is applied locally to the inner tank wall rather than being
homogenously distributed throughout the structure.
Furthermore, the frequency shift of a given mode is not linear over the investigated fill-level range.
The relative change in natural frequency is more pronounced at lower fill levels and decreases as the
fill level increases. A similar trend was also observed in the experimental results.

The empty tank modes have the same initial value for the different approaches, since, reasonably, no
additional mass is present at a 0 % fill level. Consequently, there is no deviation in the results, as the
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Figure 5 – Comparison of simulation methods
(variation in density vs. addition of a distributed mass)

simulations are identical. As the fill level increases, the relative difference of the eigenfrequency of
each mode for both approaches also increases. The correspondence between individual modes was
determined based on a comparison of their respective mode shapes.

Based on the simulation results, the accelerometer positions, which were shown beforehand in Fig-
ure 3, were chosen to avoid predicted nodal regions as far as possible and to ensure sufficient modal
observability for various modes. In addition, the simulations were used to estimate the relevant fre-
quency ranges for the experimental investigations.

4.2 Experimental Modal Response
The measured frequency response functions exhibit several dominant resonances within the investi-
gated frequency range. While some modes remain relatively stable across all fill levels, other reso-
nances show a clear shift in frequency and amplitude as the fluid mass increases. These observa-
tions indicate, as expected, a strong dependence of selected dynamic characteristics on the fill state
of the tank.

A subset of identified modes is already present in the empty tank configuration and shows a gradual
decrease in natural frequency with increasing fill level, which is consistent with added mass effects. In
contrast, other resonances are significantly more sensitive to the presence of fluid and either emerge
only at higher fill levels or exhibit a patternless frequency shift behavior. These modes are likely
influenced by coupled fluid-structure interaction effects.
The observed frequency shifts are consistent across multiple measurement positions, indicating that
the identified trends are not artifacts of local sensor placement but represent global changes in the
dynamic behavior of the system.

Figure 6 shows the frequency response functions |H( f )| measured at sensor position 4 for all five
fill levels within a selected frequency range between 200 Hz and 400 Hz, as this frequency window
contains an identifiable and trackable resonance peak for all investigated fill levels. A clear shift of
the resonance peak can be observed for each fill level. As expected, the fully filled tank exhibits the
lowest resonance frequency, with a peak at approximately 215 Hz, whereas the empty tank shows the
corresponding peak at approximately 337 Hz. This results in a frequency difference of 122 Hz between
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the empty and fully filled configurations. Another notable characteristic is that the frequency spacing
between adjacent fill-level peaks increases as the fill level decreases. This confirms a nonlinear rela-
tionship between the resonance frequency and the changing fluid mass.

Figure 6 – FRFs of sensor position 4 for all five fill levels

Since the frequency spacing between the resonance peaks at 25 % and 0 % fill level is almost nine
times larger than the spacing observed at higher fill levels (68 Hz compared to approximately 8 Hz),
the resonance response appears to provide a higher distinguishability at lower fill levels. This sug-
gests that the achievable fill-level resolution may not be constant over the entire filling range, but
could improve as the fill level decreases, based on the observed resonance peak separation.

At sensor position 3 a resonance response at approximately 1000 Hz can be interpreted as a predom-
inantly structural mode of the system. A corresponding peak is visible for all investigated fill levels,
but its frequency shift does not follow a distinct fill-level dependent pattern. The highest response
amplitude is observed for the empty tank, whereas the corresponding peaks for the filled configura-
tions are considerably less pronounced while being located in the same frequency range.

A similar behavior is shown in Figure 7, which presents the frequency response functions measured
at sensor position 1. A resonance peak around 1100 Hz can be observed for each fill level. However,
no clear or consistent frequency shift pattern is visible. Therefore, this frequency range at this sensor
position are not suitable for reliable fill-level estimation based on the present measurements.

Additionally, pronounced resonance peaks were observed at 50 % fill level at approximately 238 Hz,
357 Hz, and 541 Hz. Since these peaks are significantly more pronounced than for the other fill con-
figurations, they may indicate increased interaction between structural vibration modes and the fluid
domain at this specific fill level.
However, a purely acoustic interpretation seems improbable. Estimating the acoustic wavelengths
using λ = c/ f with a speed of sound in water of approximately c = 1480m/s results in wavelengths
of approximately 6.2 m, 4.1 m, and 2.7 m for the three observed resonances. These values are sig-
nificantly larger than the tank diameter of approximately 0.3 m, suggesting that the resonances are
unlikely to represent pure acoustic standing waves across the tank width. Since weak corresponding
peaks are already present in the empty tank configuration, a purely fluid-dominated interpretation is
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Figure 7 – FRFs at sensor position 1 show no distinct fill-level dependent pattern

also unlikely. Instead, the resonances are more plausibly associated with structural modes whose
dynamic response is amplified or modified by the presence of the fluid. The observed behavior there-
fore suggests fluid-loaded structural modes or weakly coupled fluid-structure effects.

4.3 Fill-Level Sensitivity
To provide a simple reference for the experimentally observed frequency shifts, a single-degree-of-
freedom approximation was used. For a given mode, the natural frequency can be expressed as

fn =
1

2π

√
keff

meff
, (12)

where keff and meff denote the effective modal stiffness and mass, respectively. Assuming that the
structural stiffness remains approximately constant over the investigated fill levels, the frequency
reduction can be estimated from the increase in effective mass.
Using the empty tank condition as reference, the normalized frequency shift is approximated by

f (α)

f0
=

√
m0

m0 +ηmm f (α)
, (13)

Where f0 is the resonance frequency of the empty tank, m0 is the structural mass, m f (α) is the fluid
mass at fill level α, and ηm is an effective modal mass participation factor.
It should be noted that ηm does not represent a physical mass participation factor in the strict modal
analysis sense. Instead, it serves as an effective parameter that quantifies the extent to which the
experimentally observed frequency shift can be explained by a simplified added-mass approximation.
The parameter can be interpreted as an effective measure of how strongly a particular mode is
influenced by the presence of the fluid. In the simplest case, ηm = 1 corresponds to the assumption
that the entire fluid mass contributes to the dynamic response. Values below unity indicate that only
a fraction of the fluid mass participates in the considered mode.
This approximation is not intended to represent the full fluid-structure interaction behavior of the
tank. Instead, it provides a reference trend for identifying modes whose frequency shift is mainly
governed by added mass effects. Deviations from this trend may indicate additional effects such as
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fluid-structure coupling, changes in modal stiffness, or fluid dominated resonances.

In Table 1, the eigenfrequencies of the experimental measurement of sensor position 4 and the results
of eigenmode 2 using the variational density approach are displayed for all fill levels. As a baseline
for the analytical calculation, f0 was assumed to be 337 Hz at 0 % fill level, as the simulation and
three of four sensor measurements were in this range. Within this table, the analytically predicted
eigenfrequencies fPrediction(α) for all fill levels, except for the empty tank case were calculated using
equation (13), while the effective modal fluid mass participation factor was assumed to be ηm = 1. The
calculated natural frequencies match the simulated ones almost entirely, while the relative deviation
from the experimental values is at a maximum of 10 % for the fully filled tank case. However, at fill
level 50 % the measurement almost correspond the simulated and calculated value.
The observed deviations can be attributed to the simplified assumption of constant effective stiffness
and to additional fluid induced effects that are not represented by this approximation.

Moreover, the effective modal fluid mass participation factor ηm was calculated from the experimental
results listed in Table 1 using

ηm =
m0

m f (α)

[(
f0

f (α)

)2

−1

]
, (14)

which is a transformed version of Equation (13). Interestingly, at 25 % fill level, ηm is greater than 1. A
literal interpretation of this value would imply that more than the entire added fluid mass contributes
to the modal response, which is not physically meaningful. However, the measured frequency has
decreased more than can be explained by the additional fluid mass using the simple added mass
model. Values of ηm greater than unity indicate that the observed frequency reduction is larger than
predicted by a simple added mass approximation. This suggests that the modal behavior cannot be
explained by a pure increase in effective mass alone. Possible reasons include changes in effective
modal stiffness or fluid-structure coupling effects, if incorrect measurements and uncertainties in the
mode tracking procedure can be dismissed.
The results for 75 % and 100 % fill level indicate that the observed frequency shift is smaller than
expected if the entire fluid mass contributed to the modal response, while the results for 50 %, which
is almost ηm = 1 are consistent with a pure added mass interpretation for the tracked resonance fre-
quency. However, this does not directly explain the pronounced resonance amplitudes observed at
50 % fill level, as these amplitudes may indicate additional effects.

Table 1 – Eigenfrequency prediction and effective modal fluid mass participation factor

Fill-Level (%) 0 % 25 % 50 % 75 % 100 %
Simulation (Hz) 336.57 274.81 237.99 212.87 194.32
Sensor 4 (Hz) 337.60 296.30 238.80 223.60 214.98

fPrediction(α) 337 275.16 238.29 213.13 194.57
ηm / 1.132 0.992 0.848 0.729

Figure 8 compares the experimental results with the two simplified simulation approaches. The
solid lines with circular markers represent the simulation model based on density variation, while
the dashed lines with square markers show the results obtained using the distributed added-mass
approach. The experimental results are shown as dotted lines with triangular markers. The results
from sensor position 2 were omitted from the graph because they were not representative for the
investigated range of interest.
The fill-level sensitivity was evaluated by tracking selected resonance frequencies over all investi-
gated fill states. The numerical models serve as reference trends for the expected mass loading
behavior, while the experimental sensor data indicate the measured fill-level dependent frequency
shifts. As shown in Figure 8, the experimental results generally follow the simulated trends and begin
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Figure 8 – Comparison of simulation to experimental results

to diverge more noticeably at higher fill levels. In particular, the results from sensor positions 1 and 4
show very similar behavior and follow the same general pattern as the simulation results.
The relative change in natural frequency between 100 % and 75 % fill level is comparatively small,
whereas the frequency shift becomes more pronounced as the fluid mass decreases. This behavior
is consistent with the trends observed in both the simulations and the analytical added mass approx-
imation. Sensor position 3, however, shows a different behavior in the intermediate fill-level range.
The resonance frequencies at 75 % and 50 % fill level are particularly close to each other, resulting in
an almost negligible relative frequency shift. Consequently, fill-level estimation based on this sensor
position would be difficult in this range and is likely to be less reliable and less accurate.

5. Discussion and Limitations of the Proposed Approach
Several limitations and simplifications of the present study should be considered when interpreting
the experimental and numerical results.

• The investigated tank system does not represent a fully realistic LH2 storage configuration suit-
able for aircraft applications, since the used pressure vessel was neither vacuum-insulated nor
designed for cryogenic operation

• Water was used as a substitute fluid instead of LH2

• Consequently, important effects related to cryogenic temperatures, material behavior and fluid
properties were not captured

• The investigated fill levels were limited to increments of 25%

• Temperature-dependent changes in material stiffness, damping, thermal stresses, and fluid
properties were not considered, as all experiments were conducted under ambient laboratory
conditions

• Possible influences of ambient acoustic noise and external vibrations from the laboratory en-
vironment were also not systematically quantified, because environmental disturbances may
contribute to measurement uncertainty

• The influence of internal pressure variations caused by evaporation and boil-off processes of
cryogenic fluids could not be investigated
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Since pressure-induced stiffness changes may additionally influence the modal characteristics of
thin-walled tanks, future investigations under cryogenic operating conditions are required to assess
the combined effects of fill level and internal pressure variations.
Furthermore, while the 25% increment resolution is sufficient for an initial proof-of-concept investi-
gation, smaller fill-level steps and a larger experimental dataset would be required to evaluate the
achievable measurement accuracy and sensitivity in more detail.

The experimental boundary conditions also introduce additional uncertainties. The tank suspension
using elastic expanders only approximates free-free boundary conditions and may introduce non-
linear stiffness and damping effects. Similarly, the direct attachment of the electrodynamic shaker
locally affects the structural mass and stiffness distribution of the system. However, since the shaker
configuration remained unchanged throughout all measurements, its influence on the comparative
analysis of relative frequency shifts is considered limited.

Another important aspect is the dependency of modal observability on sensor placement. Certain
vibration modes may only be detectable at specific sensor locations, while nodal regions can signif-
icantly reduce the measured response amplitudes. Although multiple sensor positions were investi-
gated, the experimental identification of all relevant modes cannot be guaranteed.
Finally, the transferability of the proposed approach to practical aerospace applications remains an
open question. Real aircraft tank systems are subject to varying operational conditions, structural
complexity, temperature gradients, and dynamic flight maneuvers, all of which may influence the
modal characteristics of the system. Further investigations under more representative operating con-
ditions are therefore required to evaluate the practical applicability of modal-based fill-level estimation
in aviation environments.

6. Conclusion and Outlook
The feasibility of modal-based fill-level estimation for cryogenic propellant tank applications using a
combined experimental and numerical approach was investigated. The main objective was not the
exact determination of the absolute eigenfrequencies of the investigated tank, but the identification of
frequency shifts caused by changes in fluid mass. Experimental measurements were conducted on
a suspended steel pressure vessel at five fill levels and four sensor positions, while simplified finite
element models were used to estimate the expected mass-loading effect.

The experimental results confirm that selected resonance frequencies exhibit clear fill-level-dependent
shifts and can therefore serve as indirect indicators of the contained fluid mass. However, the main
finding is not the frequency shift itself, but the mode- and sensor-position-dependent suitability for fill-
level estimation. While some resonances show distinct and reproducible trends over all investigated
fill levels, others exhibit weak, irregular, or sensor-position-dependent behavior. This demonstrates
that practical modal-based gauging cannot rely on arbitrary resonance peaks, but requires robust
mode selection, sufficient modal observability, and reliable mode tracking.

The comparison between experiment and simulation shows that simplified added-mass models are
suitable as a first-order reference for estimating the general frequency reduction of selected struc-
tural modes. However, the increasing deviations between measured and predicted resonance fre-
quencies demonstrate that fill-level-dependent modal behavior cannot be fully reduced to a global
mass-loading effect. This is particularly relevant for the transfer of modal gauging from established
propellant-gauging applications toward aircraft-related cryogenic tank systems, where structural dy-
namics, sensor placement, and fluid-induced effects become critical design parameters.
The results therefore extend the state of the art by showing not only that resonance frequencies shift
with fill level, but also that the suitability of individual modes must be critically assessed. Modes that
follow the added-mass trend can be used for robust fill-level estimation, whereas resonances with am-
plified or irregular behavior indicate fluid-loaded structural modes or weakly coupled fluid-structure
effects. Consequently, practical modal-based gauging systems should rely on selected, trackable
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modes and require more detailed acoustic-fluid or coupled fluid-structure-interaction models for res-
onances that cannot be described by mass loading alone.

Overall, the results do not establish modal gauging as a new measurement principle, but demon-
strate its application-oriented potential for aircraft-related cryogenic tank systems under simplified
laboratory conditions. The main contribution of this study is the combined experimental and numer-
ical assessment of fill-level-dependent frequency shifts, showing that selected, sensor-observable
structural modes can be used for fill-level estimation, while other resonances require a more detailed
treatment of fluid-induced effects. This highlights mode selection, sensor placement, and model fi-
delity as key requirements for transferring modal-based gauging toward LH2 aircraft tank applications.
Additionally, since the method can be implemented using externally mounted sensors, it avoids tank
penetration and therefore does not introduce additional thermal bridges or direct heat input into the
cryogenic storage system. This is particularly relevant for aircraft applications, where maintainability,
structural integrity, and thermal efficiency are critical design aspects.

Nevertheless, further work is required before the approach can be considered applicable to aerospace
fuel gauging. The present study was limited to water as a substitute fluid, a non-vacuum-insulated
laboratory tank, coarse fill-level increments of 25 %, and simplified boundary conditions. Based on
the observed mode-dependent sensitivity and sensor-position dependency, future work should focus
on robust mode selection, mode tracking, and optimal sensor placement using smaller fill-level in-
crements and repeated measurements. In addition, the transferability to aircraft-relevant cryogenic
tanks must be investigated, particularly for double-walled and vacuum-insulated LH2 architectures,
where externally mounted sensors may primarily capture the response of the outer shell rather than
the inner vessel in contact with the liquid. Future studies should therefore also consider the structural
coupling between inner and outer tank walls, insulation and support elements, cryogenic temper-
ature effects, and dynamic operating conditions including acceleration-induced fluid motion, as well
as susceptibility to sloshing should be assessed experimentally, for example using a Stewart Platform.

Further numerical work should include a more representative comparison between water and LH2, in
particular with respect to density and fluid-property effects. Moreover, acoustic-fluid modeling, slosh-
ing effects, and fully coupled fluid-structure interaction should be investigated in more detail. The
influence of internal pressure variations caused by evaporation and boil-off processes should also be
considered, since pressure-induced stiffness changes may affect the modal response. Finally, prac-
tical implementation aspects need to be addressed, including whether ambient aircraft vibrations are
sufficient for passive modal excitation, whether the method remains applicable for vacuum-insulated
tank systems, and how the results change under fixed or aircraft-like mounting conditions.
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