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Abstract: We developed and optimized a new fiber optic sensor using palladium foils attached to 
optical fiber Bragg gratings (FBG) for hydrogen measurements. Fifteen in parallel processed 
sensors were characterized and qualified in two custom tailored experimental set ups and their 
response to a 5% hydrogen/nitrogen gas mixture and the same gas bubbled trough transformer oil 
was measured. The hydrogen response is similar for both medium and close to the theoretical 
maximum sensitivity, but the response time was found to be very different, much slower in oil than 
in gas. A theoretical comparison of hydrogen diffusion trough palladium and hydrogen absorption 
on the palladium surface as well as a measurement of the hydrogen uptake and diffusion trough 
the oil to the sensor have been done to investigate the origin of the different response time. They 
indicate that the response time determining step is the absorption of hydrogen on the palladium 
surface and that this process is slowed down in oil compared to a pure gas environment. 
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1. Introduction 

The most widely accepted indication for the health status of a transformer is dissolved gas 
analysis (DGA), with hydrogen being the most significant fault gas [1]. Conventionally an on-site 
collected sample of oil is analysed in a laboratory but due to increased demand on the electricity grid 
a recent approach is to monitor more and smaller transformers online. After demonstration of the 
first fiber optic based hydrogen sensor [2] a large number of sensors has been presented; several 
review papers give a good overview of the field [3,4]. FBG based sensors have the advantage of being 
cost efficient, intrinsically safe in combustible gases, insensitive to electromagnetic noise and able to 
tolerate harsh environments making them ideal candidates for online DGA. 

2. Materials and Methods 

2.1. Fibre Bragg Grating and Palladium Foil Based Hydrogen Sensor 

Palladium is often the chosen material for hydrogen sensing as it selectively absorbs hydrogen 
at normal temperatures and pressures and goes along with a volumetric expansion of the palladium. 
The strain change can be measured via peak wavelength change of the back reflected light with a 
FBG. After evaluating different design concepts aiming for high hydrogen sensitivity, a sensor based 
on a 100 μm thick palladium foil and a bare (uncoated) FBG was chosen [5], see Figure 1. A new 
manufacturing process was developed to further improve the sensor sensitivity [6], which includes a 
vacuum bagging process of a palladium(foil)-fiber-composite. Vacuum bagging proved to be an 
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excellent method for sensor manufacturing since a good fiber groove alignment was achieved; in 
addition the bond line thickness is decreased and several sensor can be manufactured simultaneously. 

 
Figure 1. SEM image of a palladium foil based FBG sensor. 

2.2. Experimental Test Setups 

The sensors were characterised in two self-built test setups that are stable in temperature, 
pressure and gas concentration. They are described in detail in previous work [5,7]. Different H2 in 
N2 gas concentration values can be pre-mixed in a mixing chamber and then transferred into a gas 
measurement chamber or bubbled trough transformer oil (oil used: BS 148 class-I, Savita Oil Tech. 
Ltd). A photograph of both setups is shown in Figure 2. To measure the amount of dissolved gases in 
the oil a commercial DGA system (Myrkos-Version: Field package, Morgan Schaffer) was used. 

 

Figure 2. Experimental setups to measure the sensor response in hydrogen gas mixtures (left) and 
dissolved hydrogen in oil mixtures (right). 

3. Results and Discussion 

3.1. Sensor Repsonse in Gas and Oil 

Fifteen sensors were manufactured in parallel using vacuum bagging, then tested in gas and 
finally transferred into oil. The response curve at 90 °C for a 5% H2 in N2 gas mixture at as well as the 
same gas bubbled trough oil are shown in Figure 3. 

 
Figure 3. Response of fifteen parallel processed sensors to 5% H2 in N2 gas mixture (left) and the 
same gas bubbled trough oil (right) both at 90 °C. 
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𝑅𝑇 

The sensors showed a very good overall final response with only small standard deviation 
between all 15 sensors; for 5% H2 in N2 gas mixture at 90 °C the average wavelength change was 724 
pm with a low standard deviation of 13 pm. The gas bubbled trough oil resulted in 2700 ppm 
dissolved hydrogen in oil, the corresponding wavelength change was similar to the gas value; 790 
pm  35 pm at 90 °C 

The response time in both media is very different though. In gas the average response time, 
taken at the time of 99% final response value is 1.5 h with a standard deviation of 0.5 h. In oil the 
average response time is more than 50 times longer with an average value of 76.8 h and a standard 
deviation between all 15 sensors of 3.8 h. 

3.2. Discussion: Sensor Response Time 

To estimate the time for the hydrogen to diffuse into the palladium the diffusion equation can 
be solved by separation of variables with the initial condition n = 0, assuming a constant hydrogen 
concentration on the palladium surface at all times, means Dirichlet boundary condition c = 1 [8]: 

𝑛(𝑥, 𝑡) = 𝑐 1 − 2𝜋 1 − (−1)𝑧  𝑠𝑖𝑛 𝜋𝑧𝑥𝛿 exp −𝐷 𝜋𝑧𝛿 𝑡  (1) 

with mole ratio n = H/Pd, diffusion coefficient 𝐷 = 𝐷𝑜 exp (− 𝐸𝑎), following an Arrhenius law [9], 
location x in the palladium relative to the surface, sample thickness  and time t. By using 2.9 × 10−7 
m2/s for D0 and 22.2 J/mol for Ea [10] it can be estimated that at 90 °C the hydrogen is fully diffused 
into the center of the 100 μm thick palladium foil in less than 30 s. This means that hydrogen 
diffusion trough the palladium is not the major factor in the response time of these sensors. The 
hydrogen absorption rate, means adsorption on the palladium surface and dissociation into its 
atoms can be calculated for small n - where Sieverts’s law is applicable - according to [10]: 𝜗 = 𝛿2𝑉 𝑑𝑛𝑑𝑡  (2) 

with VPd being the molar volume and  the reaction rate given by : 𝜗 = 𝑘 𝑝  − 𝑘   (3) 

with K Sieverts’s constant and k and k’ rate constants for absorption and desorption of hydrogen on 
the palladium surface. The solution of Equation (2) is [8]: 

𝑡 = 𝛿2𝑉 ⎝⎜
⎛𝑡𝑎𝑛ℎ √𝐾𝑘 𝑛𝑘𝑝𝑘𝑘 𝐾𝑝 − 𝑙𝑜𝑔(𝑘𝑝 − 𝑘 𝐾𝑛 )2𝑘 ⎠⎟

⎞ + 𝐼  (4) 

with pH2 being the hydrogen partial pressure and Ic an integration constant. Equation (4) can be 
numerical solved for n and the corresponding wavelength shift of the FBG can be calculated via 
λ=0.063 n 1.21 pm/µ [8]. The resulting curve is also shown in Figure 3 (left plot, red line). The 
general shape of the curve is similar to the measured curves; both can be approximated well with an 
exponential decay curve. The response time of ~0.3 h has the right order of magnitude for sensors in 
gas but is still a factor of around five lower. This difference could be due to surface impurities as well 
as a different shape and overall foil thickness of 100 μm. The absorption and desorption rate 
constants k and k’ in [10] were determined for 5 μm thick palladium foils, which were cleaned in a 
complex multi-step cleaning process. 

A possible factor increasing the response time of the sensor in oil is the uptake and diffusion of 
hydrogen gas in the oil during the bubbling process. Therefore the hydrogen uptake over time was 
measured with a commercial DGA system located close to the sensor (~1 cm), see Figure 4. The 
uptake and diffusion trough the oil is slowing down the sensor response in oil considerably, but the 
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final value is reached after around 4.5 h, still more than an order of magnitude faster than the 
measured sensor response. 

 
Figure 4. Uptake of hydrogen in oil by bubbling 5% H2 in N2 gas mixture through oil. 

Therefore also the diffusion trough oil and uptake of hydrogen seems to be not the major factor 
influencing the sensor response time in oil. It is more likely that the long response time is due to a 
slowed down absorption process of hydrogen at the palladiums surface in the oil environment 
similar to the well know CO poisoning of palladium [11]. 
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