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A problem: mass-gauging propellants in micro-g

• Deep space exploration requires instrument to assess (gauge) 
the remaining mass of the propellant in the tank 
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Weyl’s Law

– V is the volume of the space occupied by the liquid

– A is the (minus) total surface area of the liquid domain for (compliant) rigid wall
boundary conditions.

– cL the sound velocity in the liquid

Spectral Mass Gauging (SMG) is based on Weyl’s Law (Weyl 1911, Arendt et al. 2009):
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Spectral Mass-Gauging.  Overview

• Purpose: Provides propellant-configuration model-free mass-gauging.

• Features:

– Uses acoustic resonances counting function in propellant tank;

– Is based on rigorous results from spectral theory, the Weyl’s Law

✓ Does not require modeling the propellant configuration

✓ Non-intrusive

• Concept of Operations

– Tap on the tank wall (mechanical actuator)

– Excite acoustic resonances in the liquid;

– Resonances are detected (via accelerometers)

– Information processed by electronics and mode counting software,

– The liquid volume is inferred based on Weyl’s law.

• Technologies to Enable the Concept

– Sensors, actuators, electronics and data-processing and inference software

J. R. Feller, A. Kashani, M. Khasin, C. B. Muratov, V. V. Osipov, and S. Sharma. Spectral mass gauging 
of unsettled liquid with acoustic waves. Technical report, NASA TM–2018 219876, 2018.
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Application of Weyl’s Law to thin-walled tanks

• Error in volume inference predicted for the 
thin-walled Titanium tank used in our tests.

• Application of Weyl's Law to the tank 
spectrum leads to an error of ~5% in the 
shown frequency range. 

• Implementing the wall corrections derived 
in Ref. [1] reduces the error to ~0.5% in this 
range.

[1] C. Muratov, J. Rogers and M. Khasin, Acoustic modes of a spherical thin-shell tank for liquid propellant mass gauging: theory and 
experiment. Submitted to J. Acoust. Soc. Am. (2022)
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Spectrum identification problem

Our approach: 
Local spectrum identification using supervised machine learning (physics-informed 
convolutional neural network ) trained on synthetic spectra. 
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Error in volume inference 

The error in volume inference depends on three dimensionless groups:

|𝜖|~
𝑅

𝐻

3−𝛼 𝛤0𝑅

𝑐 𝜌𝑚

3β/2

, 0 ≤ 𝛼 ≤ 3, 𝛽 ≈ 2.5

1. The propellant tank vibrations quality factor 𝑄 = 𝑐/(𝛤0𝑅)

2. The liquid configuration aspect ratio 𝑅/𝐻

3. The maximal effective modal density 𝜌𝑚 resolvable by the mode-
counting software. It depends on:
• Number of data channels
• Signal to noise ratio (S/N)
• Interference from the shell-modes

𝑅-characteristic lengthscale of the tank
𝐻-fill level (shortest lengthscale of the liquid 
configuration)
𝛤0-acoustic damping rate in the full tank
𝑐-speed of sound in the liquid
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Constraints on the synthetic spectra 

The error in volume inference depends on three dimensionless groups:

|𝜖|~
𝑅

𝐻

3−𝛼 𝛤0𝑅

𝑐 𝜌𝑚

3β/2

, 0 ≤ 𝛼 ≤ 3, 𝛽 ≈ 2.5

1. The propellant tank vibrations quality factor 𝑄 = 𝑐/(𝛤0𝑅)

2. The liquid configuration aspect ratio 𝑅/𝐻

3. The maximal effective modal density 𝜌𝑚 resolvable by the mode-
counting software. It depends on:
• Number of data channels
• Signal to noise ratio (S/N)
• Interference from the shell-modes

Constraints on 
the synthetic data

Our synthetic training spectra are vibration spectra of rectangular resonators with 
random aspect ratios and compliant walls (Dirichlet BC), subject to the constraints above.

𝑅-characteristic lengthscale of the tank
𝐻-fill level (shortest lengthscale of the liquid 
configuration)
𝛤0-acoustic damping rate in the full tank
𝑐-speed of sound in the liquid
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ML spectral identification performance with the number 
of data channels (synthetic data)
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MLSI performance (synthetic data). Mode-counting

• MLSI-estimated mode-counting function N(f) vs. the actual one from synthetic data;
• The fit is excellent up to 𝝆𝒎 = 𝟎. 𝟐 corresponding to 𝑵 ≈ 𝟓𝟓𝟎𝟎 modes.
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MLSI performance (synthetic data). Volume inference

• Volume inference from the MLSI-estimated mode-counting function;
• The inference error is <1% for both Weyl’s Law (b) and Frank’s Law (d) inferences.



Objective 1:

Collect acoustic spectra for each actuator/accelerometer pair—with the tank 
at various fill levels and internal pressures.

Qualitative assessment of spectra.

Post-test: Infer liquid volume from analysis of spectra; compare with 
measured liquid level (from capacitance gauge).

Objective 2: 

Characterize performance of actuators and accelerometers at cryogenic 
temperatures.
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SMG LN2 Test Objectives



• Test Tank
• Surplus flight propellant tank. Produced for Mariner program.
• Same as CRYOTE tank.
• 6Al4VTi.
• Spherical, 30 in. dia.; 0.05 in. wall thickness.
• Capacity: 220 liters.

• Instrumentation
• Array of acoustic actuators and accelerometers, distributed on 

outside surface of tank. Concentrated on lower half of sphere.
• 8 actuators (Ledex solenoids).
• 12 cryogenic accelerometers (PCB/Kistler).

• Capacitance gauge (liquid level gauge): Cryomagnetics Model 
LM-510.

• Thermocouples: Tank wall, support structure, solenoid.
• Tank pressure gauge.
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accelerometer

solenoid actuator

SMG LN2 Test: Test Tank and Instrumentation



• Actuator brackets and accelerometer studs epoxied 
to tank wall.

• Adhesive: Scotchweld 2216.

• Test bonds made to 6Al4VTi sheet; dunk-tested in 
LN2.
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accelerometer

accelerometer stud

SMG LN2 Test: Test Tank and Instrumentation



• Ames Engineering Evaluation Lab 
(EEL).

• Dynavac thermal vacuum chamber.
• Internal volume: 6 ft. dia. X 10 ft. tall

• LN2 thermal shroud
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Dynavac Thermal Vacuum Test Chamber
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Dynavac Thermal Vacuum Test Chamber
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Dynavac chamber

fluid handling system

base plate

test tank

SMG LN2 Test: Test Tank Installation
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SMG LN2 Test: Test Tank Installation
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Elimination of shell-modes from the spectra

Time delay approach to shell-modes elimination [1]:
• Shell-modes “die out” exponentially faster than the liquid modes;
• Elimination of the shell-modes comes at the expense of decreasing signal to noise.

[1] L. Delzeit, J. Feller, B. Helvensteijn, A. Kashani, M. Khasin and V. Osipov, Spectral Mass Gauging of Liquids with Acoustic Waves, 50th 
International Conference on Environmental Systems ICES-2021-293 12-15 July 2021
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SMG LN2 test vs. water test spectra

• Fourier spectrum for LN2 tank is qualitatively very similar to the water tank tests.
• Liquid modes correspond very well to the theoretical predictions.
• Shell-modes appear to be relatively suppressed in the LN2 tank.
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Spectrum identification in the lab data. 

• “Quiet” modes (suppressed in ALL data channels; encircled) were observed;
• Baseline MLSI model predictions miss the “quiet” modes;
• A modified model (trained on synthetic data with "quiet" modes) counts the

“quiet” modes but is sensitive to the shell-modes.
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ROM-based machine learning of the acoustic spectrum. Case study

• ~180 modes are present in the range of application; 

• High effective modal density of 𝜌𝑚 = 2, i.e., to two modes per 

half-width on average; 

• This is by an order of magnitude larger than the density 

achieved by the neural network-based ML;

• ROM-based approach allows resolution which scales as 𝜌𝑚~𝑀
with the number of channels;

Case study: ROM-based spectrum identification for a rectangular tank and 10 x 10 MIMO 
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Summary

❑ S/W and theory
✓ Acoustic data pre-processing and characterization:

• S/N estimation and optimization
• shell-modes elimination, 
• estimation of frequency-dependent losses

✓ MLSI developed and has reasonable accuracy for synthetic data: ~1% for model configurations
✓ Volume-inference algorithm: theory, scaling and code (scaling of the error, tank wall correction to the liquid 

mass inference, renormalized Weyl’s Law for finite low frequency cut-off)
✓ Assessment metrics for S/W and data 

❑ H/W, data and procedure
✓ High-quality acoustic data from cryogenic LN2 tank has been obtained:

• various fill levels
• multiple data channels
• range of pressures 

✓ Control parameters to improve the resolution have been identified: 
• actuation voltage 
• number of data channels

✓ Artifacts in the data identified which interfere with the data processing: 
• “quiet” modes 
• pressurization effects (ullage ringing)
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Identified gaps

❑ S/W and theory
✓ Deterioration of accuracy is predicted for low fill levels and liquid configurations of high aspect ratio;
✓ Simulation of acoustic spectra for low-level and complex propellant configurations is needed to confirm;
✓ SMG of such configurations will require either 

• orders of magnitude increase in the number of data channels (e.g., with MEMS based sensors), or
• orders of magnitude increase in the mode resolution (e.g., with ROM-based ML)

✓ Further improvement of the current MLSI model can be achieved with:
• training with both shell-modes and “quiet” modes
• optimization of renormalization techniques to remove the sensitivity to low-frequency counting error

✓ Understanding high pressure effects (ullage modes ringing)
✓ Understanding the origins of the acoustic damping and its scaling with parameters of the tank

❑ H/W, data and procedure
✓ Increase S/N (voltage up)
✓ Excitation of “quiet” modes
✓ Development/testing MEMS-based actuators and sensors


