Cryogenics 77 (2016) 43-48

Contents lists available at ScienceDirect

=

CRYOGENICS

Cryogenics i

journal homepage: www.elsevier.com/locate/cryogenics

Experimental study of liquid level gauge for liquid hydrogen

using Helmholtz resonance technique

Akihiro Nakano **, Takahisa Nishizu®

@ CrossMark

2 National Institute of Advanced Industrial Science and Technology (AIST), Department of Energy and Environment, Research Institute for Energy Conservation, Thermofluid

System Group, 1-2-1 Namiki, Tsukuba East, Tsukuba, Ibaraki 305-8564, Japan

b Gifu University, Department of Applied Life Sciences, Faculty of Applied Biological Sciences, 1-1 Yanagito, Gifu 501-1193, Japan

ARTICLE INFO ABSTRACT

Article history:

Received 27 October 2015

Received in revised form 28 March 2016
Accepted 19 April 2016

Available online 28 April 2016

Keywords:

Liquid hydrogen
Helmholtz resonance
Closed resonator
Volume measurement
Level gauge

The Helmholtz resonance technique was applied to a liquid level gauge for liquid hydrogen to confirm the
applicability of the technique in the cryogenic industrial field. A specially designed liquid level gauge that
has a Helmholtz resonator with a small loudspeaker was installed in a glass cryostat. A swept frequency
signal was supplied to the loudspeaker, and the acoustic response was detected by measuring the elec-
trical impedance of the loudspeaker’s voice coil. The penetration depth obtained from the Helmholtz res-
onance frequency was compared with the true value, which was read from a scale. In principle, the
Helmholtz resonance technique is available for use with liquid hydrogen, however there are certain prob-
lems as regards practical applications. The applicability of the Helmholtz resonance technique to liquid
hydrogen is discussed in this study.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

There are several methods for measuring the liquid level in a
tank, but there are few realistic options as regards liquid hydrogen.
In the industrial field, it is common for resistance temperature
detectors to be arranged linearly in a tank to detect the position
of a liquid/vapor interface but this is a non-continuous measure-
ment method. In terms of a continuous measurement method, an
electric capacitance type level gauge is commercially available.
However, calibration operations are required for each measure-
ment because of the small difference between the electric permit-
tivities of vapors and liquids. As an alternative method, a
superconducting level sensor using MgB, has been developed,
but heating is needed to adjust the superconducting transition
temperature of MgB, under the atmospheric pressure condition
[1,2]. In the field of space development, Radio Frequency Mass
Gauging (RFMG) has been developed and has successfully mea-
sured the masses of liquid hydrogen and liquid oxygen under ter-
restrial conditions [3]; it has also measured the mass of liquid
oxygen under micro-gravity conditions [4]. RFMG is a novel tech-
nology for gauging propellant quantity that is being developed at
NASA. It is a powerful method but it requires a database of simu-
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lated eigen-mode frequencies at various tank fill levels prior to
the measurement.

The Helmholtz resonance technique is a volume measurement
technique that uses acoustic waves, and many studies have
employed this technique to measure the volumes of gases, liquids,
and solids [5-9]. We have also attempted to employ this technique
to measure the volumes of liquids under micro-gravity conditions
[10]. In that study, we prepared a semi-open-type Helmholtz reso-
nance cell and successfully measured the volume of water using
this technique. However, with liquid nitrogen, the volume could
not be measured accurately due to the existence of a large temper-
ature gradient in the vapor phase. After that experimental study,
an equation for a closed Helmholtz resonator was proposed, and
liquid volume measurements were carried out using liquid nitro-
gen with a closed Helmholtz resonator, which was designed to
maintain a homogeneous spatial temperature distribution in the
vapor phase [11]. It was ascertained that the equation for a closed
Helmholtz resonator was both correct and useful. It was also con-
firmed that the Helmholtz resonance technique was applicable to
cryogens under micro-gravity conditions [12]. In this study, the
Helmholtz resonance technique was applied to a liquid level gauge
for liquid hydrogen to adapt this technique for industrial applica-
tions in the cryogenic engineering and hydrogen energy technol-
ogy fields.

It is known that the Helmholtz resonance frequency of a large
volume resonator is lower than that of a small volume resonator.
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If the Helmholtz resonance technique is applied to large-scale
tanks, the resonance frequencies become very low and in some
cases they are lower than the audible frequencies. It is difficult to
measure the volume of liquid in a large-scale tank directly with
this technique. The best approach with a large-scale tank is to
install a small Helmholtz resonator in the tank, and use it as a liq-
uid level gauge. However, a large temperature gradient is formed
in the vapor phase in almost all industrial cryogenic tanks due to
heat leaks. The temperature gradient strongly affects the velocity
of sound thus preventing precise measurement. Therefore, an
equation that included sound velocity correction was proposed
and liquid volume measurements were carried out using liquid
hydrogen to confirm the validity of the equation. The applicability
of this measurement technique to liquid hydrogen and related
problems are discussed in this paper.

2. Experimental set-up

Fig. 1 shows a photograph of the experimental set-up. The lig-
uid hydrogen was prepared using the hydrogen liquefier seen in
the center of the photograph. The hydrogen liquefier has a two-
stage Gifford-MacMahon refrigerator that cools and liquefies the
gaseous hydrogen obtained from the hydrogen cylinder. The liquid
hydrogen is stored in a tank with a capacity of 30 L in the liquefier
[13]. A liquid level gauge employing the Helmholtz resonance
technique was installed in the glass cryostat shown on the right
in the photograph. Liquid hydrogen was transferred from the
hydrogen liquefier to the cryostat through a transfer tube.

Fig. 2 shows schematic views of the cryostat and the liquid level
gauge. The cryostat consists of two glass Dewars, which are sil-
vered to minimize the radiation heat input except for 10 mm wide
observation slits. The outer Dewar holds liquid nitrogen for pre-
cooling, and the liquid hydrogen was transferred to the inner
Dewar with an inner diameter of 6 cm. The liquid level gauge
was installed in the inner Dewar. A photograph and a schematic
of the liquid level gauge are also shown in Fig. 2. The liquid level
gauge consists of a resonance body, a neck tube, and a main body,
which is a Helmholtz resonator. The inner diameter of the reso-
nance body is 18 mm. A 20 mm diameter loudspeaker (Foster
334495) is installed in the resonance body. The 30 mm long neck
tube, which is made of 3/8" stainless steel tube, is welded under
the center of the resonance body. The 600 mm long main body is
made of 1/2” stainless steel tube. The scale was marked on the
outer surface of the main body. The main body and the neck tube
are connected with a straight bore-through SWAGELOK reducing

Fig. 1. Photograph of experimental set-up.

union. The bottom part of the main body was submerged in liquid
hydrogen, and so a closed Helmholtz resonator was realized as
shown in Fig. 2. There is a small (0.5 mm diameter) hole at the
top of the main body to maintain the pressure balance between
the inside and outside of the main body, but this does not influence
the Helmholtz resonance frequency from an acoustic point of view.
The pressure in the experimental space was monitored with the
pressure transducer shown in Fig. 2.

A swept frequency signal was supplied to the loudspeaker, and
the acoustic response was detected by measuring the electrical
impedance of the loudspeaker’s voice coil. We processed the swept
frequency signal and the electrical impedance signal, which were
the output and input signals, using a personal computer with a
sound function and our own software. The output signal was
amplified with an ONKYO A-905TX amplifier, through a loud-
speaker characteristic arithmetic unit EKUREA KU-1AEH, which is
the special order product. The input signal was recorded at a sam-
pling rate of 44.1 kHz and with 16 bit resolution. It is noted from
the schematic of the liquid level gauge in Fig. 2 that there is a space
behind the loudspeaker. It is important to keep an appropriate
space behind the loudspeaker to detect the Helmholtz resonance
signal by measuring the electrical impedance of the loudspeaker’s
voice coil in a closed Helmholtz resonator. In this experiment, the
volume adjustment was also made by using clay to obtain a strong
Helmholtz resonance signal.

Fig. 3 shows a schematic in the cryostat, a photo of the liquid/
vapor interface of liquid hydrogen and the outer surface of the
main body observed though the observation slit. The geometrical
configuration of the liquid level gauge is also shown in the figure.
V, is the volume of the resonance body, which is the spatial volume
in front of the loudspeaker. V, is the volume of the main body,
which is the inner volume of the 1/2” stainless steel tube with
the length of 600 mm. A, and L are the cross-sectional area and
the length of the neck tube. B is the cross-sectional area of the main
body. V| represents the volume of liquid hydrogen in the main
body where the part illustrated by the shaded area in Fig. 3. Lp
shows the penetration depth, which can be easily obtained from
V, and B. The V; was obtained from the Helmholtz resonance fre-
quency and the Lp was calculated. At the same time, the penetra-
tion depth, Lp, was read using the scale from the outside through
the observation slit. The liquid/vapor interface of the liquid hydro-
gen and the scale are seen in the photo in Fig. 3. In this case, the
interface is located at 416 mm from the bottom of the liquid level
gauge. The penetration depth read by the scale indicates the true
value of Lp (or V;). The Lp calculated from V; which is obtained from
the Helmholtz resonance frequency, is compared with the true
value.

3. Experimental results and discussion

Fig. 4 shows an example of the experimental results we
obtained when the liquid surface was located 20.0 cm from the
bottom of the main body. The frequency of the sound was swept
from 200 to 3000 Hz for 5 s. The data were collected under atmo-
spheric pressure. Fig. 4a shows the recorded sound signal, which
was obtained by using a loudspeaker impedance measurement.
The loudspeaker was operated with a constant voltage, and so
the voice coil impedance was obtained from the electric current
measurement. In this case, the input signal was proportional to
the inverse of the voice coil impedance [12]. The maximum voice
coil impedance is represented by the minimum. The depressions
seen in the sound signal are induced by the Helmholtz resonance
phenomenon. Fig. 4b shows the power spectrum obtained from a
Fast Fourier Transformation (FFT) analysis. Here, the power
spectrum suppressed at the frequencies those are related to the
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