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Abstract: Gas sensors play a crucial role in industrial safety, environmental monitoring, and gas industries. With the
increasing demand for hydrogen refueling stations and fuel cell vehicles, accurate detection of hydrogen—due to its wide
explosive range—is essential. This study proposes a compact, low-cost gas sensor based on volumetric analysis, designed
to measure gas content, solubility, diffusivity, and leakage in polymer samples charged with hydrogen, helium, nitrogen,
or argon under high-pressure conditions. Performance evaluation demonstrated 0.2% stability, resolution below 0.1
wt-ppm, and a response time within 1 second, enabling detection in the range of 0.1-1500 wt-ppm. The sensor’s sensitivity,
resolution, and measurement range can be adjusted for various environments. Uncertainty analysis confirmed expanded
uncertainty within 9%, validating its reliability. The proposed system is suitable for real-time gas detection and charac-
terization, and is expected to contribute to the safe implementation of hydrogen infrastructure.
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Table 1. Chemical Compositions and Density of NBR S60. Unit :
phr (parts per hundred rubber)

Sample NBR S60
Polymer matrix 100
Filler Silica (S 175) 60
Crosslinking agent Sulfur 1.5
Zinc oxide 3
Stearic acid 1
Density (g/cm’) 1.192
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(a) High-pressure Gas enrichment system

(maximum 10 MPa)

B
ok
1

(b) Volumetric analysis method

£—==- Rubber seal

_ el \Oadmg = / - Specimen
Stainless steel 316 el
SP .
chamber
Pressure
gauge
Valve 1 . Valve 2
Gas inlet | | Gas outlet

Bombe Specimen

Figure 1. A volumetric analysis system was used to measure the gas released by a specimen after exposure to high-pressure gas and decom-
pression: (a) The specimen is charged with gas in the high-pressure chamber supplied from high pressure gas bombe; (b) After decompression,
the specimen is placed in the upper air space of the graduated cylinder. The cylinder is submerged in a water container and gas emission mea-
surements are conducted. The blue area in the cylinder represents the water. The blue circle symbol in (b) indicates the gas emitted from the

charged sample.
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Figure 2. (a) An application of diffusion analysis program for determining gas uptake and diffusivity using Eq. (4); (b) Replotted result show-
ing gas uptake (C,,) and diffusivity (D) obtained by diffusion analysis program.
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Figure 3. A procedure for obtaining He gas uptake and diffusivity: (a) water level versus lapsed time after decompression; (b) Emitted He
gas volume versus time after decompression; (c) Emitted He gas molar amount versus time after decompression; (d) Emitted He gas mass
concentration versus time after decompression and diffusion analysis program for determining He gas uptake and diffusivity using Eq. (4).
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Figure 5. Diffusion parameters of (a) Hy; (b) He; (c) Na; (d) Ar for sheet-shaped NBR S60 specimen was determined using the volumetric
method. (a) to (d): The measured gas volume (blue filled circle) was derived from the water level, and the emitted gas mass concentration
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Figure 6. Gas uptake and diffusivity versus exposed pressure for
four gases in HDPE: (a) H, uptake; (b) He uptake; (c) N, uptake; (d)
Ar uptake; (e) H, diffusivity; (f) He diffusivity; (g) N, diffusivity;
(h) Ar diffusivity. T indicates the thickness of sheet specimen.
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Table 2. Solubility and Diffusivity of Four Gases in HDPE and NBR S60

Solubility (mol/m*-MPa)

Diffusivity (x10™" m?s)

Specimen
H2 He NZ Ar H2 He NZ Ar
HDPE 4.10 1.06 5.31 11.82 33.7 60.3 2.14 3.01
NBR S60 12.94 3.78 13.47 29.13 21.5 457 0.87 1.33
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Table 4. Uncertainty Sources and Expanded Uncertainties for
the H, Diffusivity Measurement in the Volumetric Analysis

Uncertainty factor Relative value (%)

- Repeated measurements 3.1
- Accuracy of the electronic balance 0.1
- Change in the sample volume 1.4
- Standard deviation between the data and Eq. (4) 2.0
- Accuracy of the graduated cylinder 0.3
- Resolution of the graduated cylinder 0.2
- Accuracy of the manometer 0.6
- Variations in the temperature/pressure 0.1
Combined standard uncertainty () 4.1
Coverage factor (k) 2.2
Expanded uncertainty (U = ku,) 9.0
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